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Purpose: This study aims to investigate the effect of serum chloride and sodium ions on AKI occurrence in ICU patients, and further
constructs a prediction model containing these factors to explore the predictive value of these ions in AKI.

Methods: The clinical information of patients admitted to ICU of Beijing Friendship Hospital Affiliated to Capital Medical University
was collected for retrospective analysis. Logistic regression analysis was used to analyzing the influencing factors. A nomogram for
predicting AKI risk was constructed with R software and validated by repeated sampling. Afterwards, the effectiveness and accuracy
of the model were tested and evaluated.

Results: A total of 446 cases met the requirements of this study, of which 178 developed AKI during their stay in ICU, with an
incidence rate of 39.9%. Hypernatremia, heart failure, sepsis, APACHE 1I score, and initial creatinine value and BE value at ICU
admission before the diagnosis of AKI were identified as independent risk factors for developing AKI during ICU stay. These
predictors were incorporated into the nomogram of AKI risk in critically ill patients, which was constructed by using R software.
Receiver operating characteristic curve analysis was further used and showed that the area under the curve of the model was 0.7934
(95% CI 0.742-0.8447), indicating that the model had an ideal value. Finally, further evaluated its clinical effectiveness. The clinical
effect curve and decision curve showed that most areas of the decision curve of this model were greater than 0, indicating that this
model owned a certain clinical effectiveness.

Conclusion: The nomogram based on hypernatremia, heart failure, sepsis, APACHE II score, and initial creatinine and BE value in
ICU can predict the individualized risk of AKI with satisfactory distinguishability and accuracy.
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Introduction

Acute kidney injury (AKI) is a common complication in hospitalized patients, especially in the intensive care unit
(ICU)." The number of the patients who developed AKI accounts for 37% among all the ICU patients.”> More than
13 million patients suffer from AKI worldwide every year, and 1.7 million die from it.>* AKI is associated with
prolonged hospital stay, increased hospitalization costs, high morbidity and mortality.” Especially for patients with AKI
at stage 2-3, the in-hospital mortality rate is 47%, the 1-year survival rate is only 77%, and there is no improvement
within 7 days.® Although advances have been made in modern diagnostic approaches, the limitations in specificity and
sensitivity have slowed down the progress in research and clinical applications. Therefore, the clinical outcome of
patients can be remarkably improved by identifying high-risk factors for AKI to prevent the prevalence, diagnosing AKI

at an early stage and appropriate clinical intervention.”
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Electrolyte disturbance is common in hospitalized patients® and more common in ICU patients.” Serum sodium ion
(Na +) imbalance often occurs in hospitalized patients.'® Abnormal sodium metabolism (including hyponatremia [sodium
<135 mmol/L] and hypernatremia [sodium >145 mmol/L] was reported to be found in approximately 30—40% of all
hospitalized patients."' Hypernatremia (Na+>145 mmol/L)) is one of a dominant type of electrolyte disturbance in
critically ill patients.'>'® In clinical practice, hypernatremia is a common and potentially life-threatening disease. It was
found that 9% of ICU patients could develop hypernatremia.'* Hypernatremia can also be observed in patients with
COVID-19"° and is considered as an important indicator for COVID-19.'® Hypernatremia may result in peripheral
insulin resistance, hepatic gluconeogenesis disorders, neuropsychiatric disorders, cardiac systolic dysfunction, etc. If not
treated in time, hypernatremia will bring multiple problems to patients and even increase mortality.'’ Recently,
accumulating evidence attached the importance to the relationship between sodium balance and renal function,'® 2’
some studies believed that abnormal sodium metabolism is a predictor for AKI.?"*?> However, only a limited number of
studies have focused on hypernatremia. Therefore, we assessed the predictive effect of hypernatremia on AKI in critically
ill patients.

As an electrolyte easily neglected, chloride ion is often regarded as a passive partner for sodium ion.”* However,
chloride itself is a potent bioactive electrolyte and the main anion in extracellular fluid, playing an important role in
regulating acid-base balance, osmotic pressure and water distribution.>* Some studies found that serum chloride ions
participate in the function of regulatory T cells, which in turn influences the immune system.*> In ICU, the main source of
chloride ions is intravenous fluid infusion, and the main excretion route is urine via kidneys. Fluid resuscitation is
a common therapeutic approach used in ICU patients; however, there is no fluid completely same as physiologic fluid.
The amount of chloride ions in many commonly used fluids is more than that of the physiologic fluid. For example, 0.9%
NaCl solution is often used as the first choice for rehydration therapy and the concentration of chloride ion in it is 154
mmol/L. However, the concentration of chloride ion in normal plasma is 99-110 mmol/L, in other words, the
concentration of chloride ion in normal saline is nearly 50% higher than that in plasma. In recent years, increasing
studies have demonstrated that rapid infusion of large amounts of crystalloid solution rich in chloride as resuscitation
fluid for critically ill patients could contribute to hyperchloremic metabolic acidosis. Hyperchloremia is associated with
poor clinical outcomes, especially nephrotoxic effect.”*>® Studies have shown that in critically ill patients, limiting the
infusion of fluids rich in chloride could decrease AKI incidence, and a majority of patients infused with normal saline
had higher peak level of serum chloride, elevated blood chloride level, and increased incidence of metabolic syndrome.?’
Other research demonstrated that after ICU admission, higher average concentration of chloride ion and the maximum
concentration were associated with the occurrence of AKI, suggesting that the load of chloride ion during ICU treatment
might increase the risk of AKI. At the same time, it was also observed that after ICU admission, higher minimum
concentration of chloride ion had a protective effect on AKIL® Therefore, there might be a significant biological
correlation between hyperchloremia and AKI.

Because substantial human resources are required to assess and treat AKI, the current capacity for detailed assessment
and monitoring of AKI development is limited.*' Recent studies have reported several AKI risk prediction models in
different clinical settings. Representative are risk prediction models for acute kidney injury in the intensive care setting,*>
after surgery” and induced by contrast media.>* To get an accurate prediction model, it is often necessary to select
appropriate predictors. Predictors from most previous models including baseline information, baseline renal function or
other biomarkers, history of comorbidities, and medication use predicted the likelihood of a patient developing AKI.*
Acute kidney injury is associated with metabolic acidosis, volume overload, electrolyte imbalance, and other complica-
tions. But we found fewer electrolyte factors to be incorporated in most prediction models, with the highest focus on
sodium ions;*** Some studies have reported potassium ions,*****> but few have investigated the role of chloride ions
in the model, only individual studies have explored the case of chloride ions,** but the results are still controversial.
Therefore, the efficacy of sodium and chloride ions in the serum for predicting the risk of AKI occurrence in the ICU is
uncertain. The main purpose of this study is to explore the value of serum chloride and sodium ions in predicting the risk
of ICU AKI and to further refine the predictors that can be used for early AKI diagnosis in adult ICUs, helping to identify
those at high risk of AKI in the ICU by investigating the high-risk factors for AKI and perform early interventions for
high-risk patients to improve quality of life.
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Patients and Methods

Patient Information

This retrospective study included all the patients (n = 2087) admitted to the Department of Critical Care Medicine of
Beijing Friendship Hospital from January 1, 2017 to December 31, 2018. If the patient was admitted to ICU for multiple
times during the study period, only the first admission into ICU was included. Inclusion criteria: (1) age of the patient on
the admission into ICU > 18 years old; @ ICU stay >48 hours. Exclusion criteria: (Dpost kidney transplantation;
(@)patients had regular dialysis for a long term; 3)pregnant women; (4)chronic renal insufficiency; (®lack of clinical data
during ICU. This study was conducted in accordance with the Declaration of Helsinki. This study was approved by the
Bioethics Professional Committee of Beijing Friendship Hospital of Capital Medical University (No. 2022-P2-082-01).
As this study was a study utilizing medical record information obtained from previous clinical encounters, we applied for
waiver of informed consent and ethics committee consent was obtained. Throughout the study, we respected patient
privacy and ensured that data information was kept confidential.

Definition and Diagnostic Criteria

The diagnostic criteria and systemic classification defined in the Kidney Disease: Improving Global Outcomes (KDIGO) was
used for diagnosing AKI***” and the specific criteria were as follows: the increase of serum creatinine >0.3 mg/dl (>26.5
umol/l) within 48 hours; or the increase of serum creatinine >1.5 times the baseline value, which was known or presumed to
occur within 7 days; or urine output <0.5mL/kg/h for 6 hours. Basal creatinine value is defined as the lowest creatinine value
before admission. If there was a lack of relevant data before admission, creatinine value could be estimated by the standard
creatinine formula. Sepsis is a kind of life-threatening dysfunction in organs caused by dysregulated responses to infection
and the diagnostic criteria are as follows: patients with infection or suspected infection; SOFA score >2 points or the change
of SOFA score >2 points.*® The diagnostic criteria for ICU readmission are as follows: if the patient is admitted to the ICU
more than once during the study period, only the condition at the first admission to ICU is taken into account. Hypernatremia
is defined as serum sodium concentration greater than 145 mmol/L, hyponatremia is defined as sodium ion concentration less
than 135 mmol/L, and normal serum sodium concentration is 135—145 mmol/L. Hyperchloremia is defined as serum chloride
concentration higher than 110 mmol/L, and normal serum chloride concentration is 99—110 mmol/L. Hyperlactatemia was
defined as serum lactate value >2mmol/L. These definitions were based on the standard values of serum sodium and chloride
ions provided by the Biochemical Laboratory of Friendship Hospital.

Data Collection

This study was approved by the Ethics Committee of Beijing Friendship Hospital Affiliated to Capital Medical
University. We reviewed and collected the demographics, clinical characteristics and laboratory results of critically ill
patients admitted to ICU in Beijing Friendship Hospital Affiliated to Capital Medical University from January 1, 2017 to
December 31, 2018. According to the inclusion and exclusion criteria and the purposes of our study, a CRF (Case Report
Forum) was created. We logged in the medical electronic information system to collect the following information of the
research subjects who have met the inclusion criteria according to CRF-related content: patient basic information (age,
gender), department (emergency, internal medicine, or surgery department), underlying diseases (hypertension, diabetes,
coronary heart disease, heart failure, liver disease, tumor, blood system disease, etc.), surgery history, complete blood
count and biochemical indicators, serum chloride ion and sodium ion-related indicators (maximum chloride and sodium
ion level in patients before the diagnosis of AKI), APACHE II score, initial creatinine and BE values on admission to
ICU, blood lactate value, etc. The outcome index was confirmed diagnosis of AKI during ICU stay. Missing data for
variables in this study were all <5%. Missing data were handled with a simple imputation method that replaced missing
data with the median of the cohort patients. There were no missing data in the diagnostic and procedural information.

Construction, Validation and Evaluation of the Prediction Models
The data is divided into training set and validation set at the ratio of 7:3. The training set was used for establishing the
model. Continuous variables with normal distribution were expressed as mean + standard deviation, and those with
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skewed distribution were expressed as median and interquartile range. If the two independent samples conformed to
a normal distribution and the hypothesis in homogeneity of variance test was satisfied, the differences were compared
using independent sample #-test. The chi-square test or Fisher’s exact test was used to determine whether there was
a difference in overall rates and the constituent ratios between the two groups.

In order to establish a well-calibrated nomogram to predict outcomes, univariate and multivariate logistic regression
analyses were conducted to screen predictors. The variables with P < 0.1 in univariate analysis were subjected to
multivariate stepwise logistic regression.*” A nomogram prediction model based on independent risk factors was
established by using R. The model is then validated and evaluated. First, the area under the receiver operating
characteristic (ROC) curve (AUC) was used to assess the accuracy of the model. Second, repeated sampling verification
was carried out for 1000 times, the calibration curve was plotted, and the correlation between the calibration curve and
the standard curve was verified and evaluated.’® Finally, the clinical validity of the model was evaluated by clinical
impact curve and decision curve analysis. Difference with P < 0.05 was considered as statistically significant.

IBM SPSS Statistics 24.0 (IBM Corporation, Armonk, New York, USA) and R version 3.3.3 (The R Foundation for
Statistical Computing, Austria, and Vienna) were used as the analysis software in this study.

Results

Patient Characteristics

In this study, we reviewed the data from 2087 critically ill patients in ICU, and 895 patients met the inclusion criteria
who were older than 18 years and stayed in ICU for more than 48 hours. According to the exclusion criteria, 449 patients
did not meet the inclusion criteria and thus were excluded. Among them, 46 patients were excluded because of a kidney
transplantation history before they were admitted to ICU; 272 patients were excluded because of a confirmed history of
chronic renal insufficiency before admission to ICU; 104 patients were excluded because they received regular renal
replacement therapy before admission to ICU; 24 patients were excluded because of pregnancy on the admission to ICU;
3 patients were excluded because of a lack of clinical data during ICU stay. Finally, 446 cases were included in this study.
The research flow chart is shown in Figure 1, includes a training cohort (n = 312) and a validation cohort (n = 134). Of
these patients, 178 (39.9%) developed AKI during their stay in the ICU. AKI prevalence accounted for 39.1% and 41.8%
in the training and validation cohorts, respectively. Afterwards, we summarized the demographic and clinical character-
istics of the training cohort (Table 1 and Figure 1).

Include Cases (N=2087)

Inclusion criteria
1. Patients were older than 18 years (N=1673)

2, ICU admission greater than 48 hours (N=895) Exclusion criteria !
1. After renal transplantation (N=46)

A

2, Chronic renal failure (N=272)

3. Patients with long-term regular dialysis (N=104)
4, Maternal (N=24)

5. Lack of clinical data (N=3)

Include Cases (N=446)

A4 A 4

Training Cohort (N=312) Verification Cochort (N=134)

Figure | Study design. A total of 446 ICU patients with complete relevant data were enrolled in this study.
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Table | Patients and Disease Characteristics

Non-AKI (n=190) AKI (n=122) Overall (n = 446) ) & P value

Age (y) 60.1£16.7 62.1£17.2 60.9£16.9 -1.008 0.314
Male sex, n (%) 107 (56.3) 72 (59) 179 (57.4) 0.222 0.638
Sodium ions (mmol/L) 139.6+4.6 140.5+6.6 140.0+5.4 -1.307 0.193
Hypernatremia, n (%) 12 (6.3) 16 (13.1) 28 (9) 4.204 0.040
Chloride ions (mmol/L) 106.2+4.6 106.8+5.5 106.4+5 —1.086 0.278
Hyperchloremia, n (%) 30 (15.8) 22 (18) 52 (16.7) 0.269 0.604
ED, n (%) 32 (16.8) 25 (20.5) 57 (18.3) 0.663 0416
IMD, n (%) 14 (7.4) 20 (16.4) 34 (10.9) 6.232 0.013
Surgery, n (%) 70 (36.8) 45 (36.9) 115 (36.9) 0.000 0.994
Operation, n (%) 123 (64.7) 77 (63.1) 200 (64.1) 0.085 0.771
Hypertension, n (%) 82 (43.2) 61 (50) 143 (45.8) 1.401 0.237
Diabetes, n (%) 46 (24.2) 43 (35.2) 89 (28.5) 4.438 0.035
CHD, n (%) 29 (15.3) 27 (22.1) 56 (17.9) 2.380 0.123
CHF, n (%) 5 (2.6) 119 16 (5.1) 6.225 0.013
Hepatopathy, n (%) 35 (184) 30 (24.6) 65 (20.8) 1.174 0.190
Tumour, n (%) 43 (22.6) 22 (18) 65 (20.8) 0.953 0.329
Hematopathy, n (%) 3 (1.6) 6 (4.9) 9 (2.9) 1.885 0.170
Sepsis, n (%) 37 (19.5) 58 (47.5) 95 (30.4) 27.637 0.000
APACHEII 15.6+5.3 19.2+6.1 17+5.9 —5.469 0.000
Creatinine (umol/L) 63.3£24.7 69.8+20.1 65.8423.2 —2.435 0.015
BE (mmol/L) —0.4+3.7 —2.945 —1.4+4.4 4.778 0.000
Hyperlactatemia, n (%) 58 (30.5) 63 (51.6) 121 (38.8) 13.949 0.000

Note: Values in parentheses are percentages unless indicated otherwise.
Abbreviations: ED, emergency department; IMD, internal medicine department; CHD, coronary heart disease; CHF, congestive heart failure;
BE, buffer excess.

A total of 22 clinical variables were analyzed (Table 1). The analysis of 312 patients in the training cohort revealed
that 179 cases (57.4%) were male. The age of the patients was 60.9+16.9 years. Although the average age of the patients
in the AKI group was higher than that in the non-AKI group (62.1+17.2 vs 60.1£16.7 years), the difference was not
statistically significant (p = 0.314). The highest level of sodium ion in the AKI group was higher than that in the non-AKI
group from the time of admission to the diagnosis of AKI (140.5+6.6 VS 139.6+4.6 mmol/L, p = 0.193). Through
analyzing hypernatremia in the patients, it was shown that the incidence of hypernatremia in the AKI group was
significantly higher than that in the non-AKI group (13.1 VS 6.3%) from the time of admission to the diagnosis of
AKI, with a statistically significant difference (p = 0.04). However, there was no significant difference in chloride ion and
hyperchloremia between the two groups (p > 0.05). Other results can be found in Table 1.

Predictors of AKI in Critically lll Patients

The results of univariate and multivariate logistic regression analysis in the training cohort are shown in Table 2.
Statistically significant variables were selected to conduct univariate binary logistic regression analysis. Statistically
significant variables were further subjected to multivariate logistic regression analysis, and ultimately the variables were
introduced into the prediction model. Through univariate analysis, 9 variables were found: hypernatremia before
diagnosis of AKI, patients transferred from internal medicine department to ICU, diabetes mellitus, heart failure, sepsis,
APACHE I score, initial creatinine value on admission to ICU, initial BE value on admission to ICU, hyperlactatemia on
admission to ICU. There were significant differences in these values between AKI and non-AKI group (Table 1). In
univariate analysis, there was no linear relationship among the 9 variables. These 9 variables were further subjected to
multivariate logistic regression analysis using forward LR method. Hypernatremia, heart failure, sepsis, APACHE II
score, initial creatinine value on admission to ICU, and initial BE value on admission to ICU were independent risk
factors (Table 2). The results showed that patients with hypernatremia were more likely to develop AKI than those
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Table 2 Univariate and Multivariate Analyses of Predictors for AKI

Univariate Analysis Multivariate Analysis
P value OR (95% CI) P value OR (95% CI)

Hypernatremia 0.044 2.239 (1.0204.914) 0.011 3.033 (1.286-7.154)
IMD 0.015 2.465 (1.194-5.091)

Diabetes 0.036 1.704 (1.035-2.804)

CHF 0.019 3.667 (1.241-10.830) 0.042 3.454 (1.044-11.422)
Sepsis 0.000 3.747 (2.261-6.210) 0.000 3.008 (1.703-5.312)
APACHEII 0.000 1.119 (1.072-1.169) 0.001 1.088 (1.038-1.141)
Creatinine 0.028 1.014 (1.001-1.026) 0.053 1.014 (1.000-1.028)
BE 0.000 0.870 (0.820-0.922) 0.000 0.879 (0.825-0.935)
Hyperlactatemia 0.000 2.430 (1.518-3.890)

Note: Values in parentheses are 95% confidence intervals.
Abbreviations: IMD, internal medicine department; CHF, congestive heart failure; BE, buffer excess.

without hypernatremia (P = 0.011; OR 3.033, 95% CI 1.286-7.154). Patients with heart failure were more likely to
develop AKI than those without heart failure (P = 0.042; OR 3.454, 95% CI 1.044-11.422). Similarly, patients with
sepsis were more likely to have AKI than those without sepsis (P < 0.001; OR 3.008, 95% CI 1.703-5.312). As known to
us, patients with high APACHE 1I scores were more likely to develop AKI than those with low scores (P = 0.001; OR
1.088, 95% CI 1.038—1.141). Patients with high initial creatinine value on admission to ICU were more likely to have
AKI than those with low value (P = 0.053; OR 1.014, 95% CI 1.000-1.028), which was also included in the prediction
model. Furthermore, the lower the initial BE value on admission to ICU was, the more likely the patients might have AKI
(P < 0.001; OR 0.879, 95% CI 0.825-0.935).

Before constructing the model, we included hyperchloremia in the model and performed net reclassification index and
clinical discriminant index analysis (Figure 2). The result showed that p = 0.248 in the comprehensive discriminant
index, indicating that there was no significance in including hyperchloremia in the model. Therefore, hyperchloremia was
not included in the model. The analysis on the factors mentioned above further confirmed that hypernatremia, heart
failure, sepsis, APACHE II score, initial creatinine value on the admission to ICU, and initial BE value on the admission

1.0

7] © Case ' '
o Control . : &

New model
0.6
|

0.4

0.2

0.0 0.2 0.4 0.6 0.8 1.0
Standard model

Figure 2 Net reclassification index.
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to ICU could be used as independent risk predictors for AKI in critically ill patients. Except for hypernatremia, theses
predictors were included in the nomogram which was plotted by R software (Figure 3).

Determination of the Critical Value for Predicting AKI

After constructing the model, we used the area under the ROC curve (AUC) to analyze the accuracy of the model. The
internal and external validation of the nomogram by ROC analysis was conducted by using the training cohort
(Figure 4A) and validation cohort (Figure 4B), respectively. In the internal validation, the AUC value of ROC curve
was 0.7934 (95% CI 0.742-0.8447). In the external validation, the AUC value of ROC curve was 0.7649 (95% CI
0.6793-0.8505), indicating that the model showed an ideal value. To further verify the validity of the model, a calibration
curve was established using R (Figure 5). The calibration of the nomogram was performed internally by using the
training cohort (Figure 5A) and externally by using the validation cohort (Figure 5B). An acceptable goodness of fit was

0 10 20 30 40 50 60 70 80 90 100
Poi nts L 1 1 1 1 1 1 1 1 1 1
Yes
Hypernatremia —
No
Yes
CHF r !
No
) Yes
Sepsis —
No
APACHEII r T T T T T T 1
0 5 10 15 20 25 30 35
Creatinine — T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
BE r T T T T T T 1
15 10 5 0 -5 -10 -15 -20
Total Points r T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200
AKI Risk T T T —— ]

T T
0.1 02 03 04 05 06 07 08 0.9

Figure 3 Nomogram to predict the outcomes of AKI.
Abbreviations: CHF, congestive heart failure; APACHE, Acute Physiology and Chronic Health Evaluation; BE, base excess.
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0.2
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0.0
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1.0 05 0.0 1.0 0.5 0.0
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Figure 4 Calibration curves of the nomogram in the training dataset (A) and validation dataset (B).
Notes: The calibration curves show calibration of the nomogram in terms of agreement between the predicted risk of AKI.
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Figure 6 In the clinical impact curve in the training dataset (A) and validation dataset (B).

Notes: Concerning the clinical impact curve, we assumed applying 1000 patients to our model under simulated examination conditions. There are two sets of lines, those in
red that fit through the model and those in blue that do, by looking at when the actual and the model fit. “Number high risk” represents the number of high-risk patients
with a poor prognosis predicted by the model at different threshold probabilities. “Number high risk event” represents the actual number of high-risk patients with a poor
prognosis.

demonstrated in the calibration curve of the model relative to the standard ideal curve. This was an ideal situation in
which the probability of occurrence predicted by the corresponding model was exactly the same as the actual probability
of occurrence. The calibration plot (n = 1000) was plotted by using repeated sampling method to verify and evaluate the
correlation between the calibration curve and the standard curve, which further presented that the model had satisfactory
fitting validity and predictive value. Finally, to further assess its clinical validity, the clinical impact curve (Figure 6) and
decision curve (Figure 7) were plotted by using R. Most parts of the decision curve were greater than 0, indicating that
there was clinical validity. These results suggested that all models had certain predictive value.

Discussion

Acute kidney injury is a complicated clinical syndrome characterized by a sudden decline in renal function. AKI is
defined as an increase in creatinine level (absolute or relative) or a decrease in urine output.’’ It is one of the relatively
critical conditions in hospitalization, which is associated with poor prognosis and increased burden to patient.’*>* The
mortality rate of patients with AKI is as high as 60—70%, especially within 1 year after ICU admission.>* In addition,
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Figure 7 Decision curve analysis (DCA) for the nomogram in the training dataset (A) and validation dataset (B).

Notes: In the decision curve, the abscissa represents the threshold probability to predict AKI and the ordinate represents the net benefit after benefits and harms. Three
models, represented by three different colored lines, were compared in the figures. The first is a black parallel horizontal line above the abscissa, which, as an ideal model, is
to assume that all patients do not develop AKI and are therefore completely free of intervention, with a net benefit of 0. The second is the gray lines in the plot, the gray
lines are the three lines in the plot that show their confidence intervals. The line set represents a pessimistic attitude that AKI occurs in all patients, all intervened. The third
is the group of lines in red, the thicker line in the middle being the actual modeled line and flanked by its confidence interval.

survivors of acute kidney injury have an increased risk of decreased renal function and end-stage renal disease.’>>® Water
and electrolyte disorders often occur in hospitalized patients.’” Particularly, hyperchloremia and hypernatremia were
frequently observed in hospitalized patients. The relationship between AKI and serum chloride and sodium ions currently
attracts much attention and may be associated with kidney injury.'®2'*¥°! The mechanism may be that hypernatremia
and hyperchloremia contribute to renal vasoconstriction, resulting in decreased glomerular filtration rate and decreased
renal function.®>®® Early detection and diagnosis of AKI is a great challenge for physicians in critical care department.®*
Therefore, identifying clinical predictors for the risk of AKI may improve the prognosis. This study focused on
predicting the risk of developing AKI and also included the analysis of clinical indicators. However, considering the
heterogeneity of AKI, the accuracy of using univariate prediction is limited. Thus, we tried to use a multivariate model to
predict the risk of AKI. A nomogram was constructed to predict AKI and was validated by applying an external cohort.

Hypernatremia is a common condition in clinical practice. There were numerous studies on the negative effects of
hypernatremia on patients in internal medicine or surgical departments.®>®” The effects of hypernatremia on patients in
the intensive care unit gained increasing attention.®®®* 7% Studies of sodium disturbances in ICU mainly focused on
hypernatremia, since hypernatremia in critically ill patients usually occurred after admission rather than on the admission
to the hospital.®>°® Hypernatremia is primarily resulted from lack of water, which is caused by reduced intake or
excessive loss.'* Generally, hypernatremia tends to occur in weak patients at an advanced age due to a reduced sensation
of thirst and impaired ability to drink. Besides, the function of kidneys in urinary concentration is deteriorated as age
increases.”” Hypernatremia is commonly found in ICU. As reported in a study, hypernatremia occurred in 9% of the
adults admitted to ICU.*® Some studies believed that hypernatremia is an iatrogenic disease as it often occurs in
hospitalized patients.'*’! Via intravascular dehydration and vasoconstriction mechanisms, hypernatremia can induce
renal dysfunction in a direct way or through glomerular feedback mechanisms.”* In-vivo studies have shown that when
the sodium level in renal arteries rapidly elevated, the renal blood flow and glomerular filtration rate decreased, and renin
secretion was inhibited.®® These findings can be explained by the fact that, unlike other organs, high level of sodium
induces vasoconstriction in the kidneys. Severe hypernatremia is associated with reduced cardiac function, insulin
resistance, impaired lactate clearance in liver, neuromuscular impairment, and cognitive impairment.'””® In previous
studies by our research group, it was also confirmed that hypernatremia in sepsis patients was independently associated
with an increased risk of AKI and could be used to predict AKI.®® Studies have shown that there was a strong and
independent association between the risk of AKI and hypernatremia and elevated level of serum sodium.’* This study
presented that 1450 (2.5%) patients among 1541 patients had AKI during the annual follow-up, of which 588 (40.4%)

Infection and Drug Resistance 2022:15 hetps: 4793

Dove:


https://www.dovepress.com
https://www.dovepress.com

Lu et al Dove

had pre-existing hypernatremia (on admission or during hospitalization). From this perspective, since serum creatinine
shows a poor sensitivity to renal damage, higher fluctuation in sodium concentration may indicate that renal function is
worsening.

Hyperchloremia is a commonly occurred electrolyte disturbance. The incidence of hyperchloremia during hospitali-
zation has been reported to vary in a wide range, from nearly 20-90%.”>"7 In the latest and largest retrospective
observational study of critically ill patients, 57% of the study subjects developed hyperchloremia within 48 hours of ICU
admission.”® The results of this study indicated that hyperchloremia was not associated with the occurrence of AKI,
which was similar to the results of previous studies. As demonstrated by a retrospective study, there was no significant
association between elevated serum chloride concentration and the occurrence of AKI after assessing the data of the
patients with ST-segment elevation myocardial infarction on their admission to the hospital.”® Recently, a large
randomized trial compared the effect of chloride-limited lactated Ringer’s solution and 0.9% normal saline on AKI or
mortality in ICU patients and no significant difference was found.” Yessayan et al conducted a retrospective study
analyzing 1045 patients with septic shock. They found that there was no association between hyperchloremia and AKI
within the first 72 hours of ICU admission.*

Previous studies have presented that hyperchloremia was associated with AKI in patients with non-cardiac surgery,”
|75

On the other hand, this result was contrary to that in some previous studies.
subarachnoid hemorrhage,®' sepsis or septic shock,”’ and abdominal surgery.®*> The study by McCluskey et al’® found
that hyperchloremia was a risk factor for acute kidney injury in critically ill patients after non-cardiac surgery. However,
McCluskey et al used the stratified diagnostic criteria of RIFLE in diagnosing AKI, while we used KDIGO diagnostic
criteria in diagnosing AKI.

Extensive data can be collected from the ICU. Typically, massive data can be obtained from critically ill patients
through continuous monitoring of vital signs, treatment equipment, radiological imaging, and a range of laboratory
measurements. AKI risk prediction models facilitate medical decision-making when critically ill patients are admitted to
the ICU and facilitate early identification or implementation of preventive measures to improve the prognosis of AKI.
Multiple studies have also previously reported prediction models for AKI in different clinical settings. The study by
Malhotra et al®® ultimately identified 10 clinical variables for externally validated AKI risk prediction models in the ICU,

184

but this study did not investigate electrolyte-related metrics among the initial variables. Flechet et al™ developed an

online risk calculator for AKI in ICU patients (http://akipredictor.com/), but information on patients’ electrolytes was not

considered in these metrics. In a study of patients undergoing cardiac surgery, a prediction model for AKI based on
perioperative basic metabolic laboratory values showed that the indicators ultimately included in the model were
perioperative blood creatinine and postoperative changes in blood urea nitrogen, serum sodium, potassium, bicarbonate,
and albumin.>® This study confirmed the predictive power of electrolyte imbalance for AKI, but this study did not specify
the effect of hypernatremia on AKI and did not address chloride-related parameters. In the predictive model for the
development of AKI after orthotopic liver transplantation, the analysis showed that the MELD Na score had potential
predictive value for patients who developed AKI postoperatively.>® The model for end-stage liver disease (MELD), with
multiple scoring systems derived from it, is currently a widely used liver failure evaluation system in the clinic, and
studies have shown that the addition of serum sodium to meld can significantly improve the accuracy of predicting
survival, so the MELD Na scoring model was proposed.® Furthermore, a study of postoperative AKI prediction in
noncardiac surgery showed that gender, EGFR, anemia, hypoalbuminemia, and proteinuria were significantly associated
with AKI, but age, diabetes mellitus, expected operation time, emergency surgery, RAAS blocker use, and hyponatremia
were not associated with postoperative AKIL>’” Only hyponatremia was focused on in this study, and the effects of
hypernatremia, as well as chloride ions, were not elucidated. A prediction model for sepsis-associated AKI that also
accounted for electrolyte derangement included sodium, chloride, and potassium, but these last indicators were incorpo-
rated into the model.**

There were also some Significance of this study: This is a study with internal validation. In our study, the logistic
model was chosen because clinicians were more familiar with its method and interpretation. In addition, the data
collection was in a comprehensive type of critical care medicine department and was not limited to surgery or which
kind of critically ill patient was specific. In addition, the choice of variables in the model, both routine as well as easily
accessible indicators in clinical practice, was not incorporated into novel assays. During the construction of the model,
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we took into account the effect of electrolyte disturbance on AKI and conducted further studies. Meanwhile, we focused
our analysis on the effect of chloride ion on AKI, because, in a clinic, chloride ion is usually our nearly forgotten
electrolyte. Finally, when describing the electrolytes, we have also specifically refined the contribution of sodium as well
as chloride disturbances of varying severity to AKI, eg, hypernatremia and hyperchloremia. limitations in our study. First,
this study was a retrospective study, which tended to generate selection bias. The evidence level was relatively weaker
compared with RCT studies. Second, the study was a single-center study. It was more likely to make misleading results
compared with multi-center study, which limited the universality of the results. Finally, the number of studies included in
this study was relatively small (n = 446). Although the biases and confounding factors were controlled at the most extent
by using multivariate models, there still might be other known or unknown influencing factors. Thus, further experiments
are required to verify the current findings.

Conclusion

The nomogram we constructed confirmed that patients with hypernatremia, heart failure, sepsis, high initial APACHE II
score and creatinine value on ICU admission, and low initial BE value on ICU admission were more likely to develop
AKI during their stay in the ICU compared with other patients. Therefore, by constructing an individualized prediction
model, intervention could be provided for the patients with hypernatremia in advance. Once the patients with high risk
are screened out, and the risk level of developing AKI is reached, intervention can be provided in advance.
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