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Objective: Continuous renal replacement therapy (CRRT) is the standard treatment for critically ill patients with acute kidney injury (AKI). Electrolyte disturbance such as hypokalemia or hypophosphatemia occurs paradoxically in patients undergoing CRRT due to high clearance. We developed a fluid management protocol for dialysate and replacement fluid that depends on serum electrolytes and focuses on potassium and phosphate levels to prevent electrolyte disturbance during CRRT. The impact of our new fluid protocol on electrolyte stability was evaluated.

Methods: Adult patients who received CRRT between 2013 and 2017 were included. Patients treated 2 years before (2013–2014; pre-protocol group) and 2 years following development of the fluid protocol (2016–2017; protocol group) were compared. The primary outcomes were individual coefficient of variation (CV) and abnormal event rates of serum phosphate and potassium. Secondary outcomes were frequency of electrolyte replacement and incidence of cardiac arrhythmias. Individual CV and abnormal event rates for each electrolyte were analyzed using the Wilcoxon rank-sum test and Chi-square test with Yates’ continuity correction.

Results: A total of 1,448 patients was included. Both serum phosphate and potassium were higher in the protocol group. The CVs of serum phosphate (pre-protocol vs. protocol, 0.275 [0.207–0.358] vs. 0.229 [0.169–0.304], p < 0.01) and potassium (0.104 [0.081–0.135] vs. 0.085 [0.064–0.110], p < 0.01) were significantly lower in the protocol group. The abnormal event rates of serum phosphate (rate [95% CI], 0.410 [0.400–0.415] vs. 0.280 [0.273–0.286], p < 0.01) and potassium (0.205 [0.199–0.211] vs. 0.083 [0.079–0.087], p < 0.01) were also significantly lower in the protocol group.

Conclusion: The protocolized management of fluid in CRRT effectively prevented hypophosphatemia and hypokalemia by inducing excellent stability of serum phosphate and potassium levels.
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Introduction

Continuous renal replacement therapy (CRRT) is used widely in critically ill patients with hemodynamic instability (1–3). CRRT is known to induce better hemodynamic stability, fluid balance, and removal of solutes and cytokines, and subsequently to facilitate renal recovery (1, 4–6). Because of the greater clearance and incessant nature of CRRT, overcorrection of electrolytes such as hypophosphatemia and hypokalemia occurs frequently (7, 8). Hypophosphatemia and hypokalemia are common electrolyte disturbances in patients receiving CRRT, with a reported incidence as high as 65 and 24%, respectively (7, 9). Hypophosphatemia can precipitate respiratory muscle dysfunction, weaning failure from mechanical ventilation, myocardial dysfunction, arrhythmia, and rhabdomyolysis (10). Hypokalemia can promote cardiac arrhythmia and muscle weakness (11).

To prevent electrolyte disturbance in critically ill patients receiving CRRT, management of dialysate and replacement solutions should be individualized and reassessed frequently according to serial changes in electrolytes and the condition of the patient (12). CRRT solutions containing different concentrations of potassium and phosphate are available commercially (12). Phoxilium containing 1.2 mmol/L of phosphate and 4.0 mmol/L of potassium can be used for patients at risk of hypophosphatemia and hypokalemia (13). Previous studies reported that Phoxilium increased serum phosphate level and effectively prevented hypophosphatemia during CRRT compared with Hemosol B0 and reduced magnesium supplementation (13, 14). Hypokalemia can be treated with intravenous potassium supplementation and use of CRRT fluid containing 4.0 mmol/L of potassium (15). An algorithm was proposed to determine the appropriate addition of potassium chloride in CRRT fluid to prevent hypokalemia and subsequent arrhythmia (16).

Despite the efforts to prevent electrolyte disturbance during CRRT, there is no standardized protocol for choosing dialysate and replacement fluids. Various studies have been conducted to improve the quality of CRRT operation and to develop standardized guidelines (17, 18). An evidence-based approach and multidisciplinary communication on CRRT application were reported to reduce the duration of CRRT and medical costs (19). We have developed a CRRT fluid protocol prescribing dialysate and replacement fluids according to levels of serum electrolytes focusing on phosphate and potassium. Before applying the protocol with the commercialized solutions containing potassium and phosphate, hypophosphatemia and hypokalemia were managed with by mixing the deficient electrolytes into the CRRT solution or administering them via separate fluid. Inevitable time delay for adjusting the composition of CRRT solution or fluid caused hypophosphatemia and hypokalemia with incidence of 29.2 and 18.0%, respectively. This protocol was developed to reduce these electrolytes disturbance and standardize CRRT operation. In this study, we aimed to evaluate the effects of our new CRRT fluid protocol on electrolyte stability and the incidence of electrolyte disturbances.



Materials and methods


Study design and patient selection

A total of 1,940 adult patients (≥ 18 years) who received CRRT at Samsung Medical Center from 2013 to 2017 was screened. A fluid protocol for CRRT was developed in 2015, which was defined as the window period. The patients who received CRRT in the pre-protocol period (2013–2014) and the protocol period (2016–2017) were compared. The patients who received CRRT for < 3 days (n = 492) or in 2015 were excluded. One cycle of CRRT was defined as the session of CRRT without interruption ≥ 24 h. If CRRT was restarted after 24 h from the termination of CRRT in a same patient, each cycle was regarded as a different case. This study was approved by the Institutional Review Board of Samsung Medical Center in compliance with the Declaration of Helsinki (number: 2020-12-172).



Fluid protocol for continuous renal replacement therapy

Hemosol B0 (Baxter, Deerfield, IL, United States), MultiBic 4K (Fresenius Medical Care, Bad Homburg, Germany), or Phoxilium (Baxter) were used as dialysate and replacement fluid. The compositions of each fluid are shown in Supplementary Table 1. The primary mode of CRRT was continuous veno-venous hemodiafiltration (CVVHDF), and the initial prescribed dose was 35 mL/kg/h. Approximately 20∼25% of total replacement fluid volume was used as post-replacement fluid. Electrolyte and acid-base status were checked every 6–8 h depending on the condition of the patient. Blood was collected from patient’s peripheral veins or central venous line that is not used for drug or fluid infusion. In the protocol, dialysate and pre-replacement fluid were adjusted every 6–8 h according to serial changes in serum potassium and phosphate (Table 1). Phoxilium was used as both dialysate and pre-replacement fluid if serum phosphate and potassium levels were ≤ 3.5 and ≤ 4.5 mmol/L, respectively. MultiBic 4K was used as dialysate until serum potassium level reached 5.1 mmol/L if serum phosphate level was ≥ 3.6 mg/dL. Hemosol B0 was used as post-replacement fluid. In a study of dialysis patients, all-cause mortality and cardiovascular mortality were low when predialysis potassium was between 4.6 and 5.6 mmol/L (20). In another study, the use of low potassium dialysate (potassium less than 2 mmol/L) increased probability of sudden cardiac arrest when serum potassium was below 5.0 mmol/L (21). Almost 50% of CRRT patients had heart disease in our cohort, in which the potassium target was required to be set as higher than median value of normal range by cardiologists and thoracic surgeons. Therefore, the reference value of potassium was determined as 4.5 mmol/L (0.2 mmol/L higher than median value) and 5.1 mmol/L (upper limit of normal range), respectively. In dialysis patients, serum phosphate levels showed U-shaped association in all-cause mortality (22). The normal range of serum phosphate levels in our center is 2.5–4.5 mg/dL, therefore the reference value of phosphate was determined as 3.5 mg/dL which is the median. In patients with persistent or progressive hypercalcemia (ionized calcium ≥ 1.45 mmol/L) and underlying disease-causing hypercalcemia, Hemosol B0 without reconstitution of the A compartment containing calcium was used as pre- and post-replacement fluids (Supplementary Table 2). Structured order set including the contents of this CRRT fluid protocol was created and incorporated into EMR. Especially, CRRT fluid protocol was inserted as a table of a convenient pop-up window in an order communication system for nurses, so that nurses could conduct changing CRRT solutions according to the protocol immediately when the laboratory results were reported.


TABLE 1    CRRT fluid protocol according to serum phosphate and potassium levels.
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Dextrose water with an initial infusion rate of 1.5 mL/kg/h was administered to patients with preexisting severe chronic hyponatremia to prevent excessively rapid correction of hyponatremia. Chronic hyponatremia was defined as hyponatremia lasting > 48 h. Hyponatremia diagnosed at the time of admission was regarded as chronic hyponatremia. When serum sodium concentration was < 125 mmol/L, a separate administration of dextrose water was initiated at the same time starting CRRT. All administered volume of separately infused fluids including dextrose water was included in the input volume for calculating volume removal through CRRT, therefore additional volume by dextrose water infusion was adequately removed according to volume management order usually prescribed in CRRT. Sodium chloride or sodium bicarbonate was appropriately mixed into CRRT fluid for maintaining hypernatremia in patients with cerebral edema and for preventing a too rapid correction of severe hypernatremia. Severe hypernatremia was defined as serum sodium concentration ≥ 155 mmol/L. Sodium chloride was selected when patients had only hypernatremia without significant metabolic acidosis. Sodium bicarbonate was selected for patients with hypernatremia and significant metabolic acidosis with serum bicarbonate < 15 mmol/L. Sodium chloride or sodium bicarbonate mixed in the dialysate and replacement fluid to sodium concentration of about 5 mmol/L lower than serum sodium level. In such cases, the first follow-up of electrolytes was performed at 2 h after applying the protocol. If the sodium level was stable, the follow-up interval was increased to 4 h. Severe metabolic acidosis (pH < 7.2 or HCO3 < 10 mmol/L) was managed in three steps as follows; infusion of bicarbonate fluid by a separate line, increment of CRRT dose, and addition of sodium bicarbonate in dialysate and replacement fluids up to 70 mmol in a 5 L-solution bag. The degree of bicarbonate deficit was calculated and mixed up to 7 ample of bicarbonate in 1 L of dextrose water. The CRRT dose was increased to maximum 65–85 mL/kg/h. When metabolic acidosis improved significantly, the appliance of these methods was stopped in inverse order; addition of sodium bicarbonate into CRRT fluids was stopped, the dose of CRRT was decreased, and bicarbonate fluid infusion was reduced or stopped. Intravenous or oral supplementation of electrolytes was appropriately prescribed as needed (Table 1).

A total of 17 CRRT machines was used to treat patients in 128 ICU beds cared by a multidisciplinary team. Our center operated dedicated nursing team for CRRT to minimize the technical problems and interrupting time of CRRT. CRRT was performed using Prismaflex (Baxter) with ST100 filter. If filters were maintained for ≥ 24 h, no anticoagulants were used. If the maintenance time of filters was < 24 h, the use of anticoagulants was considered. Nafamostat mesylate was used when platelets < 100,000/μL, activated partial thromboplastin time (aPTT) > 60 s, or prothrombin time-international normalized ratio (PT INR) > 2.0. Nafamostat was also used in patients with hemorrhagic lesions or major surgery within 2 weeks, cerebral hemorrhage within the last 3 months, or disseminated intravascular coagulation. Administration of nafamostat was started at a rate of 10 mg/h and the dose was increased to 20 mg/h, as necessary. When the risk of bleeding was low, heparin was used with Initial bolus administration of 1,000–2,000 IU followed by continuous intravenous infusion at a rate of 5–10 IU/kg/h.



Clinical and laboratory data collection

Clinical data of age, sex, comorbidities, mean arterial pressure (MAP), body weight, and duration of CRRT were collected from electronic medical records (EMR). Laboratory data of blood urea nitrogen (BUN), serum creatinine, serum phosphate, potassium, sodium, magnesium, ionized calcium, and bicarbonate were also collected. All measured values of each electrolyte were collected throughout the whole duration of CRRT. The medical cost of the CRRT operation was also collected.



Outcomes

To evaluate the stability of electrolytes, the coefficient of variation (CV) and abnormal event rates of each electrolyte were defined as the primary outcomes. Abnormal event rates were defined as ratios of the measurements showing abnormal ranges in all measurements. Subgroup analysis was performed by dividing the abnormal event rate into hypo-abnormal events and hyper-abnormal events. Each abnormal event was defined as follows: phosphate (hypophosphatemia≤2.4 mg/dL, hyperphosphatemia≥4.6 mg/dL), potassium (hypokalemia≤3.4 mmol/L, hyperkalemia≥5.2mmol/L), sodium (hyponatremia ≤135mmol/L, hypernatremia≥146mmol/L), magnesium (hypomagnesemia≤1.8mg/dL, hypermagnesemia ≥2.6mg/dL), and ionized calcium (hypocalcemia≤1.04 mmol/L, hypercalcemia≥1.36 mmol/L). The frequency of supplementation treatment for deficient electrolytes and the incidence of cardiac arrhythmias requiring anti-arrhythmic or rate-controlling medications or defibrillation were defined as the secondary outcomes. In-hospital mortality was also included as a secondary outcome.



Statistical analysis

Continuous variables are expressed as medians with interquartile ranges (IQRs) and were compared using the Mann-Whitney test. Categorical variables were compared by Chi-square test or Fisher’s exact test. The coefficient of variation (CV) was calculated as the ratio of the standard deviation (SD) to the mean (μ). The CV is one of the most popular indices that estimate the variability in repeatedly measured values (e.g., day-to-day blood pressure levels, visit-to-visit glucose levels) during a certain period (23–25). The SD and variability independent of the mean (VIM) are also commonly used to estimate variability. The CV has some advantages in the independency of the average of those repeatedly measured values against the SD and in the straightforwardness of calculation against the VIM. The abnormal event rates of each electrolyte were calculated as the ratios of the number of abnormal measurements to the total number of measurements. CV and the abnormal event rates were calculated for serum phosphate, potassium, sodium, magnesium, ionized calcium, and bicarbonate. Wilcoxon rank-sum test was used to compare CV and the abnormal event rates between the pre-protocol group and the protocol group. The abnormal event rates of each electrolyte and 95% confidence interval (CI) were also calculated as the fraction of the total. Chi-square test with Yates’ continuity correction was used to compare the abnormal event rates between the two groups. When calculating CV and abnormal event rates, baseline values right before CRRT were excluded considering the purpose of this study. Cases with fewer than 5 total measurements during CRRT were excluded from the final analyses. To adjust for confounding factors due to CRRT interruption, cases in which the CV value exceed sum of mean and SD times 3 were defined as an outlier, and all outliers were thoroughly reviewed through EMR. The patients, in whom CRRT was interrupted for > 1 hour, were excluded in the final analysis. Although separate fluid therapy could not be adjusted, the administration of fluid was performed according to the ICU protocol in both groups. CV and abnormal event rates were analyzed by dividing into two subgroups according to whether the baseline measurement values were in normal or abnormal range.

Total medical costs of CRRT were calculated by multiplying the estimated cost per unit and total duration of CRRT. The length of CRRT and CRRT-related costs of the groups were compared using the rank-sum test and linear mixed models for longitudinal data with random intercepts. In the mixed model, log-transformed data of log (values + 1) were used for the primary outcomes. The ratios with 95% CIs were used to compare the length and costs of CRRT because the data were markedly right-skewed.

A p-value < 0.05 was considered statistically significant. All statistical analyses were conducted using IBM SPSS Statistics 25 (IBM Corporation, Armonk, NY, United States), SAS version 9.4 (SAS Institute Inc., Cary, NC, United States), or STATA version 16 (StataCorp LP, College Station, TX, United States).




Results


Study flow and patient characteristics

In the patients who received CRRT for more than 3 days, 767 were in the pre-protocol period (2013–2014) and 681 were in the protocol period (2016–2017). Totals of 955 and 898 cases were compared in each period, respectively (Figure 1). Baseline characteristics of all patients are shown in Table 2. The median age was 63 years, and the median treatment duration was 4 days. Sex ratio and comorbidities such as diabetes mellitus, hypertension, and chronic kidney disease were comparable in the two groups. Baseline serum phosphate and potassium were similar between the two groups. Patients in the protocol group had higher baseline sodium, magnesium, bicarbonate, and lower ionized calcium than the pre-protocol group.
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FIGURE 1
Study design. The CRRT fluid protocol was developed in 2015. Of the patients who received CRRT for more than 3 days, 767 were in the pre-protocol period (2013–2014) and 681 were in the protocol period (2016–2017). A total of 955 cases in the pre-protocol group and 898 cases in the protocol group were compared. CRRT, continuous renal replacement therapy.



TABLE 2    Baseline characteristics.
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Electrolyte levels during continuous renal replacement therapy

The median levels of each electrolyte during CRRT are shown in Supplementary Table 3. Serum phosphate (pre-protocol vs. protocol groups, median [IQR], mg/dL, 3.0 [2.4–3.8] vs. 3.2 [2.7–3.9], p < 0.01) and potassium (mmol/L, 3.8 [3.6–4.2] vs. 4.2 [3.9–4.5], p < 0.01) during CRRT were higher in the protocol group. Serum sodium (mmol/L, 135 [133–137] vs. 137 [135–139], p < 0.01) and magnesium (mg/dL, 2.0 [1.9–2.2] vs. 2.1 [1.9–2.3], p < 0.01) during CRRT were also higher in the protocol group. Serum ionized calcium was lower in the protocol group (mmol/L, 1.24 [1.16–1.3] vs. 1.16 [1.11–1.22], p < 0.01).



Variability of electrolytes evaluated with coefficient of variations

The CVs of serum phosphate (pre-protocol vs. protocol groups, median [IQR], 0.274 [0.207–0.357] vs. 0.229 [0.169–0.304], p < 0.01) and serum potassium (0.104 [0.081–0.134] vs. 0.085 [0.064–0.110], p < 0.01) were significantly lower in the protocol group (Table 3). Subgroup analysis of serum phosphate and potassium according to normality of baseline values showed lower CVs in the protocol group (Supplementary Table 4). The CVs of serum sodium (0.017 [0.013–0.023] vs. 0.016 [0.012–0.021], p < 0.01), magnesium (0.103 [0.084–0.129] vs. 0.096 [0.073–0.126], p < 0.01), ionized calcium (0.055 [0.041–0.077] vs. 0.043 [0.031–0.059], p < 0.01), and bicarbonate (0.131 [0.093–0.190] vs. 0.112 [0.083–0.163], p < 0.01) were also significantly lower in the protocol group (Figure 2). Subgroup analysis of each electrolyte according to normality of baseline values showed lower CVs in the protocol group except in cases of abnormal baseline Na and normal baseline bicarbonate (Supplementary Table 4).


TABLE 3    Coefficient of variation of each electrolyte.
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FIGURE 2
Coefficient of variation of serum electrolytes. CVs of serum phosphate, potassium, sodium, magnesium, ionized calcium, and bicarbonate were significantly lower in the protocol group than in the pre-protocol group. CV, coefficient of variation. * Means p-value < 0.05.




Variability of electrolytes evaluated with abnormal event rates

Figure 3 shows the abnormal event rates of each electrolyte. The abnormal event rates of serum phosphate (pre-protocol vs. protocol, rates [95% CI], 0.410 [0.398–0.415] vs. 0.280 [0.273–0.286], p < 0.01) and potassium (0.205 [0.199–0.211] vs. 0.083 [0.079–0.087], p < 0.01) were significantly lower in the protocol group than in the pre-protocol group (Table 4). Subgroup analysis according to normality of baseline serum phosphate and potassium levels also showed significant lower abnormal event rates in the protocol group than in the pre-protocol group (Supplementary Table 5). The abnormal event rates of serum sodium (0.567 [0.559–0.575] vs. 0.337 [0.330–0.344], p < 0.01), magnesium (0.285 [0.277–0.294] vs. 0.180 [0.174–0.187], p < 0.01), ionized calcium (0.171 [0.165–0.178] vs. 0.096 [0.092–0.101], p < 0.01), and bicarbonate (0.366 [0.361–0.370] vs. 0.338 [0.333–0.343], p < 0.01) were also significantly lower in the protocol group (Table 4). Hypo-abnormal event rates and hyper-abnormal event rates are shown in the Supplementary Table 6. The hypo-abnormal event rates of phosphate, potassium, sodium, and magnesium were lower in the protocol group. Although hyper-abnormal event rates of potassium, sodium, magnesium were higher in the protocol group, the protocol group did not show clinically significant high electrolyte values considering the distribution of total electrolyte values (Supplementary Table 3).
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FIGURE 3
Abnormal event rates of serum electrolytes. Abnormal event rates (the ratio of measurements showing abnormal ranges to all measurements) of serum phosphate, potassium, sodium, magnesium, ionized calcium, and bicarbonate were significantly decreased after applying the protocol. * Means p-value < 0.05.



TABLE 4    Abnormal event rates of each electrolyte.
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Secondary outcomes

The frequencies of phosphate, potassium, and magnesium supplementation were significantly lower in the protocol group than in the pre-protocol group (Figure 4). The incidence of cardiac arrhythmia requiring anti-arrhythmic or rate-controlling medication was similar in the two groups [pre-protocol vs. protocol, n (%), 141(14.7%) vs. 139 (15.4%), p = 0.64], as was the frequency of defibrillation [57 (5.9%) vs. 64 (7.1%), p = 0.30]. In-hospital mortality rate was lower in protocol group [515 (53.9%) vs. 417 (46.3%), p = 0.001].
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FIGURE 4
Frequency of electrolyte supplementation. The supplementation frequencies of phosphate, potassium, and magnesium were significantly decreased after applying the protocol. IV, intravenous; K, potassium; Mg, magnesium; P, phosphate; PO, per oral. * Means p-value < 0.05.




Cost analysis

The median length of CRRT was 4 days. The duration of CRRT was shorter in the protocol group than in the pre-protocol group (ratio = 0.94, 95% CI = 0.89–0.99, p = 0.04). The median cost related to CRRT was 2,012 USD and 1,884 USD in the pre-protocol and protocol groups, respectively. Total cost was lower by an average of 6% in the protocol group than in the pre-protocol group (ratio = 0.94, 95% CI = 0.89–0.99, p = 0.045). The cost of electrolyte supplementation was much lower in the protocol group than in the pre-protocol group (ratio = 0.21, 95% CI = 0.17–0.27, p < 0.01) (Supplementary Table 7).




Discussion

In this study, we analyzed the effects of protocolized fluid management on the stability of electrolytes in patients receiving CRRT. Serum phosphate, potassium, sodium, magnesium, ionized calcium, and bicarbonate were significantly more stable in the protocol group. The abnormal event rates associated with serum phosphate, potassium, sodium, magnesium, ionized calcium, and bicarbonate were also significantly lower in the protocol group. Our fluid management protocol significantly reduced electrolyte variability and imbalance during CRRT.

Hypophosphatemia is associated with ventilator weaning failure related to respiratory muscle dysfunction (26), myocardial dysfunction and arrhythmia (27), and increased mortality (28). Hypophosphatemia during CRRT can be prevented by use of phosphate supplementation when initiating CRRT (29) and using phosphate-containing CRRT solutions (13, 14, 30). Phoxilium, CRRT solution containing phosphate of 1.2 mmol/L, was found to reduce the episodes of hypophosphatemia during CRRT in several studies (13, 14, 31). Consistent with previous studies, the mean serum phosphate was significantly increased after the protocol was applied in our study. Both the variation and abnormal event rates of serum phosphate were significantly decreased by our protocol. In particular, the abnormal event rates decreased by 31.2% after applying the protocol.

Hypokalemia can promote or aggravate cardiac arrhythmia (11). A rapid electrolyte shift, especially that of potassium, can increase sensitivity to cardiac arrhythmia (32, 33) and can trigger sudden cardiac death in hemodialysis patients (34). Previous studies have reported that low potassium dialysate was associated with high risk of sudden cardiac arrest in hemodialysis patients (21, 35). To prevent hypokalemia during CRRT, one study used electrolyte-enriched CRRT solution and reduced hypokalemia (36). In our protocol, we also used CRRT fluids containing 4 mmol/L potassium, and the mean serum potassium level was higher in the protocol group than in the pre-protocol group. Furthermore, our protocol reduced the variability and abnormal event rates of serum potassium during CRRT by 59.6%.

Hyponatremia and hypernatremia occur in approximately 30 and 15% of ICU patients, respectively (37, 38). The correction rate of chronic dysnatremia is crucial because rapid correction can lead to osmotic demyelination syndrome or brain edema (39). The correction rate of serum sodium should not exceed 10 mmol/L over 24 h in patients with chronic dysnatremia (39, 40). Rapid correction of serum sodium level is inevitable with CRRT solutions containing 140 mmol/L of sodium (40). The addition of free water and step-wise adjustment of sodium level in CRRT solutions were reported to prevent rapid correction of hyponatremia safely and effectively (15, 40). Similarly, rapid correction of chronic hypernatremia could be prevented by addition of 30% NaCl (40, 41). Administration of 5% dextrose water or 3% saline with a separate line or a return limb in the CRRT circuit was reported to attenuate rapid changes in serum sodium level (15). In our study, the variability of serum sodium levels was significantly decreased by the protocol. In addition, our study supports the separate administration of dextrose fluid for correcting hyponatremia more stably with less risk of rapid correction during CRRT in patients with chronic hyponatremia.

Hypocalcemia is also common in critically ill patients (42) and can be precipitated by citrate anticoagulation during CRRT (43, 44). Calcium is a crucial factor for maintaining cellular function and triggering muscle contraction (45, 46). Hypocalcemia is associated with higher mortality in critically ill patients (47). Hypocalcemia tends to be more frequent during CRRT than during intermittent hemodialysis because dialysates containing a relatively higher concentration of calcium are usually used for intermittent hemodialysis (48). In our protocol, we used Hemosol B0 without calcium as a replacement fluid in patients with progressive or persistent hypercalcemia and underlying disease that caused hypercalcemia. The variation of serum ionized calcium was significantly decreased by the protocol. In particular, the abnormal event rate of serum calcium was decreased by 43.8% in the protocol group. However, these results might be different from those of centers using regional citrate anticoagulation, since nafamostat or heparin were used as anticoagulants in our center.

Magnesium can be lost through effluents during CRRT (49). In a study investigating mineral loss during CRRT, mean serum magnesium was significantly lower in the CRRT group than in the control group not treated with CRRT (49). CRRT fluids containing 0.7 mmol/L of magnesium were reported to maintain serum magnesium level in a normal range (50). In a previous study, the use of Phoxilium as dialysis fluid reduced the frequency of magnesium supplementation (14). In our protocol, CRRT fluids containing 0.5–0.6 mmol/L of magnesium were used, and the median serum level of magnesium was maintained in a normal range with less variation, and the frequency of magnesium supplementation decreased significantly after applying the protocol.

Commercial CRRT fluids contain up to 35 mmol/L bicarbonate as a buffer. Most acute kidney injury (AKI) patients who require CRRT have severe metabolic acidosis; therefore, metabolic acidosis is a common primary indication of CRRT (15). In our protocol, sodium bicarbonate was added to the CRRT fluids of patients with severe metabolic acidosis that was not easily corrected by commercial CRRT fluids. However, paradoxical metabolic alkalosis might occur due to overcorrection of metabolic acidosis during CRRT (15). In our protocol, through frequent monitoring of acid-base status in patients and appropriate adjustment of CRRT dose and bicarbonate in CRRT fluids, the serum bicarbonate level was maintained stably with a median level of 21.4 mmol/L and less variation.

The previous studies that aimed to prevent hypophosphatemia and hypokalemia during CRRT compared Phoxilium with other CRRT fluids not containing phosphate or potassium (13, 14, 36). These studies monitored serum electrolytes regularly but did not change the type of CRRT fluid according to serum potassium or phosphate level. In contrast, our study monitored serum electrolytes every 6–8 h and changed the type of CRRT fluid immediately according to the level of serum potassium or phosphate. Our protocol fixed Hemosol B0 as post-replacement fluid to prevent unintended hyperphosphatemia and hyperkalemia. Under the protocol, the ICU nursing team could change CRRT fluids easily and promptly without time delay for reporting to a physician. Additional manipulation of CRRT fluids through mixing phosphate or potassium was avoided by the protocol to minimize contamination risk. Our protocol showed significant stability not only for phosphate and potassium, but also sodium, magnesium, ionized calcium, and bicarbonate. Regardless of the baseline values, the variations of serum phosphate and potassium were significantly decreased by the protocol. The supplementation frequencies of phosphate, potassium, and magnesium were decreased significantly after applying the protocol. These results can contribute to reducing workload and medical cost and handling the shortage of supplementation medications (51).

In our study, the total cost associated with CRRT was lower by an average of 6% in the protocol group than in the pre-protocol group. The cost of CRRT fluid was not different between the two groups. However, management costs and electrolyte supplementation costs were significantly reduced in the protocol group. AKI has been recognized as a global medical burden (52). Length of hospital stay and costs were known to increase proportionally with the severity of AKI (53). The cost benefits we demonstrated suggest that an appropriate management of the CRRT fluid protocol is an alternative strategy for reducing medical costs in patients with severe AKI.

Our study has several limitations. First, potential bias caused by a retrospective design might confound the study results. To overcome this limitation, we analyzed a sufficient number of measurements based on a large cohort. Second, a hard outcome such as mortality was not included in our study. We compared the administration frequency of anti-arrhythmic or rate-controlling medication and defibrillation, but there were no significant differences between the two groups. It seemed that cardiac arrhythmia depends not only on electrolyte disturbance, but also on underlying heart disease. Third, we did not analyze the long-term renal outcome because the main purpose of this study was to investigate the clinical relevance of protocolized fluid management focusing on electrolyte stability during CRRT.

In conclusion, protocolized fluid management improved the stability of electrolytes, especially phosphate and potassium, during CRRT. The CVs and abnormal event rates of serum phosphate, potassium, sodium, magnesium, ionized calcium, and bicarbonate were significantly decreased by the protocol. Protocolized CRRT fluid management resulted in excellent stability of serum electrolyte levels. Further prospective studies are required to evaluate the long-term effects of our novel CRRT fluid protocol.
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Severe chronic hyponatremia: Hyponatremia (<125 mmol/L) lasting more than 48 h. Patient who had hyponatremia at the time of admission was defined as chronic hyponatremia.
1) Administration of dextrose water was initiated at a rate of 1.5 mL/kg/h at the beginning of CRRT.

3) Adjust the infusion rate of dextrose water targeting ANa < 2 mmol/L for 4 h.
4) Maintain dextrose water if ANa is 1 mmol/L for 4 h.

5) Reduce the infusion rate of dextrose water if ANa < 1 mmol/L for 4 h.

6)If ANa > 2 mmol/L for 4 h, increase the infusion rate of dextrose water to 2-2.5 mL/kg/h.

7) When hyponatremia was reliably and slowly corrected by 24 h after the initiation of CRRT, checking intervals of electrolytes were adjusted to every 6 h.

Criteria for electrolyte supplementation.

1) P < 1.5 mg/dL or symptoms were present: potassium phosphate IV.

2) K < 3.0 mmol/L: potassium chloride IV.

3) Mg < 1.5 mg/dL: magnesium sulfate IV,

4)iCa < 0.9 mmol/L or total serum Ca < 7.5 mg/dL or acute symptoms were present: calcium gluconate IV.

51.5<P<24,30 <K <34,15<Mg < 15,09 < iCa < 1.04: consider supplementations orally.

Ca, calcium; CRRT, continuous renal replacement therapy; iCa, ionized calcium (mmol/L); IV, intravenously; K, potassium (mmol/L); Mg, magnesium; P, phosphate (mg/dL); ANa,

changes in serum sodium concentration.





