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Background: Approximately 24% of hospitalized stage 2–3 acute kidney injury (AKI) patients will develop persistent severe AKI 
(PS-AKI), defined as KDIGO stage 3 AKI lasting ≥3 days or with death in ≤3 days or stage 2 or 3 AKI with dialysis in ≤3 days, 
leading to worse outcomes and higher costs. There is currently no consensus on an intervention that effectively reverts the course of 
AKI and prevents PS-AKI in the population with stage 2–3 AKI. This study explores the cost-utility of biomarkers predicting PS-AKI, 
under the assumption that such intervention exists by comparing C-C motif chemokine ligand 14 (CCL14) to hospital standard of care 
(SOC) alone.
Methods: The analysis combined a 90-day decision tree using CCL14 operating characteristics to predict PS-AKI and clinical 
outcomes in 66-year-old patients, and a Markov cohort estimating lifetime costs and quality-adjusted life years (QALYs). Cost and 
QALYs from admission, 30-day readmission, intensive care, dialysis, and death were compared. Clinical and cost inputs were 
informed by a large retrospective cohort of US hospitals in the PINC AI Healthcare Database. Inputs and assumptions were challenged 
in deterministic and probabilistic sensitivity analyses. Two-way analyses were used to explore the efficacy and costs of an intervention 
preventing PS-AKI.
Results: Depending on selected costs and early intervention efficacy, CCL14-directed care led to lower costs and more QALYs 
(dominating) or was cost-effective at the $50,000/QALY threshold. Assuming the intervention would avoid 10% of PS-AKI 
complications in AKI stage 2–3 patients identified as true positive resulted in 0.066 additional QALYs and $486 reduced costs. 
Results were robust to substantial parameter variation.
Conclusion: The analysis suggests that in the presence of an efficacious intervention preventing PS-AKI, identifying people at risk 
using CCL14 in addition to SOC is likely to represent a cost-effective use of resources.
Keywords: acute kidney injury, dialysis, biomarkers, nephrology, cost effectiveness

Introduction
Acute kidney injury (AKI) affects 7.2% to 18.3%1,2 of all US hospitalized patients with up to 40.0% presenting as 
moderate to severe,1,3,4 Kidney Disease Improving Global Outcomes (KDIGO) stages 2 to 3.5 Some patients recover 
within 2 to 3 days of AKI onset but in others, kidney dysfunction persists for up to 7 days and may progress to acute 
kidney disease (7–90 days) or chronic kidney disease (CKD, >90 days).5 Among those with stage 2–3 AKI, 24.4% are 
likely to develop persistent severe AKI (PS-AKI), defined as stage 3 AKI lasting ≥3 days or with death in ≤3 days or 
stage 2 or 3 AKI with dialysis in ≤3 days.6 Duration of AKI and PS-AKI specifically has been linked to higher intensive 
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care requirements, length of hospital stay, readmission rates, dialysis use, and death;4,6–8 nonetheless, testing for PS-AKI 
is not routinely done in clinical practice.

Of the 27.7 million annual US adult hospital admissions,9 AKI is likely to affect 2 to 5 million people, with PS-AKI 
developing in 0.7% to 1.7% of the entire adult hospitalized population. In the absence of an intervention, effectively 
reverting AKI progression,10 early identification and prevention represent opportunities to improve patient outcomes and 
health systems’ cost-effectiveness.

Currently, staging AKI severity relies on serum creatinine and urinary output thresholds, imperfect markers of acute 
changes in renal function.11 The multifactorial AKI etiology and incident population’s heterogeneity pose significant 
challenges to promptly implementing renal protective therapies, particularly at the onset of severe AKI.12,13 Not 
identifying individuals at greatest risk for disease progression may lead to inadequate clinical interventions, unnecessary 
adverse effects, and confound the results of scientific research.14 All the above contribute to inefficient resource 
utilization, in health systems operating under pressing budgets.

To better predict outcomes in AKI, a range of diagnostic tests are being explored to provide predictive capacity to 
inform treatment choices and direct outcomes. The RUBY study identified urinary C-C motif chemokine ligand 14 
(CCL14) as the most predictive of PS-AKI among several biomarkers evaluated,15 raising interest on its role to guide 
clinical decision-making and its cost-effectiveness. A large retrospective study including about one-fifth of the US 
hospitalized population reported clinical outcomes, healthcare resource utilization, and costs associated with PS-AKI 
development among stage 2–3 AKI patients.6,16 This information, together with the performance characteristics of 
a standardized CCL14 test17 enable further investigation of CCL14 cost-effectiveness. This study aims to assess the cost- 
effectiveness of adding CCL14 testing to the standard of care (SOC) for patients with stage 2–3 AKI in a US hospital 
setting, using a third-party payer perspective. Whilst the focus of this analysis is specific to CCL14, the framework 
described can inform future diagnostic tests in development and costs in relation to preventing AKI disease progression.

Methods
Overview
The modelled population consisted of 66-year-old hospitalized individuals (49.7% females) with KDIGO stage 2–3 AKI 
from any cause as informed by a large retrospective study representative of the real-world patient population with the full 
range of the standard comorbidities including CKD.6

In the model, individuals were either tested for CCL14 levels in addition to SOC or received SOC alone. Since no 
biomarker is currently used to identify individuals at higher risk of PS-AKI, SOC was considered the appropriate 
comparator.

Model Structure
The analysis was conducted in Microsoft Excel18 and combined a decision tree capturing 90-day clinical outcomes with 
a Markov model estimating lifetime costs and quality-adjusted life years (QALYs). The modelling approach is aligned 
with previous cost-effectiveness studies19,20 (Figure 1).

Decision Tree
The decision tree modelled the likelihood of intensive care unit (ICU) admission, dialysis requirements, discharge from 
hospital, 30-day readmission, outpatient follow-up, and death, conditionally to PS-AKI status during index hospital 
admission. The pathway of the cohort tested with CCL14 was parameterized using the test receiver operating character-
istics with the rate of true positives (TP) being informed by CCL14 sensitivity 0.91 (0.84 to 0.96) and true negatives (TN) 
by the test specificity 0.51 (0.44 to 0.57) at the 1.3 ng/mL CCL14 concentration cut-off.17 The rates of false positive (FP) 
and false negative (FN) tests were calculated as 1-sensitivity and 1-specificity, respectively.

Testing for PS-AKI risk is not part of current practice, and AKI treatments are mostly supportive, leading to 
substantial uncertainty about the efficacy of early interventions at reversing AKI. Consequently, all individuals were 
assumed to receive renal protective interventions, implemented earlier in TP individuals. The early intervention was 
assumed to result in the complete avoidance of PS-AKI consequences in 10% of TP patients, having no impact on FP 
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patients. Ten percent was considered conservative because current research aims for higher efficacy to determine if an 
intervention is clinically meaningful.21 Despite this, testing cost-effectiveness at a range of efficacy effects was mapped 
in sensitivity analyses. In the base case, adverse events and costs of the intervention were assumed not to differ between 
cohorts. People identified as TN and FN were assumed to incur similar risks and cost as non-persistent severe AKI (NPS- 
AKI) and PS-AKI patients receiving SOC only, respectively.

Markov Model
Lifetime costs and consequences of 90-day survivors were modelled using a 3-state Markov process. As 90-day dialysis 
requirements were not available from the PINC AI Healthcare Database, 30-day dialysis was used as a proxy for lifetime 
dialysis dependence (ESRD). Individuals not requiring dialysis at this point were assumed to recover completely from 
AKI (non-ESRD). Dialysis dependence was challenged in sensitivity analysis. People dying from ESRD comorbidities or 
general causes transitioned to the dead absorbing state. This simplified structure was preferred to modelling all CKD 
severity stages due to the lack of data informing the landing distribution and progression from PS-AKI to CKD. This was 
considered conservative because delaying renal protective measures would likely lead to worse clinical and cost 
outcomes. No further transitions were allowed between the non-ESRD and ESRD states. The Markov model used a 90- 
day cycle matching the decision tree duration, allowing continuous track of time and discounting. Half-cycle correction 
was applied to the first cycle of the Markov process.

Model Inputs
Clinical Inputs
Clinical inputs informing ICU requirements, 30-day readmission, outpatient appointment, dialysis dependence, and 30- 
day mortality in people with and without PS-AKI were sourced from the analyses of a large retrospective cohort. The 
cohort included adults discharged between 01/01/2017 and 31/12/2019 from 1000 US hospitals, captured in the PINC AI 
Healthcare database, formerly the Premier Healthcare database.6,16 Publications by Koyner and colleagues suggested that 
developing PS-AKI during index admission was associated with worse clinical outcomes and higher costs.6,16 

A comprehensive description of all model inputs and its implementation is included in Supplemental Material 
(Section 1).

Figure 1 Model structure. 
Abbreviations: AKI, acute kidney injury; ESRD, end-stage renal disease; FN, false negative test; FP, false positive test; PS-AKI, persistent severe acute kidney injury; NPS- 
AKI, non-persistent severe acute kidney injury; TN, true negative test TP, true positive test.
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Mortality
Transition to dead was possible from any health state. During the 90-day period following index hospital admission, 
mortality rates were informed by the analysis of PINC AI Healthcare Data.6 People with recovered kidney function (non- 
ESRD) were modelled to have approximately the risk of death of the age and gender-matched US population.22 For those 
with ESRD, mortality was calculated as 1 minus the probability of survival for US individuals with ESRD aged 65–74 
years (Table S2).23 Survival was extrapolated beyond the available 10-year period using an exponential distribution.

Cost Inputs
The duration and costs of in-hospital stay and outpatient costs were sourced from the analysis of PINC AI Healthcare 
data.16 For simplicity and to be conservative, the model base case considers only the excess costs of dialysis.

Dialysis annual costs used the Centers for Medicare & Medicaid Services base rate for renal dialysis services ($266)24 

assuming three weekly sessions over 52 weeks ($41,496 annually). Since there is no current market price for CCL14, 
testing-related costs were assumed to be zero in the base case, and were extensively varied in sensitivity analyses, 
allowing for an intuitive exploration of the test cost-effectiveness at multiple testing costs.

Utilities
Utilities summarize quality of life associated with specific health states, ranging from zero (death) to one (perfect health). 
Utilities assigned to the model health states were multiplied by life years to produce QALYs. Utility inputs were sourced 
from peer-reviewed publications. Further details about the identification and implementation of utility inputs were 
included as Supplemental Material (Section 1.3).

Model Outcomes
Incremental cost and QALYs accrued over index admission, 30-day readmission, outpatient, and long-term follow-up in 
the CCL14 + SOC and SOC arms were calculated and synthesized as incremental cost-effectiveness ratios (ICER) 
(Equation 1).

Costs were reported in US dollars 2022. Costs and QALYs were discounted at 3% annually.25 Cost-effectiveness was 
assessed at $50,000 to $100,000 per QALY willingness to pay (WTP).25

Sensitivity Analyses
One-way sensitivity analyses (OWSA) were implemented by replacing each base case parameter at a time, using the 
lower and upper value of their 95% confidence interval (CI). Results were summarized in a tornado diagram, depicting 
the effect of varying the most influential inputs on the base case ICER.

Two-way sensitivity analyses (TWSA) were implemented by varying two base case inputs simultaneously, namely the 
efficacy and costs of an early intervention, and CCL14 costs. The ICERs originated from TWSA were synthesized in 
visualization grids.

Parameter uncertainty was assessed in probabilistic sensitivity analysis (PSA). Each model input was assigned 
a probabilistic distribution.26 Alternative inputs were sampled from these distributions according to base case mean 
and standard error and utilized to run 10,000 Monte Carlo simulations. Probabilistic outputs were summarized as means 
and 95% credible intervals (CrI) of all simulations. The distribution of individual iterations was presented graphically on 
a cost-effectiveness plane. The probability of CCL14 being cost-effective over a range of WTP values was presented in 
a cost-effectiveness acceptability curve (CEAC). The inputs for the early hypothetical intervention efficacy and cost and 
that for testing cost were not varied probabilistically.
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Scenario Analyses
Uncertainty left unexplored after OWSA, and TWSA was investigated in scenario analyses varying the (1) time horizon, 
(2) simultaneously varying intervention efficacy and intervention and testing costs, (3) costs of ESRD on dialysis, and (4) 
proportion of those requiring acute dialysis developing lifetime dialysis dependence.

Additional steps followed to support model validation were reported as Supplemental Material (Section 2).

Results
Base Case
The strategy using CCL14 was associated with reduced ICU usage, reduced mortality during index hospital admission, 
and reduced dialysis requirements (Table 1). Testing with CCL14 was associated with a slightly higher proportion of 
readmissions and outpatient visits, which could be explained by a higher survival after index admission.

The mean cost of index hospitalization for each patient with stage 2–3 AKI was $34,090.37 in the CCL14 cohort 
versus $34,508.65 for SOC alone, representing savings of $418.27 per person (Table 2). The CCL14 cohort was also 
associated with a $67.94 reduction in lifetime costs, mostly from reduced lifetime costs of dialysis dependence ($69.89). 
Assuming a 10% efficacy of an early hypothetical intervention, the CCL14 cohort was associated with an excess of 0.078 
life-years and 0.066 QALY gained. Under base case assumptions, CCL14 was dominant being associated with less costs 
and higher efficacy than SOC alone.

One-Way Sensitivity Analysis
Figure 2 summarizes the impact of the 10 most influential inputs considered in OWSA. The utility of being alive with 
renal recovery had the strongest impact on the absolute value of the ICER, causing a 9% decrease and 7% increase at the 
lower and upper bound of the 95% CI, respectively. The second most influential input was the odds ratio (OR) of ICU 
death in people developing PS-AKI, causing a 3% variation in the absolute value of the ICER. All other inputs caused 
variations of less than 2% from the base case ICER. Overall, the model results were robust to OWSA.

Two-Way Sensitivity Analysis
Figure 3A represents the value of the ICER as the efficacy of an early intervention is varied from 10% to 100% and the 
cost of the intervention is varied from $0 to $10,000. Using CCL14 was dominant in over 50% of the scenarios and was 
mostly cost-effective at a $50,000/QALY WTP. For excess intervention cost values above $6500 and 10% efficacy, 
CCL14 would be cost-effective at higher WTP of $50,000 to $100,000/QALY.

Figure 3B represents values of the ICER when varying efficacy of the early intervention over testing costs. The 
strategy using CCL14 was mostly dominant and was always cost-effective at $50,000/QALY.

Figure 4 represents ICER values resulting from varying efficacy and cost for an early intervention at testing costs of 
$200, $400, $600, and $800 per person. The strategy using CCL14 remained dominant or cost-effective at less than 
$50,000/QALY in about 95% of scenarios.

Table 1 Base Case Clinical Outcomes Given a 10% Efficacy of the Early Intervention

Outcome CCL14 SOC Incremental

ICU Stay 45.1% 45.5% −0.420%

Dead (Index) 13.9% 14.4% −0.543%

Dead (30d) 0.2% 0.2% 0.000%

30-day Readmissions 15.1% 15.0% 0.084%

30-day Outpatient visits 21.4% 21.3% 0.150%

Dialysis Dependence 1.0% 1.1% −0.069%

Abbreviations: CCL14, C-C motif chemokine ligand 14; ICU, intensive care unit; SOC, standard of care.
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Probabilistic Sensitivity Analysis
Base case PSA results (Supplemental Materials Section 3) were very similar to the deterministic results with CCL14-led 
care dominating SOC (mean ICER $-7425.87/QALY, 95% CrI -$8115.89 to -$6906.27) (Table S3) and being associated 
with a 100% probability of being cost-effective (Figures S1 and S2). Probabilistic results were also produced for the 
scenario, using testing costs of $500 and treatment costs of $1000 at efficacy levels of 5% and 10% (Figure 5). At 
efficacy values of 5% and 10%, using CCL14 in addition to SOC was associated with ICERs of $25,858.62/QALY (95% 

Figure 2 Tornado diagram. 
Notes: The bold dashed line represents the base case ICER. The yellow and blue bars represent ICER variation resulting from replacing the mean base case input by the 
lower and upper value of its 95% confidence interval, respectively. Horizontal bars crossing the willingness to pay values of $50,000 to $100,000 per QALY would imply 
model uncertainty associated with varying a particular input. 
Abbreviations: ESRD, end-stage renal disease; ICU, intensive care unit; NPS-AKI, non-persistent severe acute kidney injury; OR, odds ratio; PPS, Prospective Payment 
System; PS-AKI, persistent severe acute kidney injury; QALY, quality-adjusted life years; TTO, time-trade off.

Table 2 Base Case Deterministic Incremental Cost-Effectiveness Results

Outcomes CCL14 SOC Incremental

Costs Index Hospitalization (no 
ICU)

$10,053.25 $10,052.75 $0.49

Index Hospitalization 
(ICU)

$21,152.23 $21,574.75 -$422.52

Hospital readmission $2884.90 $2881.15 $3.75

Total Inpatient costs $34,090.37 $34,508.65 -$418.27

Outpatient visits $395.20 $393.24 $1.96

Dialysis $1057.60 $1127.50 -$69.89

Total Lifetime Costs $1452.80 $1520.74 -$67.94

Total costs $35,543.17 $36,029.38 -$486.21

Effects Life-years on dialysis 0.026 0.027 −0.002

Life-years 11.118 11.040 0.078

QALYs 9.282 9.216 0.066

ICER ($/QALY) CCL14 Dominates -$7410.35

Abbreviations: CCL14, C-C motif chemokine ligand 14; ICER, incremental cost-effectiveness ratio; ICU, intensive 
care unit; QALYs, quality-adjusted life years; SOC, standard of care.
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Figure 3 ICERs resulting from TWSA varying efficacy and costs of an early intervention, and CCL14 costs. 
Notes: (A) Value of the ICER when intervention efficacy is varied over intervention cost; (B) value of the ICER when intervention efficacy is varied over the cost of the test. 
Abbreviations: ICER, incremental cost-effectiveness ratio; QALY, quality adjusted life-year.
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CrI $22,994.54 to $29,299.73) and $9109.38/QALY (95% CrI $7884.58 to $10,575.21). The distribution of ICERs 
resulting from 10,000 Monte Carlo simulations for the base case and scenario 2 is reported in Figure S3. Overall, the 
PSA suggested that model results were robust to parameter uncertainty.

Scenario Analyses
Deterministic and additional probabilistic results for scenario analyses were reported as Supplemental Material (Figure S4, 
and Tables S1, S4-S7).

Figure 4 ICERs resulting from TWSA varying efficacy and costs of an early intervention at CCL14 testing Cost of (A) $200, (B) $400, (C) $600 and (D) $800 per tested 
person. 
Notes: (A) Test cost of $200 per person; (B) test cost of $400 per person; (C) test costs of $600 per person; (D) test cost of $800 per person. 
Abbreviations: ICER, incremental cost-effectiveness ratio; QALY, quality adjusted life-year.
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Discussion
To our knowledge, this is the first cost-utility analysis (CUA) exploring the value of a biomarker predicting PS-AKI in 
hospitalized individuals with stage 2–3 AKI. Whilst the results described here are specific to CCL14, the intention of this 
work was to outline a framework for informing the development of biomarkers in this disease area and investigate 
acceptable testing prices at different thresholds for efficacy and costs of an intervention preventing AKI progression. 
There is a clear link between PS-AKI and increased dialysis, ICU care requirements, and in-hospital mortality, compared 
to hospitalized patients with mild or no AKI. Given the higher incidence of complications and potential cost offsets, the 
cost-effectiveness of biomarker use is likely to be higher in this cohort compared to those at lower risk.27 Furthermore, 
this cohort represents up to 40% of hospitalized patients with AKI,1,3,4 an important population in which to determine the 
value of early detection, risk stratification, and treatment to prevent progression to PS-AKI.28 As identified by previous 
economic evaluations, it is challenging to prove the value of biomarkers for predicting PS-AKI without evidence of an 
intervention preventing disease progression.20,27 Nevertheless, exploring how biomarker for early detection and risk 
assessment might impact costs (whether positively or negatively) can contribute to designing pragmatic clinical trials and 
defining biomarker use-cases by healthcare providers and payors. Our analysis suggests that in the presence of an 
effective early intervention such as the prompt implementation of the KDIGO care bundle,29 preventing progression to 
PS-AKI in only 10% of patients with a TP test for increased risk of PS-AKI, could translate into improved patient 
outcomes and reduced health system costs.

Strengths and Limitations
There are several strengths to this economic evaluation. The analysis structure is aligned with previous models for AKI 
diagnostics, complies with current modeling standards, and is reported in a clear and reproducible format. The model 
draws on published evidence from a large US dataset, capturing approximately one-fifth of all hospital admissions, likely 
representative of the US hospital population. This allows capturing real-world outcomes of hospitalized individuals with 
stage 2–3 AKI and progressed to PS-AKI. Finally, base case assumptions were extensively explored in sensitivity and 
scenario analyses, allowing scrutiny of the results. In particular, the TWSA provided compelling evidence of the likely 
value of biomarker-directed clinical practice.

Importantly, the model incorporated published operating characteristics of a standardized CCL14 test in 
a heterogeneous population of stage 2–3 AKI patients from a multicenter clinical study,17 thus representing the realistic 
use and performance of an available biomarker test.

Figure 5 Cost-effectiveness acceptability curves for Scenario 2 using $500 testing cost and $1000 additional costs of the early intervention. 
Notes: (A) Intervention prevents 5% of PS-AKI; (B) intervention prevents 10% of PS-AKI. 
Abbreviations: CCL14, C-C motif chemokine ligand; QALY, quality-adjusted life year; SOC, standard of care.
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Several assumptions and limitations underpin the development of this CUA. The model did not capture 30-day 
readmissions and costs outside the PINC AI Healthcare database hospital network. Nonetheless, the sample informing the 
primary analyses6,16 was considered large enough to remain representative.

Conservatively, it was assumed that all PS-AKI cases would eventually be diagnosed in the SOC arm, only later, 
relative to the intervention cohort.

The base case considered a 10% efficacy of an early hypothetical intervention in avoiding PS-AKI in TP patients, 
preventing all downstream consequences. Early identifying PS-AKI does not constitute clinical practice, and there is 
limited consensus about an intervention or bundle of interventions that should be used in this patient population. The 
10% input was considered conservative as ongoing research established a 20% efficacy threshold to be clinically 
meaningful.21 The efficacy of an early intervention was explored in TWSA.

It was assumed that the efficacy and costs of an intervention preventing PS-AKI early (TP) or at a later stage (SOC, or 
FN) would be identical. It is clinically likely that delayed treatment would be associated with higher costs and poorer 
health outcomes. Also, adverse events of a hypothetical intervention were assumed to be identical between comparators, 
regardless of intervention timing. These assumptions were challenged by raising early intervention costs, which did not 
change the conclusions.

In the absence of CCL14 acquisition costs, base case testing-related costs were assumed to be zero. This assumption 
favors the intervention arm and was therefore extensively challenged in TWSA.

Following index AKI, people were modelled to completely recover or to develop dialysis-dependent ESRD. 
Progressing AKI would likely lead to different degrees of CKD, with arguably worse disease in the SOC arm. 
Modeling CKD progression implied more granular data, which we believe does not currently exist. We suggest that 
future research investigates the medium to long-term progression of PS-AKI to the various CKD Stages and ESRD.

Conservatively, renal transplant was not modelled. The higher prevalence of ESRD in the SOC would lead to higher 
transplant-related costs. In addition, waiting time for a transplant reduces the weight of not modelling this intervention.

If modelled, CKD-related productivity losses in patients and caregivers would possibly be aggravated by delayed 
treatment.

Two UK health technology appraisals19,20 conducted original analyses to inform the biomarker decision space and 
concluded that determining the cost-effectiveness of biomarkers is currently limited by the lack of evidence on 
efficacious interventions addressing AKI progression. The controversy resides specifically in clinically defining these 
interventions given the multiplicity of AKI etiologies. Similar limitations apply to our analysis and future interventional 
trials are required to identify suitable interventions and their efficacy for preventing progression to PS-AKI in patients 
with stage 2–3 AKI.

Conclusion
The in-hospital AKI population is not typically monitored using biomarkers of kidney damage. This analysis explores the 
potential value of CCL14 in the early detection of risk for PS-AKI. The CUA estimated that given an intervention 
preventing progression to PS-AKI in as few as 10% of patients testing as TP, using CCL14 is very likely to be cost- 
effective compared to SOC alone. Testing informing risk stratification of PS-AKI may prompt the implementation of 
clinical guidelines in everyday practice and steer future research on AKI interventions.
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