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Acute kidney injury (AKI) is common in critically ill patients, optimal timing for initiation of renal
replacement therapy (RRT) for AKI but without life-threatening indications is unclear. A retrospective
study was performed using the medical information mart for intensive care (MIMIC-1V), including

AKI patients identified based on kidney disease improving global outcomes (KDIGO) definition. The
time to initiate CRRT was defined as the interval from first diagnosis of AKI to the initiation of CRRT,
analyzed as a continuous variable. The primary outcome was 28-day mortality, restricted cubic splines
(RCS) to assess the relationship between CRRT initiation timing intervals and clinical outcomes.

The study included 673 patients, with a 28-day mortality rate of 38.78%. RCS analysis revealed no
significant association between variations in CRRT timing intervals and 28-day mortality (P >0.05).

In the subgroup of patients with non-renal SOFA scores <8, observed an increase in 28 day mortality
(OR 1.011 [95% C1 1.001-1.021], P <0.05), along with a greater likelihood of reduced 28-day CRRT,
mechanical ventilation (MV), and ICU-free days for each 1-h delay in CRRT initiation (OR-0.037 [95%
Cl-0.064 to-0.010], P<0.05; OR-0.051 [95% CI-0.078 to-0.024], P<0.05; OR-0.056 [95% CI - 0.082
to-0.003], P <0.05). The findings indicate that while no significant relationship exists between
mortality and the timing of CRRT initiation, patients with lower non-renal SOFA scores who initiate
RRT promptly may experience improved clinical outcomes. Further exploration and validation require
the adoption of novel research methodologies and more pertinent clinical studies.

Keywords Acute kidney injury, Renal-replacement therapy, Continuous renal replacement therapy initiation
time

Acute kidney injury (AKI) is common among critically ill patients and at risk for increased morbidity and
mortality!. Continuous renal replacement therapy (CRRT) is indicated when medical management is insufficient
to maintain fluid balance or when complications of acute kidney injury (AKI) occur?~. Determining the optimal
timing of CRRT initiation remains a top research priority in the most recent Kidney Disease Improving Global
Outcomes (KDIGO) Conference on Controversies in AKI®’. In the past decade, considerable attention has
been directed toward identifying the optimal timing for the initiation of CRRT. Several randomized controlled
trials involving adult populations have examined the influence of initiation timing on CRRT outcomes, yet the
findings remain inconclusive>*5-11,

This cohort study presents a quantitative analysis focused on the timing of CRRT initiation and its endpoints,
aiming to assess the effect of CRRT initiation timing on 28-day mortality in patients with acute kidney injury
(AKI) utilizing data from the MIMIC-IV database.
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Methods

Study design and setting

We performed a retrospective observational cohort study at a single institution, utilizing data from the Medical
Information Mart for Intensive Care IV version 2.2 (MIMIC-IV v2.2)!2, a comprehensive publicly accessible
database developed and maintained by the Computational Physiology Lab at the Massachusetts Institute of
Technology (MIT). The database, sourced from Beth Israel Deaconess Medical Center in Boston, Massachusetts,
USA, encompasses extensive, anonymized clinical data from over 380,000 patients admitted between 2008
and 2019. All data were obtained from PhysioNet (https://physionet.org/) following the completion of data
permission applications and the signing of the necessary agreements. The institutional review board waived the
necessity for written informed consent and ethical review, as the study utilized de-identified patient data and
was conducted retrospectively. After finishing the online training for the Collaborative Institutional Training
Initiative program (record ID: 55632299), one author of this study (MN) received access to the database. This
study was conducted in compliance with the 2014 revision of the Declaration of Helsinki!*!4. This study adheres
to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline!®.

Participants

The study population included 17,385 adult patients diagnosed with AKI as defined by the KDIGO criteria,
identified within the MIMIC-IV version 2.2 database. For patients with multiple admissions, only the first
hospitalization was taken into account. This analysis excluded individuals who did not receive CRRT, as well as
those with a history of end-stage kidney disease (ESKD), peritoneal dialysis, or emergency CRRT necessitated
by hyperkalemia (serum potassium level>6.5 mmol/L), metabolic acidosis (pH<7.15), or fluid overload
unresponsive to diuretics with pulmonary edema prior to the diagnosis of AKI. Furthermore, patients who were
pregnant, had malignancies, or had undergone kidney transplantation were also excluded, along with those with
missing data exceeding 30% or lacking follow-up information. Ultimately, the final study cohort comprised 673
patients, who were categorized into two groups based on the primary outcome. (Fig. 1).

Data collection

Data collection was conducted utilizing Structured Query Language (SQL) with PostgreSQL (version 16.1) to
extract baseline characteristics, clinical interventions, and outcomes of patients from the MIMIC-IV version
2.2 database. The dataset included demographic information (age, gender, body mass index [BMI]), timing
of admission, initiation of CRRT time, CRRT treatment dose, CRRT down time, diagnosis of AKI, source of
intensive care unit (ICU) admission, comorbidities, Sequential Organ Failure Assessment (SOFA) score, non-
renal SOFA score, severity of AKI, organ support interventions (vasoactive support, mechanical ventilation
[MV], CRRT), and clinical outcomes (mortality, length of hospital stay, length of ICU stay). The CRRT initiation
time defined as duration of AKI to initiate CRRT; AKI diagnoses and stage for AKI are defined according to
the KDIGO standards (refer to supplementary material eFig. 3), The minimum serum creatinine (SCr) value
recorded prior to ICU admission was utilized as the baseline SCr, while the peak SCr value within 24 h of
AKI diagnosis was recorded as the SCr at the time of diagnosis. The calculation for 28 day MV, CRRT, and
ICU-free days involves subtracting the duration of MV or CRRT utilization, as well as the length of ICU stay,
from a total of 28 days. Patients who die within the 28 day period are assigned a value of 0 for this outcome
measure, reflecting the competitive nature of this endpoint. Comorbidities were identified using codes from the
International Classification of Diseases, 10th Revision (ICD-10) and ICD-9. The follow-up period commenced
upon admission and concluded upon reaching the predefined endpoints of interest.

Main exposure

The variable of interest was the time to CRRT initiation, anchored to the first diagnosis of AKI. This was defined
as the duration (in hours) from the initial diagnosis of AKI to the commencement of CRRT. The diagnosis of
AKI was established in accordance with the KDIGO criteria, which encompass any of the following: an increase
in SCr of >0.3 mg/dL (26.5 umol/L) within 48 h; an increase in SCr to > 1.5 times the baseline value within the
preceding 7 days; or a urine output of <0.5 mL/kg/hour for a duration of 6 h'®.

Primary and secondary outcomes

The primary outcome of the study was 28 day mortality. Secondary outcomes included 90-day mortality, 1 year
mortality, the number of 28 day MV-free days, 28 day CRRT-free days, and 28 day ICU-free days. The 28 day
mortality was defined as death occurring within 28 days following the diagnosis of AKI. Definitions for 90 day
mortality and 1 year mortality were derived from the 28 day mortality. Data on patient deaths in the MIMIC-IV
database were obtained from death records during hospitalization or from the Massachusetts Department of
Public Health database for deaths recorded post-discharge!?. The calculation for 28 day MV, CRRT, and ICU-
free days involves subtracting the duration of MV or CRRT utilization, as well as the length of ICU stay, from a
total of 28 days. Patients who die within the 28 day period are assigned a value of 0 for this outcome measure,
reflecting the competitive nature of this endpoint.

Subgroup analysis

Subgroup analyses were performed using the same statistical modeling methods applied to the primary outcome,
stratified by gender, age, non-renal SOFA score, and history of pre-existing chronic kidney disease (CKD). The
subgroup analyses included: (1) male versus female patients; (2) patients aged > 65 years compared to those
aged <65 years; (3) patients with non-renal SOFA scores of <8 versus>8; and (4) patients with and without a
history of CKD prior to admission. The age subgroup was established based on classifications used in previous
studies**31%17_ For the non-renal SOFA subgroup, participants were stratified according to the median (IQR)
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Fig. 1. Study design flow chart.

of the population. In constructing the baseline table for the non-renal SOFA subgroup, early and late initiation
times of CRRT were treated as categorical variables for statistical analysis, with the median CRRT initiation time
serving as the categorical cutoft.

Statistical analysis

Continuous variables were summarized as mean (standard deviation) or median (interquartile range), and
group comparisons were performed using the Mann-Whitney U test, depending on the nature of the data.
Categorical variables were presented as frequencies and percentages, and comparisons between groups
were made using Fisher’s exact test or the Pearson chi-square test. Logistic regression and linear regression
analyses were conducted to evaluate the odds ratios (OR) for primary and secondary outcomes, along with the
corresponding 95% confidence intervals (CI). This study performed a restricted cubic spline (RCS) analysis to
investigate the relationship between CRRT initiation timing intervals and the odds ratio for 28 day mortality.
In this analysis, CRRT initiation timing intervals were treated as the independent variable, while the primary
outcome was designated as the dependent variable. This approach elucidates the trends in the OR and the 95%
CI for 28 day mortality in relation to variations in CRRT initiation timing intervals.

Ordinal regression models were used to explore the trend relationships between 28 day CRRT-free days,
MV-free days, ICU-free days, and CRRT initiation time'®. The outcomes for 28 day CRRT-free days, MV-free
days, and ICU-free days were estimated using the ordinal regression model, with a common OR and 95% CI
calculated. Subgroup analyses were performed to assess correlations between each subgroup and the primary
outcome, with results presented in the form of a forest plot. Kaplan-Meier curves were utilized to illustrate
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the relationship between the primary outcome and CRRT initiation time across subgroups. The Wald x? test
was applied to evaluate the significance of the interaction term. A two-sided P-value of <0.05 was considered
statistically significant. All statistical analyses were performed using R software, version 4.4.0, IBM SPSS 25.0,
Microsoft Excel, and Stata MP18 (64-bit).

Results

Patient characteristics

A total of 17,385 adults with acute kidney injury (AKI), as defined by KDIGO criteria, were reviewed from the
MIMIC-IV database. Ultimately, 673 patients were identified in the final cohort who met the specified inclusion
and exclusion criteria (Fig. 1). Among the reviewed patients, 412 (61.22%) were classified into the 28 day survival
group, while 261 (38.78%) were categorized as the 28 day non-survival group. The cohort comprised 401 males
(59.60%), with a median age of 61.0 years (interquartile range [IQR] 50.0-70.0). The baseline characteristics of
the cohort are summarized in Table 1.

Timing of CRRT initiation

The median time to initiation of CRRT was 39.93 h (IQR 14.23-80.23 h), CRRT treatment dose 27.58 h (IQR
25.46-35.87 h), CRRT down time 96.00 h (IQR 48.00-216.00 h). The median time to diagnosis of AKI was 6.87 h
(IQR 1.51-10.69 h). Upon comparison of CRRT initiation timing with primary and secondary outcomes, no

Total 28-day survival 28-day non-survival
Variables N=673 N=412 N=261 P-value
Age, years, median (IQR) 61.00 (50.00-70.00) | 60.00 (48.00-69.00) 62.00 (52.00-73.00) | 0.012
Male, n (%) 401 (59.60%) 250 (60.70%) 151 (57.90%) 0.467
BMI, Kg/m?, median (IQR) 29.98 (25.60-35.07) | 29.86 (25.52-35.15) 30.22 (25.60-34.95) | 0.662
CRRT initiation time?, h, median (IQR) 39.93 (14.23-80.23) 38.96 (13.58-83.13) 40.22 (17.44-73.06) 0.875
CRRT treatment dose, ml/kg/h, median (IQR) | 27.58 (25.46-35.87) | 28.14 (24.32-36.14) 26.38 (25.31-34.97) | 0.912
CRRT down time, h, median (IQR) 96.00 (48.00-216.00) | 120.00 (48.00-216.00) | 96.00 (48.00-168.00) | 0.007
Time to AKI®, h, median (IQR) 6.87 (1.51-10.69) 6.87 (0.99-10.70) 6.85 (2.82-10.83) 0.320
Admission type, n (%)
Elective 150 (22.30%) 92 (22.30%) 58 (22.20%)
Emergency 327 (48.60%) 120 (46.00%) 207 (50.70%) 0.439
Urgent 196 (29.10%) 113 (27.40%) 83 (31.80%)
Comorbidity, n (%)
Hypertension 223 (33.10%) 127 (30.80%) 96 (36.80%) 0.11
Diabetes 206 (30.60%) 110 (26.70%) 96 (36.80%) 0.006
Heart failure 233 (34.60%) 147 (35.70%) 86 (33.00%) 0.468
Myocardial infarction 68 (10.10%) 34 (8.30%) 34 (13.00%) 0.045
Chronic liver disease 196 (29.10%) 105 (25.50%) 91 (34.90%) 0.009
Chronic pulmonary disease 310 (46.10%) 192 (46.60%) 118 (45.20%) 0.724
Chronic kidney disease 406 (60.30%) 231 (56.10%) 175 (67.00%) 0.005
Stroke 40 (5.90%) 27 (6.60%) 13 (5.00%) 0.401
AKI KDIGO stage, n (%)
I stage 80 (11.90%) 50 (12.10%) 30 (11.50%)
1 stage 206 (30.60%) 129 (31.30%) 77 (29.50%) 0.822
I1I stage 387 (57.50%) 233 (56.60%) 154 (59.00%)
Sepsis at ICU admission, n (%) 571 (84.80%) 337 (81.80%) 234 (89.70%) 0.006
MV, n (%) 662 (98.40%) 402 (97.60%) 260 (99.60%) 0.058
Vasoactive support, n (%) 576 (85.60%) 326 (79.10%) 250 (95.80%) <0.001
Surgery, n (%) 210 (31.20%) 112 (27.20%) 98 (37.50%) 0.005
Baseline SCr, mg/dL 1.20 (0.67-2.10) 1.11 (0.66-2.20) 1.30 (0.68-2.10) 0.251
AKI first SCr, mg/dL 4.40 (4.10-4.80) 4.30 (3.50-4.80) 4.50 (4.20-4.70) <0.001
SOFA, median (IQR) 11.00 (8.00-14.00) 10.50 (8.00-13.00) 12.00 (8.00-14.00) 0.001
Non renal SOFA, median (IQR) 8.00 (5.00-11.00) 7.00 (5.00-10.00) 9.00 (5.50-11.00) <0.001
Hospital stay, day, median (IQR) 17.10 (8.19-29.87) 25.18 (15.92-39.67) 7.94 (3.89-13.18) <0.001

Table 1. Demographics and clinical characteristics of patients with and without 28 day survivals. *time

from diagnose of AKI to initiation CRRT therapy. "time from admitted ICU to diagnose of AKI. AKT acute
kidney injury, BMI Body mass index, IQR interquartile range, ICU intensive care unit, GCS glasgow coma
scale, KDIGO kidney disease improving global outcomes, MV mechanical ventilation, RRT renal replacement
therapy, SOFA sequential organ failure assessment, SCr serum creatinine.
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significant associations were identified (Fig. 2). Regression analysis examining the correlation between outcomes
and CRRT initiation timing indicated that, although mortality rates and the number of 28 day free days did not
demonstrate statistically significant differences, each 1 h delay in CRRT initiation was associated with an 8.0%
increase in the likelihood of prolonged hospital stay (hospital stay: OR 0.08 [95% CI 0.04-0.118]; P <0.05) (refer
to supplementary material eTable 2, eFig. 1).

Primary and secondary outcomes

The primary outcome of the study was 28 day mortality, with 261 patients (38.78%) dying during this period.
Secondary outcomes are summarised in Table 1. Among the 673 patients who received CRRT, restricted cubic
spline (RCS) analysis indicated that 28 day mortality was not significantly associated with the timing of CRRT
initiation (P> 0.05, Fig. 3A). Furthermore, linear regression analyses examining the relationship between CRRT
initiation timing and both primary and secondary outcomes revealed no statistically significant differences in
28 day mortality, 90-day mortality, 1 year mortality, 28 day CRRT-free days, 28 day MV-free days, or 28 day ICU-
free days (P>0.05, Fig. 3B, C) (refer to supplementary material eTable. 2).

Subgroup analysis

The timing of CRRT initiation was not statistically associated with primary or secondary outcomes. Consequently,
subgroup analyses were conducted to explore the relationships between primary and secondary outcomes and
CRRT initiation timing within specific populations. These analyses were performed based on gender, age, non-
renal SOFA score, and history of pre-existing CKD (Fig. 4).

In the subgroup with non-renal SOFA scores<8, each 1 h delay in CRRT initiation was associated with a
1.1% increase in the odds of 28 day mortality (OR 1.011 [95% CI 1.001-1.021], P<0.05, Fig. 4). Kaplan-Meier
curves for 28 day mortality in relation to CRRT initiation timing demonstrated that the survival rate in the
non-renal SOFA <8 group was significantly higher compared to the non-renal SOFA >8 subgroup (P<0.05,
Fig. 5, refer to supplementary material eTable. 3). Notably, the slope of the Kaplan-Meier curve for the non-
renal SOFA <8 group was relatively shallow at the initiation of CRRT, becoming steeper with further delays in
initiation (Fig. 5). This observation indicates that the slope of the Kaplan-Meier curve reflects the rate of increase
in 28 day mortality as the time to CRRT initiation lengthens. Furthermore, the RCS analysis comparing the
non-renal SOFA <8 group and time to CRRT initiation revealed that the odds ratio for 28-day mortality during
the immediate CRRT initiation phase increased with delays in initiation, with statistically significant findings
(non-renal SOFA <8: P<0.05 vs non-renal SOFA >8: P>0.05, Fig. 5, eFig. 2).

In the non-renal SOFA <8 group, secondary outcomes such as 90 day mortality and 1 year mortality also
increased with longer time to CRRT initiation (P <0.05, Fig. 6). Conversely, the number of 28 day CRRT-free
days, MV-free days, and ICU-free days decreased with increasing time to CRRT initiation (P<0.05, Fig. 6). In
the non-renal SOFA > 8 group, the correlations between secondary outcomes and time to CRRT initiation were
not statistically significant (P>0.05, Fig. 6 refer to supplementary material eTable. 3). Each 1 h delay in CRRT
initiation was associated with a decrease in 28 day CRRT-free days, MV-free days, and ICU-free days, with the
following odds ratios: 28 day CRRT free days: OR—0.037 [95% CI—-0.064 to—0.010], P<0.05; 28-day MV free
days: OR-0.051 [95% CI-0.078 to—0.024], P<0.05; and 28 day ICU free days: OR—-0.056 [95% CI-0.082
to—0.003], P<0.05 (refer to supplementary material eTable. 2).
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Fig. 3. CRRT initiation time with primary and secondary outcome. Figure shows projections of primary and
secondary outcome as a function of time to continuous renal replacement therapy (CRRT) initiation from the
restricted cubic spline (A) logistic regression (B) and ordinal regression model (C).

Discussion

This cohort study examined the timing of CRRT initiation in patients with acute kidney injury using data
from the MIMIC-IV database!?. Unlike previous studies that imposed strict definitions for early and delayed
initiation, this study did not specify exact hour thresholds for CRRT initiation*10:11:1:20,
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Fig. 4. Forest plot of the subgroup analysis of CRRT initiation time and 28 day mortality.
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Fig. 5. Restricted cubic spline for 28 day mortality with CRRT initiation time in the nrSOFA <8 and
nrSOFA > 8 group.

Recent randomized controlled trials!®!»!*20 have yielded conflicting results. Observational studies and
meta-analyses suggested potential benefits of early RRT?!"?2. Gaudry et al.??, found no significant difference in
60 day mortality when comparing early versus delayed RRT strategies. Another referenced study?* no survival
benefit was observed for the delayed group.

The study used RCS curves to link CRRT timing with outcomes, a novel approach in CRRT research but
seen in other fields. A recent study identified an optimal body mass index (BMI) interval using RCS curves?.
Consistent with previous research>!:?>2, this study found no correlation between 28 day mortality and the
timing of CRRT initiation (Fig. 2).
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Fig. 6. Linear association between CRRT initiation time and outcome in non-renal SOFA subgroup analysis.

Previous studies noted a lower 90 day mortality associated with early RRT initiation?, however, there were no
significant differences concerning non-MV days or overall hospital days. Notably, while no statistical differences
were found in primary or secondary outcomes, an increase in the length of hospital stay was observed with
prolonged time to CRRT initiation, likely due to the study’s exclusive focus on patients receiving CRRT.

Subgroup analyses for the primary outcome were conducted according to gender, age, non-renal SOFA score,
and history of CKD. In the subgroup with non-renal SOFA <8, earlier CRRT initiation yielded a lower OR for
mortality, with 28 day mortality increasing with delays in CRRT initiation, particularly sustained up to the
50 h mark (Fig. 4). Similarly, this subgroup exhibited statistically significant reductions in 90 day and 1 year
mortality, as well as increases in 28 day CRRT-free days, MV-free days, and ICU-free days (P<0.05, Fig. 5).
While some studies have suggested that early CRRT initiation might extend ICU and MV days?, the findings of
this study contradict this, possibly because all participants in this study underwent CRRT. A comparable trend
was observed in patients with a history of comorbid CKD, although subgroup comparisons were limited due to
the small number of patients without prior CKD.

The non-renal SOFA < 8 patients baseline characteristics are detailed in the supplement (refer to supplementary
material eTable 3). A recent post hoc analysis of the AKIKI trial?’, stratified the original AKIKI cohort into
septic and ARDS phenotypes, concluding that early initiation of RRT in this vulnerable subset of patients with
concurrent ARDS or sepsis was associated with an increased 60 day mortality rate. Importantly, this mean SOFA
score is higher than that observed in our study. Alternatively, employing a scoring methodology similar to the
non-renal SOFA scoring utilized in this study could prove advantageous. Furthermore, a subset of patients in the
late-stage cohort of the AKIKI trial did not receive CRRT, with all non-CRRT patients classified within this late-
stage group. This allocation might artificially lower the mortality rates in the late-stage cohort, potentially leading
to an overestimation of mortality rates in the early-stage group. Consequently, this study specifically targets the
subgroup of patients who received CRRT, aiming to assess whether they derive any benefits from the earlier
initiation of this therapeutic intervention. Previous observational studies'” have indicated that early initiation
of CRRT can reduce mortality. Potential explanations include improved extracellular fluid volume, acid-base
balance and electrolyte abnormalities with earlier RRT initiation. Although patients in this study with lower
non-renal SOFA scores had a more fragile renal function due to their advanced age and multiple comorbidities,
early initiation of CRRT was more likely to preserve renal function and mitigate other factors contributing to
poor outcomes. In contrast, patients with higher non-renal SOFA scores faced multiple confounding risk factors
associated with multi-organ dysfunction, which overall elevated mortality rates, suggesting that early CRRT
initiation may not significantly alter final outcomes in this group.

Although a definitive optimal CRRT initiation time could not be established in this study, the effects of
variations in outcomes with changes in CRRT initiation time were detectable in subgroup analyses by the RCS
curve, providing a foundation for future exploration of optimal CRRT initiation timing in more specific patient
populations.
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Limitation

This study has several limitations. First, we included only patients who received continuous renal replacement
therapy among the eligible cohort. During the screening process within the MIMIC-IV database, it proved
challenging to identify patients who did not undergo CRRT following the diagnosis of acute kidney injury
after excluding those with indications for urgent CRRT initiation. To mitigate bias, we deliberately excluded
all patients who met the inclusion criteria but did not receive CRRT, and we aim to explore improved database
screening methodologies in future research. The second limitation is inherent to the MIMIC database, which is
a single-center, retrospective observational study; thus, the potential for selection bias is unavoidable. To address
this concern, we implemented rigorous screening criteria based on nadir values and conducted subgroup
analyses to compare differences between the unused subgroups and primary outcomes. Lastly, the inability to
extract the latest biomarkers associated with acute renal insufficiency, as well as certain specialized laboratory
indicators, poses a limitation due to the constraints of the database. Consequently, we could not assess prognosis
in conjunction with these contemporary biomarkers. Future research will seek to supplement our findings by
exploring additional databases to enhance the robustness of our results.

Conclusions

In conclusion, this study showed no significant relation of mortality between the variation of initiation time of
RRT in patients with severe acute kidney injury but with no immediate, life-threatening complications linked to
acute kidney injury, but patients with low non-renal SOFA, those who initiated RRT as early as possible benefited
in clinical outcomes. Further exploration and validation require the adoption of novel research methodologies
and more pertinent clinical studies.

Data availability

The MIMIC-IV database is available from https://mimic.physionet.org. The raw data were extracted using struct
ure query language (SQL) and PostgreSQL, as well as using Excel 2019, R software, version 4.4.0, IBM SPSS 25.0
and Stata MP18 (64-bit) for data entry and analysis, respectively.
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