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ECONOMIC EVALUATION OF HEALTH INTERVENTION

Economic Analysis of Renal Replacement 
Therapy Modality in Acute Kidney Injury 
Patients With Fluid Overload
OBJECTIVES: Acute kidney injury (AKI) and fluid overload (FO) are among the 
top reasons to initiate intermittent hemodialysis (IHD) or continuous renal re-
placement therapy (CRRT). Prior research suggests CRRT provides more pre-
cise volume control, but whether CRRT is cost-effective remains unclear. We 
assessed the cost-effectiveness of CRRT for volume control compared with IHD 
from a U.S. healthcare payer perspective.

DESIGN: Decision analytical model comparing health outcomes and healthcare 
costs of CRRT versus IHD initiation for AKI patients with FO. The model had 
an inpatient phase (over 90-d) followed by post-discharge phase (over lifetime). 
The 90-day phase had three health states: FO, fluid control, and death. After 90 
days, surviving patients entered the lifetime phase with four health states: dial-
ysis independent (DI), dialysis dependent (DD), renal transplantation, and death. 
Model parameters were informed by current literature. Sensitivity analyses were 
performed to evaluate results robustness to parametric uncertainty.

SETTING: ICU.

PATIENTS OR SUBJECTS: AKI patients with FO.

INTERVENTIONS: IHD or CRRT.

MEASUREMENTS AND MAIN RESULTS: The 90-day horizon revealed better 
outcomes for patients initiated on CRRT (survival: CRRT 59.2% vs IHD 57.5% 
and DD rate among survivors: CRRT 5.5% vs IHD 6.9%). Healthcare cost was 
2.7% (+$2,836) higher for CRRT. Over lifetime, initial CRRT was associated with 
+0.313 life years (LYs) and +0.187 quality-adjusted life years (QALYs) compared 
with initial IHD. Even though important savings were observed for initial CRRT 
with a lower rate of DD among survivors (–$13,437), it did not fully offset the in-
cremental cost of CRRT (+$1,956) and DI survival (+$12,830). The incremental 
cost-per-QALY gained with CRRT over IRRT was +$10,429/QALY. Results were 
robust to sensitivity analyses.

CONCLUSIONS: Our analysis provides an economic rationale for CRRT as the 
initial modality of choice in AKI patients with FO who require renal replacement 
therapy. Our finding needs to be confirmed in future research.

KEY WORDS: acute kidney injury; cost-effectiveness; fluid overload; renal 
recovery; renal replacement therapy; ultrafiltration

Acute kidney injury (AKI) is a common complication in critically ill 
patients admitted to the ICU (1). AKI is associated with worse pa-
tient prognosis when it is accompanied by fluid accumulation, which 

is present in more than two-thirds of patients (2). The need to hemodynami-
cally stabilize the patient typically requires fluid resuscitation and vasopressor 
support, which can result in fluid overload (FO) that may be compounded by 
decreased fluid excretion due to AKI. Several studies have reported that FO 
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is independently associated with increased morbidity 
and mortality and reduced renal recovery (3–7).

AKI and FO are among the top reasons to initiate 
renal replacement therapy (RRT), commonly delivered 
either as intermittent hemodialysis (IHD) or contin-
uous renal replacement therapy (CRRT). An observa-
tional analysis demonstrated that negative mean daily 
fluid balance during CRRT was consistently associated 
with improved clinical outcomes (8). These relation-
ships were confirmed in other studies showing that 
better volume control during CRRT was related to bet-
ter patient outcomes (9, 10).

Compared with IHD, CRRT offers more effective 
24-hour fluid removal for several reasons: 1) slower 
and better tolerability of fluid removal; 2) slower but 
sustained solute clearance avoiding rapid fluctuations 
in solutes, electrolytes, and fluid shifts; 3) greater pre-
scription flexibility to respond to changes in patient 
needs and hemodynamics; and 4) ease of machine 
use. Achieving the target fluid balance is particularly 
challenging in hemodynamically unstable patients for 
whom CRRT is the modality of choice (11, 12). CRRT 
has been shown to reduce the likelihood of dialysis 

dependence among survivors when used as initial mo-
dality (13, 14), although other studies have found no 
difference in the likelihood of renal recovery (15).

Nonetheless, there are wide variations in RRT prac-
tice globally and CRRT might not always be available. 
In addition, the cost-effectiveness of using CRRT for 
fluid management compared with IHD is unclear. This 
is important because FO is associated with increased 
resource utilization and impacts patients’ well-being 
(16). Use of CRRT for early fluid management might 
offset the costs related to CRRT and FO and therefore 
may be cost-effective in the long term.

This prompts the need for comparing CRRT and IHD 
in the management of fluid accumulation in AKI patients, 
considering both health outcomes and cost implications. 
We investigated from a U.S. healthcare payer perspective 
the cost-effectiveness of CRRT versus IHD.

METHODS

Analytic Model

Using Microsoft Excel (Microsoft Corporation, 
Redmond, WA), we designed a decision analytical 
model to compare outcomes and costs of initiat-
ing CRRT versus IHD for AKI patients with FO. The 
model had two analytic phases: an inpatient phase 
(daily cycles over 90-d time horizon) followed by a 
post-discharge phase (yearly cycles over lifetime ho-
rizon). This distinction was made to better simulate 
the impact of both short-term clinical decisions during 
the inpatient stay and long-term prognosis associated 
with the outcomes of the inpatient stay.

The 90-day phase was a partitioned survival model. 
Survival curves were extrapolated and the areas under 
those curves used to estimate the distribution over 
time of patients across three mutually exclusive health 
states: FO, controlled fluid status, or death. At hospital 
discharge, we differentiated between survivors who 
were dialysis dependent (DD) and those who were di-
alysis independent (DI), indicating renal recovery.

At 90 days, DD and DI survivors entered the life-
time horizon phase. This was a health-state transition 
model comprised of four states: DI, DD, renal trans-
plantation, or death. DI patients could transition to DD 
or death. DD patients could transition to transplanta-
tion, death, or DI. Figure 1 shows both the 90-day and 
the lifetime model phases. Model parameters were in-
formed by literature.

 
KEY POINTS

Question: Is initial continuous renal replacement 
therapy (CRRT) cost-effective versus initial inter-
mittent hemodialysis (IHD) in acute kidney injury 
(AKI) patients with fluid overload?

Findings: Initial CRRT was associated with 
+0.313 life years (LYs) and +0.187 quality-adjusted 
life years (QALYs) compared with initial IHD. Even 
though important savings were observed for ini-
tial CRRT with a lower rate of dialysis dependent 
among survivors (–$13,437), it did not fully offset 
the incremental cost of CRRT (+$1,956) and di-
alysis independent survival (+$12,830). The in-
cremental cost-per-LYs gained and incremental 
cost-per-QALY gained of initial CRRT over ini-
tial IHD were +$6,237 and +$10,429, respec-
tively, both below the prevailing willingness-to-pay 
thresholds in the United States.

Meaning: There is an economic rationale for CRRT 
as the initial modality of choice in AKI patients with 
fluid overload and who require renal replacement 
therapy.
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Figure 1. Model schematic. FB = fluid balance, FO = fluid overload.

Clinical Data

For the 90-day phase, survival was extrapolated using a 
Weibull function on two data points: the 100% survival 
at model inception and the expected 90-day survival 
rate of patients for whom fluid control was achieved 
set at 60% from a study published in 2012 for patients 
who do not switch RRT modalities (17). Patients not 
achieving fluid control entailed an increased risk of 
death. Assuming proportional hazards, this excess risk 
of death was applied by means of a hazard ratio (HR) 
greater than 1, set at 1.25 in the base case (2). Time to 
volume control as determined by clinicians was mod-
eled in a similar manner, using a Weibull function on 
two data points: all patients with FO at model incep-
tion and the median time to achieve target fluid bal-
ance with initial use of CRRT, set at 4 days in the base 
case from a study published in 2020 (10). A delayed 
time to fluid control was modeled for patients initiated 
with IHD, extending the median time to achieve target 
fluid balance by 2 extra days.

DD at 90-day for patients who initiated CRRT was 
estimated at 5.5% as reported in a 2022 study (18). Rate 
of DD for patients with initial modality of IHD was 
assumed to be higher, with a HR of 1.25 as suggested 
in a large retrospective study in 2014 (19). As switches 
between RRT modalities are common in practice, we 
hypothesized that 45% of patients initiated with CRRT 
would be switched to IHD and that 13% of patients ini-
tiated with IHD would be switched to CRRT as found 
in a 2009 study (20). As switch from CRRT to IHD usu-
ally reflects improvement in hemodynamic status, we 
stipulated that these patients would have a mortality 
benefit over those who remained on CRRT, patterned 

with a HR of 1.05. Switch 
from IHD to CRRT was 
conservatively assumed to 
have no effect on mortality.

The model assumed 
daily treatment with CRRT 
or IHD. Overall RRT dura-
tion was assumed to be 5 
days for both initial CRRT 
and initial IHD (21, 22). In 
case of switches, the second 
modality was assumed 
to represent 60% of the 
overall RRT duration. ICU 
and hospital length of stay 

(LoS) were modeled independently from fluid or DD 
status. LoS was instead a function of patient survival, 
survivors constantly exhibiting longer ICU and hos-
pital LoS compared with patients dying in hospital 
(17, 22, 23). In the base case, ICU LoS was set at 7 and 
10 days for nonsurvivors and survivors, respectively, 
as described in a 2020 publication (22). Hospital LoS 
was set at 9 and 29 days for hospital nonsurvivors and 
survivors, respectively, as reported in 2018 and 2020 
studies (22, 23).

For the lifetime phase, survival of DI patients was 
estimated using age- and gender-dependent general 
population annual mortality risk in 2019 (24), while 
DD and transplant patient survival were estimated 
using their corresponding age- and gender-matched 
annual mortality risks from the U.S. Renal Data System 
(USRDS) registry in 2020 (25).

Health Utilities

Health utility refers to the level of desirability or pref-
erence for a certain health state. It usually ranges be-
tween 0 (death) to 1 (perfect health). All intermediate 
states between can then be ordered on this utility scale. 
In the analysis, the health utility of a stay in the ICU 
was set at 0.130 (26). Health utility of DI at discharge 
was assumed to be decremented by 4.0% from the age 
and gender-matched U.S. population norms (27). This 
decrement was applied over the remaining patients’ 
lifetime as evidence suggests that impaired quality of 
life and functioning subsist over the long term (28, 29).

Regarding health utility evolution over lifetime as DI 
survivors age, we interpolated the published U.S. pop-
ulation norms based on the Euroqol questionnaire at 5 
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dimensions index (30). Interpolation was done contin-
uously over the 18–100 years old span using a logistic 
equation. DD survivors were assigned a utility dec-
rement of –0.110 from the age- and gender-matched 
population norms (31). This decrement was stipulated 
to last over the entire remaining lifetime of DD sur-
vivors. Renal transplant patients were assumed to re-
turn to age- and gender-matched population norms. 
Finally, the average between ICU health utility and 
hospital discharge health utility (in either DI or DD 
states) was used to assign health utility to the non-ICU 
hospital stay.

Healthcare Costs

The analysis was performed from a U.S. healthcare 
payer perspective. Only direct healthcare costs were 
considered. Resource utilization were first quantified 
by RRT duration, ICU LoS, and hospital LoS. All re-
sources were then costed by applying a daily cost to 
RRT and LoS (26, 32–35).

Daily cost estimates were derived from published 
literature from the years 2003–2022 and expressed in 
2021 $ (U.S. dollars) using the Consumer Price Index 
for Medical Care Services from the U.S. Bureau of 
Labor Statistics (36). The cost of the first ICU day was 
set at $14,471 and daily costs of each subsequent ICU 
day at $6,630. The daily cost of a hospital ward was 
taken from the hospital-adjusted expenses per inpa-
tient day estimated by the Kaiser Family Foundation 
and set at $2,710 (37). Patients dying in hospital were 
assumed to incur a 25% greater cost compared with 
those who survived.

Daily costs of CRRT and IHD were estimated to 
be $872 and $273, respectively. These estimates were 
based on a comprehensive micro-costing study of 
CRRT and IHD in which actual resources and sup-
plies used by 261 patients were measured and costed 
(supplies, replacement fluid, dialysate, RRT machinery 
amortization, nursing, laboratory tests, and physician 
billing) (32).

For the lifetime horizon phase, we assigned a yearly 
cost to DI and DD survivors. DI survivors were assigned 
the U.S. per-capita healthcare spending (38) and DD 
survivors the corresponding USRDS Network cost 
data, covering payment for all patients receiving dialysis 
under Medicare as their primary insurance (25). These 
post-hospital costs reflected all costs related to health-
care resources used for those patients who survived 

the hospitalization. Latest cost estimates available were 
inflated to 2021 $ and continuously interpolated from 
available age-group cost estimates to be inputted in the 
model as a function of survivors’ ages.

Base-Case Analysis

Health outcomes and healthcare costs were accumu-
lated cyclically by health states and averaged for a 
simulated cohort of 1,000 patients initially receiving 
either CRRT or IHD, with an average age of 67 years 
and 44% women (23). Health outcomes consisted of 
survival and DD rates for the 90-day phase, life years 
(LYs) and quality-adjusted life years (QALYs) gained 
for the lifetime phase. Incremental cost-effectiveness 
ratios (ICERs) expressed as incremental cost-per-DI 
survivor, incremental cost-per-LYs gained, and incre-
mental cost-per-QALY gained were computed. For the 
lifetime horizon, both health outcomes and costs were 
discounted at 3% per annum (39).

Sensitivity Analyses

Deterministic sensitivity analyses were carried out, con-
sisting of sequential variations of all base-case values 
within their 95% CI or interquartile range (IQR) bounds, 
whichever was available. When CI or IQR were miss-
ing, a ±30% range variation was used instead. Results 
were graphically presented as Tornado diagrams, dis-
playing the 10 most impactful parameter variations. 
A probabilistic analysis was done with 1,000 iterations 
Monte-Carlo simulation of all parameters sampled si-
multaneously across appropriate distributions char-
acterizing the uncertainty in their estimation. Utilities 
and proportions were simulated with beta distributions, 
costs with gamma distributions, and risk ratios with 
log-normal distributions. All other parameters were 
simulated with normal distributions. Results were pre-
sented as a scatter plot on the incremental cost-effec-
tiveness plane, with corresponding average differences 
and nonparametric 95% CI.

All inputs are summarized in Supplemental Table 
(http://links.lww.com/CCX/B196). The study was 
based on literature and assumptions only and did not 
involve human subjects or access to private individual 
information. As such, it did not fall under board’s 
guideline as human subjects’ research and institutional 
review board or ethics committee approval was not 
sought.

http://links.lww.com/CCX/B196
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RESULTS

The 90-day horizon revealed better outcomes for ini-
tial use of CRRT with greater 90-day survival (CRRT 
59.2% vs IHD 57.5%) and lower DD rate among sur-
vivors (CRRT 5.5% vs IHD 6.9%) (Table 1). Cost was 
2.7% (+$2,836) higher for initial CRRT, mainly due to 
higher costs attributed to RRT modality in the CRRT 
branch of the model (+$1,956).

Better 90-day outcomes for initial CRRT resulted 
in better long-term outcomes. Initial CRRT provided 
+0.313 LYs and +0.187 QALYs compared with initial 
IHD over patients’ lifetime. Even if important savings 

were observed for initial CRRT with the lower rate of 
DD among survivors (–$13,437), they did not fully 
offset the incremental cost of CRRT (+$1,953) and 
DI survival (+$12,830). The incremental cost-per-
LY gained and incremental cost-per-QALY gained 
were +$6,237 and +$10,429, respectively (Table  1). 
These were both below the prevailing willingness-
to-pay thresholds in the United States, usually about 
$100,000/QALY (40, 41).

Results of the deterministic sensitivity analysis on 
the lifelong outcomes are detailed in Supplemental 
Figure 1 (http://links.lww.com/CCX/B196). The 
greater chance of survival for CRRT patients switching 

TABLE 1.
Base-Case Results

Outcomes 
Initiate Continuous Renal 

Replacement Therapy 
Initiate Intermittent 

Hemodialysis Difference 

90-d    

  Health outcomes    

   Survival at 90-d (%) 59.2 57.5 +1.7 pp

   DD at 90-d among survivors (%) 5.5 6.9 –1.4 pp

  Healthcare resources    

   RRT duration (d) 5.0 5.0 0.000

   Length of stay (d) 29.6 29.2 +0.391

    ICU 8.8 8.7 +0.051

    Hospital 20.8 20.5 +0.340

  Costs    

   Total $106,058 $103,222 +$2,836

    RRT $3,550 $1,594 +$1,956

    ICU stay $66,028 $65,690 +$338

    Hospital stay (non-ICU) $26,665 $26,026 +$639

Lifelong    

  Health outcomes    

   LYs 10.720 10.407 +0.313

   QALYs 6.061 5.874 +0.187

  Costs    

   Total $494,138 $492,184 +$1,953

    Dialysis independence $299,949 $287,119 +$12,830

    DD $8, 460 $99,897 –$13,437

    Transplant $1,671 $1,946 –$275

  Incremental cost-effectiveness ratio    

   Incremental cost-per-LY gained   +$6,237

   Incremental cost-per-QALY gained   +$10,429

DD = dialysis dependence, LYs = life years, pp = percentage point, QALYs = quality-adjusted life years, RRT = renal replacement 
therapy.

http://links.lww.com/CCX/B196
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to IHD versus CRRT patients remaining on CRRT 
was the most influential parameter in the model. The 
increased risk of DD at 90 days for survivors who ini-
tiated IHD was also an influential parameter on the 
ICER. The highest ICER was +$80,315/QALY, obtained 
without the consideration of an increased risk of DD 
for survivors at 90 days for those initiated with IHD.

Supplemental Figure 2 (http://links.lww.com/
CCX/B196) shows the scatter plot and the cost-effec-
tiveness acceptability curve obtained from the proba-
bilistic sensitivity analysis. The average QALY gained 
was +0.074 (95% nonparametric CI [–0.072 to +0.256]) 
and the average incremental cost was +$1,853 (95% CI 
[–$31,589 to +$34,474]). Initial CRRT had a greater 
than 50% and 75% chance of being the most cost-effec-
tive option from a decision-maker willingness-to-pay 
of $20,000 and $100,000/QALY gained, respectively.

DISCUSSION

Our model-based analysis demonstrated that for the 
management of FO in patients with AKI, the initial 
use of CRRT is cost-effective compared with IHD. 
Initiation of CRRT was associated with better long-
term outcomes, providing +0.313 LYs and +0.187 
QALYs compared with initial IHD. Even if savings 
were notable for initial CRRT because of the lower 
rate of DD among survivors (–$13,437), they did not 
fully offset the incremental cost of CRRT (+$1,956) 
and DI survival (+$12,830). The incremental cost-per-
LY gained and the incremental cost-per-QALY gained 
were +$6,237 and +$10,429, respectively, which are 
below the prevailing willingness-to-pay threshold in 
the United States (40, 41). These results were robust 
to both deterministic and probabilistic sensitivity 
analyses.

There is wide variability in CRRT availability and 
practices worldwide (42). CRRT is perceived to be 
more costly and resource intensive compared with 
IHD. This may dissuade the use of CRRT as initial 
modality. However, in a multinational survey of fluid 
management practices, more than 70% of clinicians 
used CRRT as initial modality of choice for fluid man-
agement (43, 44). The apparent upfront costs of CRRT 
appeared to be justified by the clinical and human-
istic benefit, with a lifelong ICER per QALY consist-
ently under prevailing thresholds in the United States. 
However, our analysis needs to be properly adapted to 

resource-limited settings before drawing wide-reach-
ing global recommendations.

To our knowledge, this is the first economic mod-
eling work comparing CRRT and IHD as first RRT mo-
dality for fluid management in AKI patients. Previous 
studies have compared the economics of RRT modali-
ties for patients with AKI overall (26) or in cardiac sur-
gery-associated AKI (35). The current study focused 
on AKI patients with FO, a specific group with higher 
risk of mortality. Thus, our study adds to the body of 
evidence that RRT initiation with CRRT versus IHD 
is cost-effective in the management of critically ill 
patients with AKI and FO.

In our analysis, the benefit of CRRT over IHD 
appears to be driven by the mortality benefit conferred 
by optimized fluid management and the lower rate of 
dialysis dependence among survivors (17, 19). Even if 
survival benefit of one modality over another has not 
been clearly established, evidence suggests that initial 
CRRT enhances the chances of achieving target fluid 
balance (10). In turn, successful fluid management 
has been shown to be associated with better survival 
(17). In our analysis, it is the combination of these two 
main benefits that translated into a survival benefit for 
patients initiated on CRRT. This survival benefit was 
then enhanced further by the greater likelihood of 
renal recovery among survivors who received CRRT.

CRRT and IHD do not have the same fluid re-
moval profile. The body of evidence lacks direct 
comparative data. We have thus assembled within 
a consistent modeling framework multiple compo-
nents and features of RRT dispersedly informed by 
the literature. We balanced model simplicity and 
representativeness of reality to reasonably assess the 
cost-effectiveness of RRT modalities in AKI patients 
with FO. Our model may not embrace some specific 
clinical scenarios, but extensive sensitivity analyses 
were carried out on all parameters to account for 
variability and uncertainty.

Switches between modalities are generally indic-
ative of patient evolution. This was accounted for in 
sensitivity analyses for switches in both directions. In 
the base case, patients switching from CRRT to IHD 
were assumed to have a mortality benefit over those 
remaining on CRRT, reflecting improvement of their 
hemodynamic status. On the other hand, patients 
switching from IHD to CRRT were assumed to have no 
mortality difference with those remaining on IHD. The 

http://links.lww.com/CCX/B196
http://links.lww.com/CCX/B196
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latter assumption is conservative as the mortality of 
patients unable to transition from CRRT is high. Both-
way switches appeared to be among the top 10 most in-
fluential parameters in the model (Supplemental Fig. 1,  
http://links.lww.com/CCX/B196).

There are different ways of delivering CRRT and 
IHD. The multiple components contributing to daily 
costs vary among centers and countries. In some ICUs, 
CRRT can be directly delivered by the ICU staff op-
erating readily available CRRT platforms while IHD 
has to be delivered by renal dialysis nurses, implying 
the borrowing of external resources. Other ICUs have 
both modalities readily available and operable by their 
own trained staff. In other instances, CRRT may not 
even be available at all. In our analysis, both modalities 
were assumed to be interchangeably available and op-
erable in the ICU. This may impede the generalizability 
of our findings given the variation of practices across 
ICUs worldwide.

Our model intended to palliate a lack of evidence. 
FO is considered as a potential condition in which RRT 
modalities may have differential outcomes. However, 
comparative data are lacking between CRRT and IHD 
for management of FO in AKI patients. This is prob-
ably due to the difficulty in making direct clinical com-
parisons, notably through randomized clinical trials. 
There would be significant challenges in designing a 
reasonable protocol with clear clinical equipoise be-
tween volume control and noncontrol in hemodynam-
ically unstable patients that would warrant safe and 
justified randomization. This provided the rationale 
for our modeling study.

Our modeling exercise has some limitations. First, 
we did not consider that patients in the “fluid balance” 
state may transit back to the “fluid overload” state. Our 
model focuses on scenarios that are more common in 
clinical practice. Such transition can happen in a small 
proportion of patients when they develop acute com-
plications or have sudden worsening of their critical 
illness after a period of clinical stability and achiev-
ing fluid balance. However, most of these patients are 
likely to die, which is captured in our analysis. Second, 
complications of CRRT and IHD were not accounted 
for in the analysis. There are numerous complications 
related to CRRT and IHD and fitting models for each 
of those complications would have been beyond the 
scope of our study. Furthermore, randomized clinical 
trials comparing CRRT and IHD showed no significant 

differences in adverse events between the two modali-
ties (45, 46). Third, our analysis only captured direct 
healthcare costs. Indirect costs are generally substan-
tial and should be factored in to comprehensively in-
form societal and policy decisions (47, 48).

Finally, parameters were informed by the literature, 
based on scattered results from RRT studies designed 
for other purposes. This is precisely the objective of 
modeling, to bring together in a coherent analytical 
framework a set of data to address a specific research 
question, when evidence cannot be generated in a di-
rect and timely manner. As such, we believe that our 
work has fulfilled its role and now fills an important 
gap previously left unchartered. Nevertheless, our 
work remains more suggestive than affirmative and 
needs to be complemented by further research.

In conclusion, our model-based analysis provides 
an economic rationale for CRRT initiation as the mo-
dality of choice in AKI patients with FO requiring RRT. 
This finding is to be confirmed by properly designed 
future research.
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