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Abstract: Objectives: To evaluate the efficacy and safety of continuous renal replacement therapy (CRRT) in critically 
ill patients with solid tumors complicated by acute kidney injury (AKI) in the intensive care unit (ICU). Methods: In 
this retrospective cohort study, 580 ICU patients with solid tumors and AKI were enrolled and stratified into a CRRT 
group (n = 300) and a non-CRRT group (n = 280). CRRT was initiated within 12 hours of ICU admission in patients 
meeting Kidney Disease Improving Global Outcomes stage 3 criteria. Propensity score matching (PSM) was per-
formed to balance baseline characteristics. Primary outcomes included AKI remission, metabolic stabilization, and 
90-day survival. Multivariable logistic regression and XGBoost machine learning were used to identify prognostic 
factors and build predictive models. Results: After PSM, baseline characteristics were well balanced. CRRT signifi-
cantly improved renal and metabolic parameters within 72 hours, including reductions in serum creatinine, blood 
urea nitrogen, and lactate (all P < 0.001), with a trend toward increased urine output. The CRRT group had higher 
AKI remission (64.54% vs. 49.65%, P < 0.001) and 90-day survival rates (47.52% vs. 39.01%, P = 0.012), albeit with 
greater dialysis dependence (19.15% vs. 0.00%, P < 0.001). Adverse events were comparable. XGBoost models 
achieved AUCs of 0.78 and 0.75 for mortality and AKI remission, respectively. Conclusions: CRRT improves renal 
recovery, metabolic status, and survival in critically ill cancer patients with AKI, with an acceptable safety profile. 
Machine learning offers promising tools for individualized outcome prediction.
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Introduction

Recent advances in oncologic therapies have 
significantly improved survival in patients with 
solid tumors, resulting in a growing population 
undergoing complex multimodal treatments. 
However, this progress has been accompanied 
by a higher incidence of treatment-related com-
plications, increasing intensive care unit (ICU) 
demand in this vulnerable group. Current epi- 
demiological data indicate that patients with 
malignancies comprise approximately 20% of 
ICU admissions, the majority being individuals 
with advanced or metastatic solid tumors [1, 
2]. These patients frequently present with  
profound immunosuppression and multi-organ 
dysfunction, requiring comprehensive life sup-

port measures such as mechanical ventilation, 
vasopressors, and renal replacement therapy 
(RRT) [1, 3]. A multicenter study identified lung 
and gastrointestinal cancers as the most com-
mon solid tumors in ICU settings, with over half 
of patients exhibiting distant metastases. Whi- 
le short-term survival during ICU stay was rela-
tively high (77.4%), one-year survival declined 
sharply to 33.2%, underscoring the poor long-
term prognosis associated with organ support 
dependency [3].

Among organ dysfunctions, acute kidney injury 
(AKI) is both prevalent and prognostically sig- 
nificant. Its etiology in cancer patients is multi-
factorial, including tumor-related processes, 
sepsis, nephrotoxic agents, and hemodynamic 
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instability [4]. A recent meta-analysis reported 
AKI incidence rates up to 52% in critically ill 
cancer patients, with approximately 48% of th- 
ose with solid tumors affected [5], far exceed-
ing rates in the general ICU population.

AKI substantially worsens clinical outcomes.  
Its occurrence is linked to increased short-term 
mortality, including ICU and 28-day mortality, 
and has been identified as an independent pre-
dictor of death in oncology patients - 56% in 
solid tumors and up to 78% in hematologic 
malignancies [6]. These data highlight the ur- 
gent need for early recognition and timely man-
agement of AKI in cancer ICU populations to 
improve survival and preserve renal function.

CRRT is commonly used to manage AKI in ICU 
patients with solid tumors, but its clinical utility 
remains controversial. A retrospective study 
reported a 28-day survival of only 57.1% in 
postoperative cancer patients with stage 3 AKI 
receiving CRRT, raising concerns about cost-
effectiveness and clinical benefit [7]. In con-
trast, a study from MD Anderson Cancer Center 
found no significant association between RRT 
and hospital or long-term survival in ICU pa- 
tients with stage IV solid tumors and AKI [8]. 
Notably, most patients in that study had termi-
nal malignancies and received RRT as part of 
palliative care, with AKI often stemming from 
end-stage cancer processes. These findings 
reflect the limitations of generalizability due  
to population heterogeneity. Moreover, many 
prior studies combined solid and hematologic 
tumors and lacked tumor-specific prognostic 
stratification tools [9].

This study aims to systematically assess the 
short- and intermediate-term outcomes of 
CRRT in patients with solid tumors, spanning 
various TNM stages and comorbidity profiles, 
with a focus on those presenting with AKI. By 
addressing current gaps, this research seeks  
to provide evidence-based guidance for CRRT 
use in patients with non-hematologic malignan-
cies and to improve risk stratification and ICU 
management in this high-risk population.

Materials and methods

Study design and patient selection

This retrospective observational cohort study 
aimed to evaluate the impact of CRRT on renal 

recovery and short-term clinical outcomes in 
ICU patients with solid tumors who developed 
AKI. The study was conducted at the Longyan 
First Affiliated Hospital of Fujian Medical Uni- 
versity between September 2024 and May 
2025. Ethical approval was obtained from the 
Medical Ethics Committee of Longyan First 
Affiliated Hospital of Fujian Medical University 
(Approval No. LYREC2025-K121-01). Given the 
retrospective nature of the study, the require-
ment for informed consent was waived.

Inclusion criteria: (1) Age ≥ 18 years; (2) 
Histologically or clinically confirmed diagnosis 
of a solid tumor, primarily gastrointestinal or 
pulmonary malignancies.

Diagnosis of AKI during ICU stay according to 
the 2012 Kidney Disease Improving Global 
Outcomes (KDIGO) Clinical Practice Guideline 
for Acute Kidney Injury [10], defined as meeting 
at least one of the following: (1) Increase in 
serum creatinine by ≥ 0.3 mg/dL (26.5 μmol/L) 
within 48 hours; Increase in serum creatinine 
to ≥ 1.5 times baseline within the prior 7 days; 
Urine output < 0.5 mL/kg/h for ≥ 6 hours; (2) 
ICU length of stay ≥ 48 hours; (3) Availability of 
complete clinical and laboratory data. 

Exclusion criteria: (1) Pre-existing end-stage 
renal disease (ESRD) or chronic dialysis prior to 
ICU admission; (2) Diagnosis of hematologic 
malignancy; (3) Death or discharge within 48 
hours of ICU admission; (4) CRRT initiated prior 
to ICU admission; (5) Concurrent enrollment in 
interventional clinical trials.

Grouping and treatment protocol

A total of 580 patients with solid tumors com-
plicated by AKI who were admitted to the ICU 
were included. Patients were stratified into a 
CRRT group (n = 300) and a non-CRRT group  
(n = 280) based on the actual treatment 
received. The decision to initiate CRRT was 
made by the attending intensivists in accor-
dance with KDIGO stage 3 AKI criteria, consid-
ering hemodynamic stability, metabolic distur-
bances, and fluid overload, consistent with 
standard ICU practice.

CRRT was initiated in 268 patients who met 
one or more of the following criteria: refractory 
fluid overload, life-threatening hyperkalemia, 
severe metabolic acidosis, or uremic complica-
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tions. The median time from ICU admission to 
CRRT initiation was 12 hours (interquartile 
range [IQR]: 8-18 hours). CRRT parameters, 
including timing and prescription, were individ-
ualized. Treatment was delivered at a pre-
scribed effluent dose of 25 ± 5 mL/kg/h, most 
commonly set at 25 mL/kg/h. Regional citrate 
anticoagulation was employed in approximately 
80% of patients, while systemic anticoagula-
tion with unfractionated heparin was used in 
the remaining 20%. The median CRRT duration 
was 48 hours (IQR: 24-72 hours). Discon- 
tinuation was based on hemodynamic stabili- 
zation or sustained renal recovery. The mean 
cumulative net fluid removal over the first 72 
hours was -1.0 L.

Patients who did not receive CRRT initially were 
managed conservatively for at least 48 hours. 
If renal function did not improve - defined as < 
10% reduction in serum creatinine and urine 
output < 0.5 mL/kg/h - a multidisciplinary team 
re-evaluated CRRT indications. Based on actu-
al treatment received, patients were ultimately 
categorized into the CRRT group (n = 300) or 
the non-CRRT group (n = 280).

Patients in the non-CRRT group received no 
RRT but were managed with standard ICU sup-
portive measures. Fluid management targeted 
a daily net fluid balance between -500 mL and 
+500 mL. Antimicrobial therapy was guided by 
culture results, susceptibility testing, or em- 
pirical broad-spectrum protocols. Vasopressors 
were titrated to achieve target mean arterial 
pressure and central venous pressure. All pa- 
tients received comprehensive supportive care, 
including respiratory support, enteral or paren-
teral nutrition, and correction of acid-base and 
electrolyte disturbances.

Data collection

All data were retrospectively extracted from  
the hospital’s integrated clinical information 
systems, including the electronic medical re- 
cord (EMR), laboratory information system 
(LIS), and nursing information system (NIS). 
Data extraction was independently performed 
by two trained researchers using a predefin- 
ed standardized protocol. A senior intensivist 
cross-checked all entries for consistency and 
accuracy. In cases of discrepancy or missing 
data, a third investigator adjudicated.

Collected baseline variables included age, sex, 
body mass index (BMI), tumor type, TNM sta- 
ge, and prior cancer therapies (chemotherapy, 
radiotherapy, targeted therapy, or immunother-
apy). Disease severity on ICU admission was 
assessed using the Sequential Organ Failure 
Assessment (SOFA) score and the Acute 
Physiology and Chronic Health Evaluation II 
(APACHE II) score, based on clinical and labora-
tory data documented within the first 24 hours 
of ICU stay. AKI severity was staged according 
to the 2012 KDIGO criteria, categorized as 
Stage 1 to Stage 3 [11]. Relevant data were 
obtained from LIS and nursing fluid balance 
records.

Information on comorbid conditions - such as 
diabetes mellitus, hypertension, coronary ar- 
tery disease, septic shock, and prior exposure 
to nephrotoxic agents - was extracted from 
admission assessments, medication orders, 
and discharge summaries. Laboratory and me- 
tabolic parameters, including serum creatinine 
(Scr), blood urea nitrogen (BUN), uric acid (UA), 
potassium, phosphate, and lactate, were col-
lected at ICU admission (defined as hour 0), 
and again at 48 and 72 hours, with the first 
available value within each time window being 
recorded. Hourly urine output (mL/kg/h) was 
retrieved from nursing records and fluid input/
output charts. This variable was used to assess 
renal function dynamics over time.

Primary outcomes included: Renal recovery: 
defined as a ≥ 25% reduction in serum creati-
nine from baseline, accompanied by an aver-
age urine output ≥ 0.5 mL/kg/h within 48 
hours. This outcome was independently deter-
mined by two investigators based on laboratory 
and nursing data; discrepancies were resolved 
by a senior nephrologist; Overall survival at 28 
and 90 days: verified through inpatient records 
and follow-up telephone interviews; ICU length 
of stay: calculated from the time of ICU admis-
sion to ICU discharge; Dialysis dependence at 
discharge: determined by reviewing discharge 
instructions and nephrology consultation not- 
es. Patients requiring ongoing RRT at discharge 
were classified as dialysis-dependent.

Complications were identified based on explicit 
documentation of diagnoses and clinical inter-
ventions: Infections: confirmed by a combina-
tion of positive microbiological cultures and the 
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initiation or escalation of targeted antibiotic 
therapy. This included bloodstream infections, 
ventilator-associated pneumonia, and cathe-
ter-related infections, as defined by established 
CDC/NHSN surveillance criteria; Major bleed-
ing: identified through clinical documentation 
and supported by laboratory findings (e.g., a ≥ 2 
g/dL drop in hemoglobin) and transfusion re- 
cords (≥ 2 units of packed red blood cells), or 
bleeding at critical sites such as intracranial, 
gastrointestinal, or retroperitoneal locations; 
Electrolyte disturbances: life-threatening ab- 
normalities requiring immediate intervention, 
such as hyperkalemia (> 6.5 mmol/L), severe 
hypokalemia (< 2.5 mmol/L), hyperphosphate-
mia (> 2.5 mmol/L), and symptomatic hypocal-
cemia. These were confirmed through labora-
tory test results and the presence of emer- 
gency treatment orders, such as calcium infu-
sion or insulin-glucose administration.

Statistical analysis

All statistical analyses were performed using 
SPSS Statistics (Version 26.0, IBM Corp., 
Armonk, NY, USA), R software (version 4.3.2; R 
Foundation for Statistical Computing, Vienna, 
Austria). A two-sided P-value < 0.05 was con-
sidered statistically significant unless other-
wise specified. Normality of continuous vari-
ables was tested using the Shapiro-Wilk test. 
Variables with normal distribution were ex- 
pressed as mean ± standard deviation (SD) 
and compared between groups using the in- 
dependent-samples t-test. Non-normally dis-
tributed data were reported as median [inter-
quartile range] and analyzed using the Mann-
Whitney U test. Categorical variables were 
summarized as frequencies and percentages, 
and group differences were assessed using 
Pearson’s χ2 test or Fisher’s exact test when 
appropriate.

Descriptive analysis and propensity score 
matching (PSM): To reduce treatment selec- 
tion bias and control for confounding between 
groups, PSM was performed. Before matching, 
300 patients who received CRRT were com-
pared to 280 who did not, based on whether 
CRRT was administered during the ICU stay.

Baseline variables included in the matching 
model were age, sex, BMI, tumor type (primarily 

gastrointestinal or pulmonary), TNM stage, 
SOFA score, APACHE II score, prior oncologic 
therapy, and AKI stage per KDIGO guidelines. 
Propensity scores were estimated using clini-
cally relevant covariates with a standardized 
mean difference (SMD) > 0.1. A 1:1 nearest-
neighbor matching algorithm without replace-
ment was applied, using a caliper width of 0.2 
SDs of the logit-transformed propensity score. 
Covariate balance was confirmed by SMD < 
0.1. All PSM procedures and diagnostics were 
conducted using R (v4.3.2) and the “MatchIt” 
package (v4.5.2). Matched cohorts were then 
used for subsequent outcome analyses.

Longitudinal analysis of renal and metabolic 
indices: To compare the temporal effects of 
CRRT on renal function and metabolism, re- 
peated-measures ANOVA was used to analyze 
laboratory values at 0 h, 48 h, and 72 h. The 
statistical model included main effects for time 
and treatment group, as well as an interaction 
term (time × group) to examine differential tra-
jectories. When a significant interaction or main 
effect was detected, Bonferroni-adjusted post 
hoc pairwise comparisons were conducted to 
determine specific timepoints at which group 
differences occurred.

Subgroup analyses: Prespecified subgroup 
analyses were conducted to assess effect 
modification based on key comorbidities, in- 
cluding diabetes mellitus, hypertension, coro-
nary artery disease, and septic shock. Strati- 
fied logistic regression models were used to 
estimate odds ratios (ORs) for treatment ef- 
fects within each subgroup. Interaction p-val-
ues were calculated to assess heterogeneity 
across subgroups.

Multivariable logistic regression: To identify 
independent predictors of AKI recovery (binary 
outcome), a multivariable logistic regression 
model was constructed using backward step-
wise selection. Candidate variables included 
CRRT exposure, age, SOFA score, AKI stage, 
comorbidities (e.g., diabetes, hypertension, 
septic shock), hemodynamic instability, and 
tumor type (gastrointestinal vs. pulmonary). 
Statistical significance was defined as P < 0.05.

For internal validation, the matched cohort (n = 
282) was randomly split into a training set 
(70%, n = 198) and a testing set (30%, n = 84) 
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using stratified sampling to maintain outcome 
distribution. Model construction and variable 
selection were performed on the training set; 
performance was evaluated on the testing set. 
Discrimination was assessed using the area 
under the receiver operating characteristic 
(ROC) curve (AUC), with AUC > 0.70 consider- 
ed good. Calibration was evaluated via the 
Hosmer-Lemeshow test, with P > 0.05 indicat-
ing acceptable fit. Analyses used the R pack-
ages pROC, ResourceSelection, and rmda.

Machine learning models: To supplement tradi-
tional analyses, supervised machine learning 
models were developed using Python 3.10 and 
the scikit-learn library to identify the key predic-
tors that might be related to 90-day mortality 
and AKI remission outcomes. Preprocessing 
included standardization and imputation of 
missing values via the K-nearest neighbor- 
salgorithm. An eXtreme Gradient Boosting 
(XGBoost) classifier was trained with five-fold 
cross-validation.

Model performance was assessed via AUC, 
sensitivity, and specificity. Model interpretabili-
ty was enhanced using SHapley Additive ex- 
Planations (SHAP) to quantify individual featu- 
re contributions. Visualizations, including ROC 
curves and SHAP summary plots, were gener-
ated using matplotlib and shap.

Results

Comparison of baseline characteristics

As summarized in Table 1 and Figure 1, base-
line characteristics were well balanced post-
matching. No significant differences were ob- 
served between groups in age, sex, BMI, tumor 
type (predominantly gastrointestinal and pul-
monary), or disease severity scores (SOFA and 
APACHE II). Likewise, TNM stage, prior oncolog-
ic treatment, and AKI stage were comparable 
(all P > 0.05).

Figure 2A illustrates propensity score distribu-
tions before and after matching. Before PSM 
(left panel), the two groups exhibited marked 
differences, indicating potential selection bias. 
After PSM (right panel), distributions were near-
ly identical, demonstrating successful balance. 
Figure 2B displays standardized mean differ-
ences (SMDs) for each covariate pre- and post-

matching. Prior to matching, imbalances were 
evident for variables such as SOFA score, 
APACHE II score, and AKI stage (SMD > 0.1). 
Post-matching, all covariates achieved SMDs < 
0.1, confirming adequate covariate balance 
and effective control of baseline confounding.

Comparison of renal and metabolic param-
eters

Post-matching comparisons of renal and meta-
bolic indicators were performed at baseline, 48 
hours, and 72 hours after enrollment (Figures 3 
and 4). At baseline, the CRRT group had more 
severe renal dysfunction, with higher Scr, BUN, 
and UA compared to the non-CRRT group (all  
P < 0.05). During treatment, these parameters 
decreased markedly in the CRRT group, with 
significantly greater reductions in the non-CRRT 
group (all P < 0.001). UA levels also decreased, 
though intergroup differences narrowed by 72 
hours (Figure 3). Repeated-measures ANOVA 
revealed significant time-by-treatment interac-
tions for Scr (F = 124.3), BUN (F = 101.7), and 
UA (F = 52.9), (all P < 0.001), indicating faster 
renal recovery in the CRRT group (Table 2). 
Bonferroni-adjusted post hoc tests confirmed 
that intra-group differences in Scr, BUN, and UA 
across the three timepoints (0 h, 48 h, and 72 
h) were all statistically significant (P < 0.05) 
(Figure 3).

Regarding metabolic parameters, baseline se- 
rum potassium, phosphate, and lactate were 
significantly higher in the CRRT group (all P < 
0.01), suggesting more severe metabolic de- 
rangements. These values improved progres-
sively during CRRT, with significant reductions 
over time (P < 0.05). Although urine output 
remained lower in the CRRT group throughout 
observation, a gradual increase was noted - 
from 0.62 to 0.74 mL/kg/h by 72 hours - indi-
cating potential renal recovery. In contrast, 
urine output in the non-CRRT group remain- 
ed largely unchanged (Figure 4). Repeated-
measures ANOVA showed significant time-by-
treatment interactions for potassium (F = 19.4), 
phosphate (F = 38.1), lactate (F = 25.5), and 
urine output (F = 6.7), (P < 0.001 for potassi-
um, phosphate, and lactate; P = 0.003 for urine 
output) (Table 2). Similarly, post hoc analysis 
showed that within both the CRRT and non-
CRRT groups, serum potassium, phosphate, 
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Table 1. Comparison of baseline characteristics (mean ± standard deviation (SD) or n (%))

Variables
Before PSM After PSM

CRRT (n = 300) Non-CRRT (n = 280) Statistic P SMD CRRT (n = 141) Non-CRRT (n = 141) Statistic P SMD
Age, Mean ± SD 60.98 ± 9.88 59.76 ± 10.96 t = 1.414 0.158 -0.112 60.62 ± 10.04 60.60 ± 11.04 t = 0.013 0.989 -0.002
BMI, Mean ± SD 22.40 ± 3.62 22.33 ± 3.42 t = 0.225 0.822 -0.019 22.24 ± 3.36 22.31 ± 3.27 t = -0.183 0.855 0.022
SOFA, Mean ± SD 9.81 ± 3.00 6.35 ± 2.69 t = 14.609 < 0.001 -1.289 7.86 ± 2.41 7.52 ± 2.61 t = 1.121 0.263 -0.129
APACHE II, Mean ± SD 22.82 ± 6.87 18.92 ± 6.55 t = 6.982 < 0.001 -0.595 20.82 ± 6.57 20.09 ± 6.41 t = 0.944 0.346 -0.114
Tumor Type, n (%) χ2 = 0.773 0.679 χ2 = 2.570 0.277
    1 180 (60.00) 165 (58.93) -0.022 74 (52.48) 84 (59.57) 0.145
    2 55 (18.33) 59 (21.07) 0.067 30 (21.28) 31 (21.99) 0.017
    3 65 (21.67) 56 (20.00) -0.042 37 (26.24) 26 (18.44) -0.201
TNM Stage, n (%) χ2 = 1.831 0.608 χ2 = 3.435 0.329
    1 25 (8.33) 28 (10.00) 0.056 9 (6.38) 13 (9.22) 0.098
    2 37 (12.33) 42 (15.00) 0.075 16 (11.35) 21 (14.89) 0.100
    3 113 (37.67) 105 (37.50) -0.003 61 (43.26) 47 (33.33) -0.211
    4 125 (41.67) 105 (37.50) -0.086 55 (39.01) 60 (42.55) 0.072
Gender, n (%) χ2 = 3.215 0.073 χ2 = 1.168 0.280
    Male 113 (37.67) 126 (45.00) 0.147 57 (40.43) 66 (46.81) 0.128
    Female 187 (62.33) 154 (55.00) -0.147 84 (59.57) 75 (53.19) -0.128
Chemo, n (%) χ2 = 0.190 0.663 χ2 = 0.014 0.905
    No 149 (49.67) 134 (47.86) -0.036 67 (47.52) 66 (46.81) -0.014
    Yes 151 (50.33) 146 (52.14) 0.036 74 (52.48) 75 (53.19) 0.014
Radiotherapy, n (%) χ2 = 0.024 0.877 χ2 = 1.220 0.269
    No 191 (63.67) 180 (64.29) 0.013 83 (58.87) 92 (65.25) 0.134
    Yes 109 (36.33) 100 (35.71) -0.013 58 (41.13) 49 (34.75) -0.134
Targeted Therapy, n (%) χ2 = 1.559 0.212 χ2 = 0.076 0.783
    No 230 (76.67) 202 (72.14) -0.101 107 (75.89) 105 (74.47) -0.033
    Yes 70 (23.33) 78 (27.86) 0.101 34 (24.11) 36 (25.53) 0.033
Immunotherapy, n (%) χ2 = 0.260 0.610 χ2 = 1.781 0.182
    No 245 (81.67) 224 (80.00) -0.042 117 (82.98) 108 (76.60) -0.151
    Yes 55 (18.33) 56 (20.00) 0.042 24 (17.02) 33 (23.40) 0.151
DM, n (%) χ2 = 3.509 0.061 χ2 = 0.271 0.602
    No 197 (65.67) 204 (72.86) 0.162 101 (71.63) 97 (68.79) -0.061
    Yes 103 (34.33) 76 (27.14) -0.162 40 (28.37) 44 (31.21) 0.061
HTN, n (%) χ2 = 0.422 0.516 χ2 = 1.085 0.298
    No 210 (70.00) 189 (67.50) -0.053 103 (73.05) 95 (67.38) -0.121
    Yes 90 (30.00) 91 (32.50) 0.053 38 (26.95) 46 (32.62) 0.121
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CHD, n (%) χ2 = 3.085 0.079 χ2 = 0.033 0.857
    No 253 (84.33) 250 (89.29) 0.160 123 (87.23) 124 (87.94) 0.022
    Yes 47 (15.67) 30 (10.71) -0.160 18 (12.77) 17 (12.06) -0.022
Septic Shock, n (%) χ2 = 0.675 0.411 χ2 = 1.652 0.199
    No 213 (71.00) 190 (67.86) -0.067 102 (72.34) 92 (65.25) -0.149
    Yes 87 (29.00) 90 (32.14) 0.067 39 (27.66) 49 (34.75) 0.149
Sepsis, n (%) χ2 = 0.221 0.638 χ2 = 1.717 0.190
    No 142 (47.33) 138 (49.29) 0.039 64 (45.39) 75 (53.19) 0.156
    Yes 158 (52.67) 142 (50.71) -0.039 77 (54.61) 66 (46.81) -0.156
Tumor Lysis Syndrome, n (%) χ2 = 0.119 0.730 χ2 = 0.085 0.771
    No 235 (78.33) 216 (77.14) -0.028 110 (78.01) 112 (79.43) 0.035
    Yes 65 (21.67) 64 (22.86) 0.028 31 (21.99) 29 (20.57) -0.035
Hemodynamic Disorder, n (%) χ2 = 2.079 0.149 χ2 = 0.228 0.633
    No 131 (43.67) 139 (49.64) 0.120 63 (44.68) 67 (47.52) 0.057
    Yes 169 (56.33) 141 (50.36) -0.120 78 (55.32) 74 (52.48) -0.057
Nephrotoxic History, n (%) χ2 = 0.546 0.460 χ2 = 0.357 0.550
    No 239 (79.67) 216 (77.14) -0.060 115 (81.56) 111 (78.72) -0.069
    Yes 61 (20.33) 64 (22.86) 0.060 26 (18.44) 30 (21.28) 0.069
AKI Stage, n (%) χ2 = 22.060 < 0.001 χ2 = 0.273 0.872
    1 47 (15.67) 25 (8.93) -0.236 19 (13.48) 18 (12.77) -0.021
    2 62 (20.67) 105 (37.50) 0.348 40 (28.37) 44 (31.21) 0.061
    3 191 (63.67) 150 (53.57) -0.202 82 (58.16) 79 (56.03) -0.043
t: t-test, χ2: Chi-square test, SD: standard deviation; PSM, Propensity score matching.
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Figure 1. Flowchart of study design and patient selection.

and lactate levels significantly decreased from 
0 h to 48 h and from 48 h to 72 h (P < 0.05), 
while urine output significantly increased over 
time (P < 0.05) (Figure 4).

Overall, these findings indicate that CRRT not 
only facilitates rapid correction of metabolic 
abnormalities but may also promote residual 
renal function recovery.

Comparison of clinical outcomes

Patients who received CRRT had significantly 
longer ICU stays than those in the non-CRRT 

group (14.45 ± 3.18 vs. 9.99 ± 2.23 days, P < 
0.001), consistent with its use in more severely 
ill individuals. Although 28-day survival did not 
differ significantly between groups (63.12% vs. 
40.43%, P = 0.149), 90-day survival was sig- 
nificantly higher in the CRRT group (47.52% vs. 
39.01%, P = 0.012), suggesting potential mid-
to-long-term benefits. Renal recovery was also 
more frequent in the CRRT group, which dem-
onstrated a significantly higher AKI remission 
rate (64.54% vs. 49.65%, P < 0.001). However, 
dialysis dependence at discharge was more 
common among CRRT recipients (19.15% vs. 
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Figure 2. Propensity score matching (PSM) analysis. A: Distribution of pro-
pensity scores before and after matching. B: Standardized mean differenc-
es of baseline covariates pre- and post-matching.

0.00%, P < 0.001), indicating that while more 
patients survived, a subset had persistent 
renal dysfunction.

With respect to safety, no significant differenc-
es were observed in infection or major bleeding 
events between groups (both P > 0.05), sup-
porting the tolerability of CRRT in this popula-
tion. Notably, the incidence of severe electro-
lyte disturbances was significantly lower in the 
CRRT group (14.18% vs. 34.04%, P < 0.001), 
underscoring CRRT’s role in maintaining meta-
bolic stability (Table 3). Overall, CRRT was 
associated with improved renal recovery, bet-
ter correction of metabolic derangements, and 
enhanced 90-day survival, without an increas- 

ed risk of infection or bleeding. 
These findings support the 
potential clinical benefit of 
CRRT in selected ICU patients 
with solid tumor-associated 
AKI.

Subgroup analyses

Among the 282 propensity 
score-matched patients, the 
AKI remission rate remained 
significantly higher in the CRRT 
group (P = 0.012). Stratified 
subgroup analyses demonst- 
rated that the association 
between CRRT and AKI remis-
sion was consistent across 
several clinically relevant po- 
pulations. Specifically, CRRT 
was significantly associated 
with improved AKI remission  
in patients without diabetes  
(P = 0.007), and in those with 
hypertension (P = 0.027), co- 
ronary artery disease (P = 
0.012), tumor lysis syndrome 
(P = 0.010), hemodynamic 
instability (P = 0.009), and pr- 
ior nephrotoxic exposure (P = 
0.035). A notable benefit was 
also observed among patients 
with sepsis (P = 0.008). How- 
ever, none of the subgroup 
interaction terms reached sta-
tistical significance (P for inter-
action = 0.265; Figure 5). 

Multivariate analysis of factors associated with 
AKI recovery

To identify independent predictors of AKI re- 
mission - defined as a ≥ 25% reduction in se- 
rum creatinine and urine output ≥ 0.5 mL/kg/h 
sustained for 48 hours - a multivariate logistic 
regression analysis was conducted (Figure 6A). 
CRRT emerged as an independent protective 
factor for AKI remission (P = 0.005), even after 
controlling for potential confounders. Conver- 
sely, elevated baseline serum creatinine (P = 
0.004), the presence of sepsis (P = 0.036), and 
hemodynamic instability (P = 0.011) were  
significantly associated with reduced odds of 
renal recovery. Nephrotoxic exposure (P = 
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Figure 3. Longitudinal changes in renal function parameters in continuous renal replacement therapy (CRRT) and 
non-CRRT groups. A: Serum creatinine; B: Blood urea nitrogen (BUN); C: Uric acid levels at 0 h, 48 h, and 72 h. ***P 
< 0.001. #P < 0.05, ##P < 0.01, ### P < 0.001 indicate significant differences compared to 0 h within each group. 
^P < 0.05, ^^P < 0.01 indicate significant differences compared to 48 h within each group.

0.053) and elevated lactate levels (P = 0.073) 
did not reach statistical significance but sh- 
owed a trend toward negative association.

The logistic regression model demonstrated 
strong discriminatory ability, with an AUC of 
0.80 (95% CI, 0.74-0.86) in the training cohort 
and 0.72 (95% CI, 0.60-0.83) in the validation 
cohort (Figure 6B). Calibration was confirmed 
using the Hosmer-Lemeshow goodness-of-fit 
test (training: P = 0.468; validation: P = 0.498; 
Figure 6C). Decision curve analysis indicated 

favorable clinical utility across a range of 
threshold probabilities (Figure 6D), support- 
ing the model’s applicability for individualized 
decision-making.

Machine learning-based prediction of clinical 
outcomes

To complement traditional analyses, super-
vised machine learning models were develop- 
ed using the XGBoost algorithm to predict two 
key outcomes: 90-day mortality and AKI remis-
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Figure 4. Temporal changes in metabolic parameters and urine output in continuous renal replacement therapy 
(CRRT) and non-CRRT groups. A: Serum potassium; B: Serum phosphate; C: Serum lactate; D: Urine output at 0 h, 
48 h, and 72 h. *P < 0.05, **P < 0.01, ***P < 0.001. #P < 0.05, ##P < 0.01, ###P < 0.001 indicate significant 
differences compared to 0 h within each group. ^P < 0.05 indicates significant differences compared to 48 h within 
each group.



CRRT in critically ill cancer patients with AKI

3278	 Am J Cancer Res 2025;15(7):3267-3285

tion was linked to a prolonged ICU stay. 
Subgroup analyses revealed consistent thera-
peutic benefits across a range of comorbid con-
ditions. Both multivariate logistic regression 
and machine learning models independently 
identified CRRT as a significant predictor of AKI 
remission.

As a continuous and hemodynamically stable 
modality, CRRT offers several advantages over 
intermittent hemodialysis (IHD), particularly for 
patients with cardiovascular instability [12]. Its 
capacity for gradual solute and fluid removal 
facilitates the maintenance of hemodynamic 
stability, making it the preferred modality for 
critically ill and unstable patients [13, 14]. 
Consistent with KDIGO guidelines, which rec-
ommend CRRT as the first-line therapy in hemo-
dynamically unstable patients [13, 15], - and 
our results support its clinical utility in this set-
ting. In our cohort, patients who received CRRT 
showed significant improvements in renal and 
metabolic profiles, reflecting the therapy’s abil-
ity to achieve continuous solute clearance and 
precise fluid control. CRRT promotes sustained 
removal of uremic toxins and effective correc-
tion of electrolyte and acid-base imbalances 
[16-18]. Prior studies have emphasized its role 
in managing complex electrolyte disturbances, 
effectively replicating the excretory functions of 
native kidneys [19]. This mechanistic founda-
tion likely explains the observed reductions in 
serum creatinine, BUN, potassium, and phos-
phate, as well as improvements in arterial pH 
and base excess. In addition, CRRT enhances 
clearance of lactate and other metabolic by-
products, contributing to systemic metabolic 
stabilization. Emerging evidence supports its 
efficacy in lowering serum potassium, phos-
phate, and lactate levels while maintaining 
acid-base homeostasis through bicarbonate-
buffered dialysate. These effects are essential 
for cardiovascular stabilization and may help 
reduce the risk of life-threatening complica-
tions such as arrhythmias and hypotension 
[20].

Despite the physiological advantages of CRRT, 
overall mortality among critically ill patients 
with AKI remains high. To date, randomized 
controlled trials have not consistently demon-
strated a short-term survival benefit of CRRT 
compared with IHD [19]. As noted by Wald et 

Table 2. Comparison of renal and metabolic pa-
rameters between groups (CRRT vs. Non-CRRT, 
n = 141 per group)

Variable Group × Time 
Interaction (F) P-value

Serum Creatinine (Scr) 124.3 < 0.001
Blood Urea Nitrogen (BUN) 101.7 < 0.001
Uric Acid (UA) 52.9 < 0.001
K 19.4 < 0.001
P 38.1 < 0.001
Lactate 25.5 < 0.001
Urine Output 6.7 0.003

sion. Model interpretability was enhanced us- 
ing SHAP (Figure 7).

For 90-day mortality prediction, the model 
achieved strong performance with an AUC of 
0.78 (95% CI, 0.71-0.85; Figure 7A). SHAP sum-
mary plots identified serum lactate concentra-
tion, AKI stage, urine output at ICU admission, 
age, and lactate clearance as the top contri- 
butors (Figure 7B), highlighting the prognostic 
importance of metabolic derangement, renal 
dysfunction, and physiological reserve.

In predicting AKI remission, the model achiev- 
ed an AUC of 0.75 (95% CI, 0.67-0.82; Figure 
7C). Key predictors included AKI stage, receipt 
of CRRT, baseline serum creatinine, urine out-
put, and BUN levels (Figure 7D). The concor-
dance between machine learning outputs and 
established clinical risk factors supports the 
relevance of XGBoost-based tools for individu-
alized outcome prediction in critically ill patients 
with solid tumors.

Discussion

This study comprehensively evaluated the im- 
pact of CRRT on renal recovery, metabolic 
homeostasis, and clinical outcomes in ICU 
patients with solid tumors and AKI, using pro-
pensity score matching to minimize baseline 
confounding. Our findings demonstrate that 
CRRT significantly improved renal function 
markers, including Scr, BUN, and UA, as well  
as key metabolic parameters such as serum 
potassium, phosphate, and lactate. Moreover, 
CRRT was associated with a higher 90-day sur-
vival rate, without a corresponding increase in 
infection or bleeding risk. However, CRRT initia-
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Table 3. Comparison Key clinical outcomes
Variables CRRT (n = 141) Non-CRRT (n = 141) Statistic P
ICU Stay Days, Mean ± SD 14.45 ± 3.18 9.99 ± 2.23 t = 13.63 < 0.001
Survival 28 d, n (%) 89 (63.12) 57 (40.43) χ2 = 2.08 0.149
Survival 90 d, n (%) 67 (47.52) 55 (39.01) χ2 = 6.38 0.012
AKI Recovery, n (%) 91 (64.54) 70 (49.65) χ2 = 29.86 < 0.001
Dialysis Dep, n (%) 27 (19.15) 0 (0.00) χ2 = 29.86 < 0.001
Infection, n (%) 30 (21.28) 34 (24.11) χ2 = 0.32 0.570
Bleed, n (%) 17 (12.06) 9 (6.38) χ2 = 2.71 0.100
Electrolyte Disorder, n (%) 20 (14.18) 48 (34.04) χ2 = 15.19 < 0.001

Figure 5. Subgroup analysis of the effect of continuous renal replacement therapy (CRRT) on acute kidney injury 
(AKI) remission across various comorbidities (after propensity score matching).

al., although CRRT is widely used in the man-
agement of severe AKI, most studies have 
failed to show a significant mortality advanta- 
ge [21]. Nonetheless, CRRT is hypothesized to 
exert additional benefits beyond renal support, 
particularly through immunomodulatory mech-
anisms. Continuous blood purification tech-
niques may facilitate partial removal of pro-
inflammatory cytokines and endotoxins, the- 
reby attenuating systemic inflammation in the 
setting of sepsis and septic shock [22]. Su- 
pporting this hypothesis, a recent meta-analy-
sis found that CRRT using the oXiris hemofil- 
ter significantly reduced 28-day mortality, low-
ered serum lactate levels, and improved SOFA 

scores in septic patients, although no signifi-
cant effect on 90-day mortality was observed 
[22].

In our study, the observed survival advantage 
in the CRRT group may reflect several contribut-
ing factors, including advances in technology, 
differences in patient selection, and variations 
in statistical adjustment. Furthermore, among 
patients with acute respiratory distress syn-
drome (ARDS) receiving extracorporeal mem-
brane oxygenation (ECMO), the addition of 
CRRT has been associated with reductions in 
inflammatory biomarkers such as interleukin-6 
(IL-6) and procalcitonin (PCT), mitigating sys-
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Figure 6. Multivariate logistic regression analysis of factors associated with AKI recovery. A: Forest plot depicting the 
multivariable model assessing predictors of AKI recovery. B: Receiver operating characteristic (ROC) curve with an 
area under the curve (AUC) for training and test sets. C: Hosmer-Lemeshow calibration plot, indicating good model 
fit. D: Decision curve analysis (DCA) illustrating the clinical net benefit of the model across various threshold prob-
abilities.

Figure 7. Machine learning model outputs. A: ROC curve for predicting 90-day mortality (AUC = 0.78). B: Shapley 
Additive explanations (SHAP) summary plot for mortality predictors. C: ROC curve for AKI remission prediction (AUC 
= 0.75). D: SHAP summary plot for remission predictors.

temic inflammatory response syndrome (SIRS) 
and decreasing the risk of multiorgan failure.

Beyond immunomodulation, CRRT’s ability to 
sustain the clearance of metabolic by-products 
may contribute to a more favorable internal 
milieu, particularly in oncology patients. Pre- 
clinical studies have shown that elevated lac-

tate levels promote epithelial-mesenchymal 
transition (EMT) in tumor cells and suppress 
immune cell activity. Thus, CRRT-mediated lac-
tate clearance may indirectly enhance antitu-
mor immunity and support host defense.

In our cohort, the CRRT group exhibited a sig-
nificantly higher rate of complete AKI remis-
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sion, consistent with prior clinical evidence. For 
instance, in patients with left ventricular dys-
function and septic shock, early CRRT initiation 
- even prior to overt AKI onset - was associated 
with significantly lower ICU mortality [23], sug-
gesting that timely renal support can improve 
outcomes. Similarly, Wald et al. reported great-
er likelihood of renal recovery and dialysis in- 
dependence among CRRT survivors [21]. Our 
findings align with these reports, indicating im- 
proved renal recovery rates in patients treated 
with CRRT. Although CRRT may not uniformly 
reduce overall mortality, it appears to promote 
renal recovery and enhance survival in selected 
critically ill populations. These results highlight 
the life-supporting role of CRRT in the early 
management of severe AKI and support cu- 
rrent KDIGO and international guidelines that 
recommend CRRT as the preferred modality  
for renal support in hemodynamically unstable 
patients [20, 24].

Interestingly, our study revealed a paradoxical 
finding: the CRRT group had a higher rate of 
dialysis dependence at follow-up (19.15% vs. 
0%). This warrants further investigation. One 
possible explanation is that a subset of survi-
vors sustained irreversible renal injury - such as 
acute tubular necrosis or progression to inter-
stitial fibrosis - which may be influenced by the 
timing, dose, or duration of CRRT. For example, 
a study on AKI following lung transplantation 
found that although 64.3% of patients receiv-
ing CRRT recovered renal function, 12.5% pro-
gressed to end-stage kidney disease [25]. 

To better understand the long-term renal con-
sequences of CRRT, future studies should in- 
clude renal biopsy data and incorporate molec-
ular biomarkers of tubular injury, such as neu-
trophil gelatinase-associated lipocalin (NGAL) 
and kidney injury molecule-1 (KIM-1). Subgroup 
analyses in our study revealed consistent ben-
efits of CRRT across high-risk populations, in- 
cluding patients with diabetes, hypertension, 
and sepsis, all of whom showed significantly 
higher AKI resolution rates, with no evidence  
of significant interaction effects. Previous 
research suggests that in sepsis, CRRT may 
enhance renal perfusion and mitigate kidney 
injury by removing endotoxins (e.g., lipopoly- 
saccharide) and inflammatory mediators (e.g., 
TNF-α, IL-6) [26].

Additionally, the observed benefits in patients 
with tumor lysis syndrome likely reflect CRRT’s 
capacity to rapidly eliminate nephrotoxic sol-
utes such as uric acid and phosphate, thereby 
preventing acute uric acid nephropathy and fur-
ther renal compromise [27].

Our XGBoost-based machine learning model 
demonstrated strong predictive performance 
for 90-day clinical outcomes, highlighting the 
growing role of artificial intelligence in prognos-
tication for critically ill patients with AKI. Recent 
studies suggest that ensemble learning algo-
rithms such as XGBoost often outperform tradi-
tional statistical models in predictive accuracy. 
For example, one study reported a concordance 
index (C-index) of 0.8248 for XGBoost in AKI-
related mortality prediction, significantly ex- 
ceeding that of the Cox proportional hazards 
model [28]. Consistently, our model, which inte-
grated a wide array of clinical and biochemical 
variables, achieved similarly high discrimina- 
tive performance. Feature importance analysis 
identified serum lactate levels, AKI stage, urine 
output at ICU admission, age, lactate clear-
ance, receipt of CRRT, baseline serum creati-
nine, and BUN as the most influential predic-
tors of renal recovery [29]. These factors 
collectively reflect the severity of initial renal 
injury, systemic inflammatory burden, and the 
intensity of supportive interventions. Me- 
chanistically, they align with established con-
tributors to AKI pathophysiology, including is- 
chemia-reperfusion injury, inflammation, and 
impaired perfusion. Notably, SHAP analysis 
ranked CRRT as the second most important 
predictor after AKI stage, reinforcing its thera-
peutic relevance.

XGBoost’s strength lies in its ability to model 
complex, nonlinear relationships and process 
high-dimensional, heterogeneous data. This 
capacity enables the identification of latent 
prognostic patterns often missed by conven-
tional methods, allowing for more accurate and 
individualized risk stratification. Our findings 
support the integration of machine learning 
tools into clinical decision-making frameworks 
for patients with severe AKI.

Elevated serum lactate is a well-recognized 
marker of tissue hypoperfusion and cellular 
hypoxia, indicating systemic and renal micro- 
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circulatory dysfunction. Persistent hyperlacta-
temia not only reflects ongoing metabolic st- 
ress but also contributes to tubular injury 
through mitochondrial dysfunction and inflam-
matory pathways [30]. Multiple studies have 
linked elevated baseline lactate levels with 
higher risks of AKI progression and mortality 
[31]. In this context, early initiation of CRRT may 
help attenuate lactate accumulation by opti-
mizing fluid balance, improving organ perfu-
sion, and facilitating the clearance of inflam- 
matory mediators. This intervention could 
potentially disrupt the feedback loop of hypox-
ia-induced renal injury.

AKI staging, as defined by KDIGO criteria, 
remains a key marker of parenchymal damage 
and prognostic trajectory. Severe AKI (Stage 3) 
is strongly associated with increased mortality, 
and persistent oliguria is linked to greater RRT 
requirements, longer ICU stays, and worse out-
comes [32]. In our cohort, high SHAP values 
associated with early-stage AKI emphasize the 
therapeutic window during which CRRT may be 
most beneficial in halting irreversible renal inju-
ry and promoting recovery.

A major strength of this study was the use of 
propensity score matching, which effectively 
balanced baseline characteristics between the 
CRRT and non-CRRT groups, thereby minimiz-
ing treatment allocation bias. Furthermore, the 
integration of multivariable logistic regression 
and machine learning approaches enabled a 
robust assessment of CRRT efficacy and the 
identification of mechanistically plausible pre-
dictors, enhancing both analytical rigor and 
clinical relevance.

However, several limitations should be acknowl-
edged. First, the study was conducted at a sin-
gle center with a relatively small sample size, 
which may limit the generalizability of the find-
ings. The machine learning models were ex- 
ploratory and hypothesis-generating in nature, 
based solely on retrospectively collected data. 
These models were not externally validated and 
should not be used for clinical decision-making 
without further prospective evaluation. Second, 
the non-randomized design precludes defini-
tive causal inference. While PSM mitigates con-
founding by observed variables, unmeasured 
confounders cannot be fully excluded. Third, we 
did not stratify outcomes based on specific 

CRRT parameters (e.g., filter type, anticoagula-
tion strategy, ultrafiltration dose, or membrane 
characteristics), all of which may influence effi-
cacy. Moreover, the timing of CRRT initiation - 
such as AKI stage or lactate level at onset - was 
not evaluated, despite its potential impact on 
outcomes.

Future studies should aim to validate these 
findings in larger, multicenter cohorts and 
incorporate randomized controlled designs. 
Detailed evaluation of CRRT indications, initia-
tion timing, dosing strategies, and personalized 
parameters will be essential to inform preci- 
sion renal support strategies in critically ill 
oncology patients.

In conclusion, this study provides robust evi-
dence that CRRT is a safe and effective strate-
gy for improving renal function and long-term 
survival in critically ill patients with solid tumors 
and AKI. Its benefits likely stem from enhanced 
metabolic regulation and inflammatory control. 
Early initiation should be prioritized in high-risk 
subgroups, such as those with elevated lac-
tate, sepsis, or TLS.

Additionally, machine learning algorithms offer 
valuable support for individualized prognostica-
tion and treatment decisions. These tools can 
help identify patients most likely to benefit from 
CRRT.

Despite its benefits, the potential risk of long-
term dialysis dependence warrants attention, 
highlighting the importance of renal rehabilita-
tion and structured follow-up. Overall, our find-
ings support the integration of CRRT into ICU 
care pathways for oncology patients with AKI 
and may inform refinement of existing clinical 
guidelines.
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