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Abstract

Background: Early and accurate acute kidney injury (AKI) detection may improve patient outcomes and reduce
health service costs. This study evaluates the diagnostic accuracy and cost-effectiveness of NephroCheck and NGAL
(urine and plasma) biomarker tests used alongside standard care, compared with standard care to detect AKl in hospi-
talised UK adults.

Methods: A 90-day decision tree and lifetime Markov cohort model predicted costs, quality adjusted life years
(QALYs) and incremental cost-effectiveness ratios (ICERs) from a UK NHS perspective. Test accuracy was informed by
a meta-analysis of diagnostic accuracy studies. Clinical trial and observational data informed the link between AKI
and health outcomes, health state probabilities, costs and utilities. Value of information (VOI) analysis informed future
research priorities.

Results: Under base case assumptions, the biomarker tests were not cost-effective with ICERs of £105,965 (Nephro-
Check), £539,041 (NGAL urine BioPorto), £633,846 (NGAL plasma BioPorto) and £725,061 (NGAL urine ARCHITECT) per
QALY gained compared to standard care. Results were uncertain, due to limited trial data, with probabilities of cost-
effectiveness at £20,000 per QALY ranging from 0 to 99% and 0 to 56% for NephroCheck and NGAL tests respectively.
The expected value of perfect information (EVPI) was £66 M, which demonstrated that additional research to resolve
decision uncertainty is worthwhile.

Conclusions: Current evidence is inadequate to support the cost-effectiveness of general use of biomarker tests.
Future research evaluating the clinical and cost-effectiveness of test guided implementation of protective care
bundles is necessary. Improving the evidence base around the impact of tests on AKI staging, and of AKI staging on
clinical outcomes would have the greatest impact on reducing decision uncertainty.
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following cardiac surgery (ranging from 8 to 40%),
abdominal surgery (13.4%), and major trauma (21 to 24%)
[2-5].

Early diagnosis and treatment can prevent AKI pro-
gression, which may reduce the risk of chronic kidney
disease (CKD), and mortality [1, 6-8]. Patients who
develop AKI in hospital are more likely to require renal
replacement therapy (RRT) or intensive care unit (ICU)
admission for kidney organ support and have longer
length of stay (LOS). Cost implications to health services
in England may be as high as £483 million per year [6].

In current standard care, AKI detection relies on moni-
toring changes in serum creatinine and urine output [9].
However, serum creatinine levels are not a precise indi-
cator, and can take days to rise leading to delays in AKI
recognition [2]. Novel biomarkers are intended to help
detect AKI earlier, allowing initiation of prompt treat-
ment with a care bundle to protect the kidneys, thereby
improving outcomes and reducing healthcare costs.
However, clinical and cost-effectiveness evidence for dif-
ferent biomarker tests is sparse, especially prior to admis-
sion to critical care [10—13]. This study uses a decision
model to estimate the cost-effectiveness of four diagnos-
tic biomarkers from a UK National Health Service (NHS)
perspective. Value of information (VOI) analyses iden-
tify areas of greatest uncertainty where future research
should be prioritised.

Methods

Patient population

The modelled population was UK hospitalised adults, at
risk of AKI, who were having their kidney function moni-
tored. The modelled population was designed to conform
to the National Institute for Health and Care Excellence
(NICE) assessment of diagnostic tests for AKI [14]. At
model entry the cohort had a mean age of 63, and 54.3%
were female, based on a published study of AKI incidence
in a UK population [1].

Interventions and comparators

Four biomarker tests were evaluated [14]. The Nephro-
Check test (Astute Medical) measures two biomarkers
(tissue inhibitor of metalloproteinase 2 [TIMP-2] and
insulin-like growth factor binding protein 7 [IGFBP-7])
in urine to calculate an AKI risk score. The threshold
used for the NephroCheck test results to assess the risk
of AKI was 0.3. The ARCHITECT urine NGAL assay
(Abbott) is a chemiluminescent microparticle immuno-
assay to measure NGAL in human urine. The BioPorto
NGAL test (BioPorto Diagnostics) is a particle-enhanced
turbidimetric immunoassay to determine NGAL in
either human urine or plasma (considered as two differ-
ent tests). No restrictions were placed on the threshold
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for assessing the risk of AKI for the NGAL test results
(see the Diagnostic accuracy section for more details).
All tests were assessed in addition to standard clini-
cal monitoring (e.g. serum creatinine and urine output
monitoring), compared to standard clinical monitoring
alone. The reference baseline levels of serum creatinine
are defined according to current clinical criteria (Risk,
Injury, Failure, Loss of kidney function, and End-stage
kidney disease (RIFLE), Kidney disease: Improving
Global Outcomes (KDIGO) and Acute Kidney Injury
Network (AKIN)).

Model structure

A decision tree combined with a Markov cohort model
was developed in TreeAge Pro (TreeAge Software, Wil-
liamstown, MA, 2019). The model structure (Fig. 1)
was adapted from Hall et al. [10], who shared access to
their model files under a ‘creative commons’ licence. The
model structure was validated with clinical experts in
nephrology and intensive care medicine.

Decision tree (up to 90days)

The decision tree described the diagnostic accuracy and
short-term health outcomes (admission to ICU, need for
RRT, hospital LOS, and mortality) up to 90 days after test
initiation. Tests may be true positive (TP), false nega-
tive (EN), true negative (TN) or false positive (FP). Bio-
marker tests may be beneficial if they can promptly and
accurately identify AKI to enable appropriate early ini-
tiation of a protective care bundle which in turn can pre-
vent further kidney damage. The benefits of prevention
or a reduction in AKI severity (KDIGO stage) include
reductions in LOS, need for RRT, ICU admission, devel-
opment of CKD and the risk of mortality. All test posi-
tive patients are modelled to receive the care bundle
but only those with a TP test result receive early treat-
ment benefits. AKI prevention means keeping patients
in the “No AKI” model pathway. It is assumed that FN
tests incur the same risks as standard care, assuming
that all positive AKI cases will eventually be identified
using serum creatinine monitoring. Due to a lack of evi-
dence, no negative effects of FP tests were assumed for
the base case analysis but we recognise that identifica-
tion and kidney support in AKI may not be risk free
[15]. Scenario analyses explored an increased mortality
risk associated with unnecessary removal of nephrotoxic
treatments.

Markov model (lifetime horizon)

The Markov cohort model described CKD progres-
sion from early to subsequent end-stage renal disease
(ESRD), need for dialysis, transplant, and mortality over
a lifetime horizon from day 90 to death. The surviving
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Fig. 1 Model structure

*’ESRD’is those in CKD stage 5 but not on dialysis. ‘ESRD + Dialysis’is those in CKD stage 5 on dialysis.

cohort (at 90days) enter the Markov model in either
the “CKD (1-4)” or “No CKD” state. The cohort then
transition between six health states: “No CKD’, “CKD
(1-4); “ESRD’, “Post ESRD + dialysis’, “Post-transplant”
and “Death” in annual model cycles, according to a set
of transition probabilities. A half-cycle correction is
applied. It was assumed that reversion to milder states
(e.g. “No CKD”) was not possible. Those that had a failed
transplant returned to dialysis, after which a subsequent
transplant was possible. Other than the initial CKD risk,
health state transitions are independent of 90-day AKI
status. An annual mortality risk was modelled accord-
ing to disease-specific [16—18] and age, and sex-adjusted
general population risks [19].

Model parameters

Full details of all model parameters (transition prob-
abilities, relative risks, costs, and utilities) are provided in
Additional file, Table 1.

Diagnostic accuracy

Test sensitivity and specificity were obtained from a sys-
tematic review and random-effects meta-analysis where
possible. This model was chosen because of the heteroge-
neity across studies regarding different threshold values
used for a positive NGAL test and variation in the classi-
fication systems used to determine AKI (KDIGO, RIFLE
and AKIN). Table 1 describes the pooled diagnostic accu-
racy estimates obtained from 22 studies.

Clinical parameters

AKI incidence and severity were based on KDIGO stag-
ing (peak AKI status during hospitalisation), obtained
from a 2012 cohort of people admitted acutely to hos-
pital in the Grampian region of Scotland [1].

The impact of early delivery of a KDIGO care bun-
dle on AKI was assumed to be that obtained from
Meersch et al., a German trial of 276 NephroCheck
positive patients, which reported a 16.6% (95% CI:
5.5 to 27.99%) absolute risk reduction in 72-h AKI for
patients treated with a KDIGO care bundle compared
to standard care [20]. The study also provided data to
enable calculation of the impact of the care bundle on
AKI severity (KDIGO staging). No comparable data
were available for NGAL tests. Clinical expert advice
indicated that NGAL may not detect kidney stress
before damage occurs. It was therefore conservatively
assumed that NGAL may reduce severity but could not
prevent AKI.

The modelled hospital and post-discharge health out-
comes associated with changes in AKI severity (need
for ICU, 90day mortality, hospital length of stay) were
obtained from a re-analysis of published observational
data from N=17,630 patients admitted to Grampian
(Scotland) hospitals in 2003, who were having their
kidney function monitored through a blood test, and
assumed to be at high risk of AKI [18, 21, 22]. Those with
AKI, and those classified as having more severe AKI were
more likely to need ICU care, had longer hospital LOS,
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Table 1 Sensitivity and specificity data obtained from the systematic review

Test? Parameter Mean value Mean (logit scale) Standard error Correlation for MVN
(95% Cl) (logit scale) distribution (logit
scale)
NephroCheck Sensitivity 0.75 1.1178 0.3967 —0.824
(N=7 studies) (0.58 t0 0.87)
Specificity 061 04573 0.2567
(04910 0.72)
NGAL plasma (BioPorto) Sensitivity 0.76 1.1563 04615 —1.000
(N=4 studies) (0.56 to 0.89)
Specificity 067 0.6863 0.5659
(0.40 t0 0.86)
NGAL urine Abbot ARCHITECT Sensitivity 0.67 0.7273 0.2047 —0.5168
(N=6 studies) (0.58 t0 0.76)
Specificity 0.72 0.9553 0.1909
(0.64t00.79)
NGAL urine BioPorto Sensitivity 0.73 1.017 0.195 40526
(N =38 studies) (0.65 to 0.80)
Specificity 0.83 1.562 0.511
(0.64 t0 0.93)

MVN Multi-Variable Normal
A Note that some studies evaluated more than one of the candidate tests

and had a higher 90-day mortality risk. For those with
AK]I, the probability of developing CKD was calculated
using hazard ratios from a recent systematic review and
meta-analysis [23].

The modelled effect on outcomes of averting or
reducing the severity of AKI through testing may be
confounded with patient underlying characteristics.
Therefore, based on clinical expert advice, and the pub-
lished literature [20, 23, 24], we assumed that AKI miti-
gation/prevention leads to the full observed impact on
CKD risk reduction obtained from the Grampian cohort
data [23], some improvement (half the observed effect) in
the need for ICU and hospital LOS and no improvement
(none of the observed effect) in 90-day mortality [20,
24]. The extent to which observed associations are causal
remains uncertain. Therefore, the proportion of the effect
size applied in the model is varied in scenario analyses.

For the Markov cohort model, the proportion starting
in the CKD state was calculated based on CKD preva-
lence (11.05% from the Grampian dataset) and hospital
AKI severity. The remaining cohort with no initial CKD
experienced an ongoing risk of developing CKD in the
following cycles [10]. The remaining transition probabili-
ties were obtained from a Swedish multi-centre cohort
study, the SHARP trial, Scottish registry data and the UK
Renal Registry [17, 25-27].

Costs

NHS perspective costs include the costs of test kits, staff
time, hospital resource use up to day 90 (this included
total number of days in hospital ward and ICU from the

point of index admission up to day 90), hospital resource
use after day 90 (including longer term hospital costs
post discharge from hospital ward/ICU) and long term
costs of CKD over a lifetime horizon.

Biomarker test costs included analysers, equipment,
maintenance, consumables, staff time and training. Costs
were based on manufacturer provided data, clinical
expert opinion and unit costs for staff time (Additional
file, Table 2). An additional three days of a preventative
KDIGO care bundle was given to all test positive patients.
This consisted of the avoidance of nephrotoxic agents,
discontinuation of certain medications (ACE inhibitors
and ARBs), regular monitoring of serum creatinine and
urine output, steering clear of hyperglycaemia, avoiding
radio contrast and intense hemodynamic monitoring.
This was costed at £106.36, based on NICE guidelines
for preventing AKI and included the costs of nephrolo-
gist and pharmacist time, intravenous fluids and clinical
review of medications including those for blood pressure
(ACE inhibitors, ARBs) [9]. Costs of LOS on a hospital
ward, ICU, and RRT delivery were based on NHS refer-
ence costs [28].

Markov health states costs for those without CKD,
included outpatient follow-up, as an average of those
who had and had not received ICU care as part of their
index admission [25]. The remaining health state costs
were obtained from the SHARP trial, including outpa-
tient, day-case and inpatient admissions [17]. Additional
medication costs (immunosuppressant for a transplant
patient, ESA for dialysis patients and blood pressure
medications for dialysis patients) were obtained from the
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Table 2 Base case cost-effectiveness results
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Cost Incremental Cost QALY

Incremental QALY ICER (incremental) ICER vs.

p (C/E) @ 20k p (C/E) @ 20k
vs. standard
care

standard
care

Base case: Full associative effect of AKI mitigation on a) the risk of CKD within the first year, b) half the associative effect on the need for
ICU, ) half the associative effect on hospital/ICU LOS, and d) no associative effect on 90-day mortality.

Standard care (Scr)  £22,978 - 6.07277 -

Test 1 (Nephro- £23,016 £38 6.07313 0.00036
Check)

Test 3 (NGAL urine-  £23,049 Dominated 6.07290 Dominated
BioPorto)

Test 2 (NGAL £23,064 Dominated 6.07290 Dominated
plasma - BioPorto)

Test 4 (NGAL urine-  £23,065 Dominated 6.07289 Dominated

ARCHITECT)

- - 64.5% -
£105,965 £105,965 29.7% 32.0%
Dominated £539,041 53% 11.0%
Dominated £633,846 0.3% 7.3%
Dominated £725,061 0.0% 6.3%

Dominated: more costly and less effective; P(C/E): probability that a test is cost-effective at a threshold value of willingness to pay for a QALY of £20,000

literature, NICE guidance and the BNF [16, 29-31]. All
costs were incorporated in 2017/18 values, and inflated
where necessary using the Cochrane and Campbell eco-
nomic methods group online tool [32].

Quality adjusted life years (QALYs)

QALYs combine length (accounting for mortality) and
quality of life into a single measure for use in decision-
making. Utility data were obtained from an updated ver-
sion of the systematic review published by Hall et al. [10].
For the acute decision tree phase, no new utility studies
were identified. Therefore, utilities from Hall et al. were
used. The review identified several health state utility
values for the post discharge time period [33], CKD [34],
ESRD [34] and dialysis [35] states. Where several util-
ity studies were available, we prioritised those that used
EQ-5D with a UK value set and larger sample sizes. All
utilities used in the model were age and sex adjusted to
allow quality of life to reduce naturally over time and to
reconcile source study characteristics with the character-
istics of the modelled cohort [36, 37].

Analysis

The decision model was analysed probabilistically using
Monte Carlo simulation, with 1000 random draws.
Costs and QALYs accruing beyond the first year were
discounted at 3.5% per annum [38]. Incremental cost-
effectiveness ratios (ICERs) were calculated for each test
compared to the next best alternative, excluding those
that were more costly and less effective than an alter-
native (dominated). Uncertainty was illustrated using
cost-effectiveness acceptability curves (CEACs) and a
comprehensive range of scenario analyses were carried
out to explore the impact of key assumptions on the
ICER. Subgroup analyses were conducted to explore the

cost-effectiveness by parameterising the model using
diagnostic accuracy data from several pre-defined sub-
groups (critical care only, post cardiac surgery only) (see
Additional file, Table 5 and 6).

Expected value of perfect information (EVPI) and the
expected value of perfect parameter information (EVPPI)
were calculated for the model comparison of Nephro-
Check vs. standard care using the Sheffield Acceler-
ated Value of Information (SAVI) tool [39, 40]. In this
case, EVPI helps establish the economic value of future
research (for example a new randomised trial) that could
help inform the cost-effectiveness of NephroCheck vs.
standard care by comparing the decision value under
current and perfect information. Given a positive EVPI
indicating that future research is worthwhile, we then
used EVPPI analysis to identify research areas, specifi-
cally model parameters, where future research should be
prioritised to have the greatest impact on reducing deci-
sion uncertainty [39]. To complete the EVPI and EVPPI
calculations the target population size was assumed to be
the number of AKI episodes in England in 2018 (564,738)
[26], and the duration of time where the technology is
relevant was assumed to be 10years [39].

Results

The base case analysis showed that none of the tests
achieved an ICER <£20,000 per QALY gained compared
to standard care (Table 2). Amongst the testing strate-
gies, NephroCheck was the most promising test due to
its potential ability to avert AKI.

Scenario analyses show that there is substantial resid-
ual uncertainty around the results. Full details of all
scenario analyses are provided in the Additional file,
Tables 3 and 4. Results are most sensitive to assump-
tions about the impact of AKI prevention on health
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outcomes. The extent to which preventing or reducing
severity of AKI through early test guided protective
KDIGO care bundles can truly reduce the risk of ICU
admission, 90-day mortality, hospital length of stay
and CKD risk is a major driver of model uncertainty.
Assuming that the full observed relationship between
AKI and these outcomes can be achieved through early
detection and prevention (Scenario 1), NephroCheck
is the most likely test to be cost-effective (98.5% prob-
ability if society is willing to pay £20,000 for a QALY
gain). However, assuming none of the benefits in health
outcomes can be achieved (Scenario 2), means none of
the tests are cost-effective, demonstrating that it is not
sufficient to prevent AKI, unless that prevention can
definitively improve health outcomes.

Several scenario analyses increase the probability
of NephroCheck being cost-effective (at a threshold
value of £20,000 per QALY gained): including a daily
excess AKI cost to patients in hospital ward/ICU over
and above the hospital ward/ICU daily cost (Scenario
4, 98.8%), applying long-term costs and mortality risks
that depend on whether the patient entered ICU or not
(Scenario 6, 97.2%), assuming a lifetime excess CKD
risk for AKI patients (Scenario 7, 55.5%), and applying
a higher AKI prevalence (Scenario 10, 63.1%). On the
other hand, some scenario analyses reduce the prob-
ability of the NephroCheck test being cost-effective:
including removing RRT costs (Scenario 5, 27.7%),
increasing the number of times a test is conducted to
two (Scenario 11, 9%), and applying an additional mor-
tality risk (RR=1.5) to all FP test results (Scenario 12;
0%).

Given that our model base case assumes that NGAL
cannot avert AKI, the probability of cost-effectiveness
tends to be lower for the NGAL test strategies than
NephroCheck across the scenario analyses. However, an
analysis assuming that NGAL can also avert AKI, results
in the BioPorto urine NGAL test being the optimal strat-
egy (Scenario 3, 43.5%), though evidence to support the
validity of this assumption is weak.

Subgroup analyses showed similar cost-effectiveness
results for the critical care subgroup but low probabili-
ties of cost-effectiveness in the cardiac care subgroup.
Any suggestion of differences in cost-effectiveness across
subgroups should be interpreted cautiously due to sparse
diagnostic accuracy data in each subgroup, and due to
a lack of subgroup specific data to inform downstream
costs, utility and event probability parameters.

Value of information analysis

The EVPI was £11.62 per patient and approximately
£66 million at the population level over a ten-year time
horizon, indicating that there is substantial value to be
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obtained from future research (such as well-designed
randomised trials) to investigate the cost-effectiveness
of NephroCheck vs. standard care (Fig. 2). Among indi-
vidual model parameters, the EVPPI value was highest
for the impact of early treatment on AKI prevention
(£5.05 million) and the impact of AKI prevention on
90-day mortality (£3.66 million), indicating that research
funding allocated to addressing these research questions
would have the greatest impact on reducing decision
uncertainty. The group population EVPPIs were £19.29
million for baseline probabilities, £8.98 million for costs
and £0 for the utilities. This indicates there is adequate
information available on utilities, but more research
is required on overall AKI disease progression, down-
stream clinical events following AKI and its resource use
implications.

Discussion

Interpretation of findings

This economic model compared the cost-effectiveness
of four biomarkers NephroCheck, ARCHITECT urine
NGAL and BioPorto urine and plasma NGAL to identify
AKI in a UK hospital setting. The optimal, most cost-
effective strategy was unclear, driven predominantly by
the lack of clinical trial evidence of the impact of the bio-
marker tests on direct health outcomes such as ICU need,
hospital LOS, development of CKD and mortality. Under
base case assumptions, none of the biomarker tests were
cost-effective. However, when exploring alternative anal-
yses around uncertain parameters, the NephroCheck test
had the greatest potential to achieve cost-effectiveness.
That is because of NephroCheck’ s theoretical ability to
pre-empt kidney damage and because the only evidence
available to support an impact of a positive biomarker
test guided implementation of an AKI care bundle is for
NephroCheck [20].

The VOI analysis clearly shows that future research
to resolve this decision uncertainty is worthwhile and
that future research effort should be prioritised towards
determining the clinical-effectiveness of novel biomarker
tests in terms of AKI prevention through early interven-
tion and 90-day mortality risks. Currently, clinical evi-
dence points to some mitigation or aversion of AKI [20].
The observed data demonstrate that people with AKI
(and more severe AKI) have poorer health outcomes than
those without AKI (and with less severe AKI). However,
it is not clear if averting AKI, or reducing its severity can
fully remove the observed increased risk of adverse health
outcomes associated with it. For example, Meersch et al.
showed that early test guided application of a protective
care bundle reduced AKI incidence and severity, but no
beneficial effect on health outcomes was demonstrated.
Similarly, an RCT of an early warning electronic alert
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The effect of early treatment on the prevention of AKI

The impact of hospital peak AKI status on 90-day
mortality

Length of stay in hospital for those with no AKI

The effect of early treatment on the development of the
most severe AKI (KDIGO stage 3)

The risk of CKD development following the most severe
stages of AKI

Length of stay in ICU for those with AKI (KDIGO stage
2)

Fig. 2 Prioritised areas for future research
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system for AKI to trigger a renal consultation showed
no evidence of a mortality benefit [24]. Hence, limited
direct evidence exists to support an impact of biomarker
tests on other health outcomes. Several trials are cur-
rently being conducted that are comparing NephroCheck
guided initiation of a KDIGO care bundle to standard
care (e.g. BigpAK1 trial, NEPHROCAR trial and a clinical
trial in sepsis patients) [41]. These studies will report out-
come data on AKI, 90-day mortality, need for RRT, ICU
LOS, and hospital LOS. The data provided from these
studies will be a valuable resource from which to inform
future economic evaluations.

Current literature

Hall et al. [10] also developed an economic model com-
paring different biomarker tests to assess the risk of AKI
in ICU patients. The results for the biomarker tests in
this study are less favourable to those reported in Hall
et al. for several reasons. Our study scope focused on
people not in ICU who could be considered for criti-
cal care rather than ICU patients where critical care is

already being delivered. Therefore, the AKI prevalence is
lower than in Hall et al. The higher the prevalence, the
more likely the tests are to be cost-effective, as shown
in our scenario analysis. This implies that careful con-
sideration should be given to identifying subsets (e.g.
post-major surgery) of those in hospital who would be
most likely to benefit from testing and could be targeted
in future trials. Furthermore, there were differences in
test accuracy data between the reviews, with our review
showing lower sensitivity for NephroCheck. This may be
because new studies have become available since Hall
et al. and the broader setting considered in our model.
Finally, the approach to the estimation of costs is differ-
ent; our analysis does not include an excess daily AKI
cost for patients while in hospital, due to concerns about
double counting costs already captured through AKI
staging. An additional excess daily cost was added in
scenario analysis. We also do not differentiate between
the follow-up costs of ICU and non-ICU patients in
the longer-term, though we explored this in scenario
analyses.
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Strengths and limitations

A key strength is that the economic model is built on the
basis of a comprehensive evidence synthesis to identify
the diagnostic accuracy of the biomarker tests. The eco-
nomic model was populated using both trial and real-
world clinical registry data ensuring a high degree of
external validity for the model inputs. The results are pol-
icy relevant and the VOI analysis in particular can help
guide future research prioritisation and hence help avoid
future research waste.

Our analysis was limited to the scope of the research
question. For example, our results are only relevant to
testing for AKI in a hospital setting. In addition, we rec-
ognise that NephroCheck and NGAL are two biomark-
ers among many. AKI biomarkers differ in what their
measurement represents, across spectrums of inflamma-
tion, damage, and function loss at different time points.
It may be that either a panel of biomarkers or sequential
use of tests would be more clinically useful. However,
it was not possible to evaluate these uses in our study.
Additionally, given the broad heterogeneity of AKI
causes, it is possible that further research will be able
to delineate specific clinical circumstances or subsets of
people in which biomarkers have the greatest potential
to provide a cost-effective use of resources. Although
our study had no ethnic restriction on inclusion criteria,
future studies, especially clinical trials, should ensure
diverse recruitment across ethnic and demographic
populations. Furthermore, a separate analysis would be
needed to assess the potential for stepping down care
among those whose sole requirement for critical care is
for kidney support.

This model did not account for CKD regression (i.e.,
a subset of people who have improving kidney func-
tion over time) [42] but used the conventional model for
CKD where the majority are stable and a minority pro-
gress through CKD stages accumulating higher costs and
worse outcomes, in line with previous kidney disease
models [10]. It is unclear how this may or should influ-
ence mortality outcomes, or health care resource use.
Furthermore, our model does not capture regression or
progression between CKD stages (but applied average
hospital care costs and utilities for this patient group)
with a very small chance of progressing to CKD 5. There-
fore, the impact of incorporating regression on cost-
effectiveness findings is uncertain.

The results of the base case analyses should be inter-
preted cautiously because of the heterogeneous nature
of the diagnostic accuracy studies in terms of NGAL
threshold levels, timing of the sample collection, time
of AKI diagnosis, definition of AKI, prevalence of AKI
and definition of the population. Moreover, the clinical-
effectiveness review identified no direct evidence about
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the incremental benefit of biomarker tests on clini-
cally important and patient relevant health outcomes.
We had to rely on a linked evidence approach, which
contributed substantial decision uncertainty regarding
cost-effectiveness.

Conclusions

Current evidence is inadequate to support the cost-effec-
tiveness of general use of biomarker tests. To minimise
uncertainty about the cost-effectiveness of biomarker
tests future research should be prioritised towards high
quality randomised trials that target select patient sub-
sets and assesses the added value of test guided use of
AKI care bundles on clinically important and patient rel-
evant health outcomes, in particular 90-day mortality.

Abbreviations

ACE: Angiotensin-converting enzyme; ARBs: Angiotensin receptor block-

ers; AKI: Acute kidney injury; AKIN: Acute Kidney Injury Network; BNF: British
National Formulary; CEAC: Cost-effectiveness acceptability curve; CKD:
Chronic kidney disease; EQ-5D: EuroQol five dimensional measure of quality of
life; ESRD: End-stage renal disease; EVPI: Expected value of perfect information;
EVPPI: Expected value of perfect parameter information; FN: False negative;

FP: False positive; ICER: Incremental cost-effectiveness ratio; ICU: Intensive

care unit; IGFBP-7: Insulin-like growth factor binding protein 7; KDIGO: Kidney
Disease: Improving Global Outcomes; LOS: Length of stay; MVN: Multi-
variable normal distribution; NHS: National Health Service; NICE: National
Institute for Health and Care Excellence; QALY: Quality adjusted life year; RCT:
Randomised controlled trial; RIFLE: Risk, Injury, Failure, Loss of kidney function,
and End-stage kidney disease; RRT: Renal replacement therapy; SAVI: Sheffield
accelerated value of information tool; SHARP: Study of Heart and Renal Protec-
tion; TIMP2: Tissue inhibitor of metalloproteinase 2; TN: True negative; TP: True
positive; VOI: Value of information.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512882-021-02610-9.

Additional file 1: Supplementary Table 1. Model parameters. Sup-
plementary Table 2. Test costs. Supplementary Table 3. Scenario
analyses description. Supplementary Table 4. Scenario analyses results.
Supplementary Table 5. Sensitivity and specificity data obtained from
the systematic review for the subgroup analysis. Supplementary Table 6.
Results of the subgroup analyses.

Acknowledgements

We are grateful to Thomas Walker and Rebecca Albrow at NICE for their
thoughtful comments on earlier versions of the economic model and to the
NICE Diagnostic Committee for their critical review of our identified evidence.
We are also grateful for the advice and clinical guidance received from the
NICE Specialist Advisory Group for DG19 and to Peter S Hall and Alison F Smith
(on behalf of the team) for providing early versions of their economic model
that was instrumental in the development and structuring of the model used
in this study. A big thank goes also to Lara Kemp for her secretarial support
and patience throughout the study.

The results presented in this paper have not been published previously in
any academic journals, nor have they been submitted elsewhere. This work
has informed the development of NICE guidance for diagnostic testing for
AKI (https://www.nice.org.uk/guidance/dg39) and a full report to the funder
describing the totality of this work will be published in the NIHR, HTA mono-
graph series in due course.


https://doi.org/10.1186/s12882-021-02610-9
https://doi.org/10.1186/s12882-021-02610-9
https://www.nice.org.uk/guidance/dg39

Jacobsen et al. BMC Nephrology ~ (2021) 22:399

Authors’ contributions

EJ (Research Fellow) developed the economic model, conducted the
economic evaluation and wrote this manuscript. DB (Research Fellow)
developed the economic model, supervised the economic analysis,

and critically reviewed the paper. MB (Reader) oversaw the Diagnostic
Evidence Synthesis on which the economic model is based and reviewed
this manuscript. MA-M, CR, MI (Research Fellows) and AP (Senior Lecturer)
reviewed the clinical effectiveness evidence of the biomarker tests and
reviewed the paper. LA conducted the statistical analyses of the clinical
effectiveness evidence. PM (Information Specialist) conducted the litera-
ture searches. GS (Reader) provided senior advice on the development of
the economic model. CK (Consultant in Anaesthetics and Intensive Care
Medicine) and SS (Clinical Lecturer in Nephrology) provided clinical guid-
ance. All authors provided comments on this manuscript and approved
its final version.

Funding

The findings presented in this manuscript are part of a broader research
project funded by the National Institute for Health Research (NIHR) and com-
missioned through the NICE Diagnostic Assessment Programme (project no
12/88/97). The views expressed are those of the authors and not necessarily
those of NICE, the NHS, the NIHR or the Department of Health. The Health
Economics Research Unit and the Health Services Research Unit, University of
Aberdeen, are funded by the Chief Scientist Office of the Scottish Government
Health and Social Care Directorates.

Availability of data and materials

No new individual patient data were generated in support of this research.
All cost-effectiveness and valuation of information model parameters are
reported within the article and additional supplementary materials.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"Health Economics Research Unit, University of Aberdeen, Aberdeen, UK.
’Aberdeen Centre for Health Data Science, University of Aberdeen, Aberdeen,
UK. 3Health Services Research Unit, University of Aberdeen, Aberdeen, UK.
“Institute of Applied Health Sciences, University of Aberdeen, Aberdeen, UK.
°NHS Grampian, Aberdeen Royal Infirmary, Aberdeen, UK.

Received: 23 March 2021 Accepted: 8 November 2021
Published online: 01 December 2021

References

1. Sawhney S, Robinson HA, van der Veer SN, Hounkpatin HO, Scale TM,
Chess JA, et al. Acute kidney injury in the UK: a replication cohort
study of the variation across three regional populations. BMJ Open.
2018;8(6):2019435.

2. Bell S, Lim M. Optimizing peri-operative care to prevent acute kidney
injury. Nephrol Dial Transplant. 2019;34(5):757-9.

3. Haines RW, Fowler AJ, Kirwan CJ, Prowle JR. The incidence and associa-
tions of acute kidney injury in trauma patients admitted to critical
care: a systematic review and meta-analysis. J Trauma Acute Care Surg.
2019;86(1):141-7.

4. NHS Digital. Acute Kidney Injury - NHS. 2019; Available at: https://www.
nhs.uk/conditions/acute-kidney-injury/. Accessed 03/11/, 2020.

5. O'connor ME, Kirwan CJ, Pearse RM, Prowle JR. Incidence and associations
of acute kidney injury after major abdominal surgery. Intensive Care Med.
2016;42(4):521-30.

20.

21.

22.

23.

24.

25.

26.

Page 9 of 10

Kerr M, Bedford M, Matthews B, O'Donoghue D. The economic

impact of acute kidney injury in England. Nephrol Dial Transplant.
2014;29(7):1362-8.

Selby NM, Crowley L, Fluck RJ, McIntyre CW, Monaghan J, Lawson N,

et al. Use of electronic results reporting to diagnose and monitor AKl in
hospitalized patients. Clin J Am Soc Nephrol. 2012;7(4):533-40.

Bedford M, Stevens PE, Wheeler TW, Farmer CK. What is the real impact of
acute kidney injury? BMC Nephrol. 2014;15(1):95.

National Institute for Health and care Excellence. Acute kidney injury:
prevention, detection and management. 2019; Available at: https://www.
nice.org.uk/guidance/ng148. Accessed 3 November 2020.

Hall PS, Mitchell ED, Smith AF, Cairns DA, Messenger M, Hutchinson M,

et al. The future for diagnostic tests of acute kidney injury in critical care:
evidence synthesis, care pathway analysis and research prioritisation.
Health Technol Assess. 2018;22(32):1-274.

. Shaw A, Chalfin D. Economic impact and cost-effectiveness of urine

neutrophil gelatinase-associated lipocalin following cardiac surgery. Crit
Care. 2010;14(1):1.

Parikh A, Rizzo JA, Canetta P, Forster C, Sise M, Maarouf O, et al. Does
NGAL reduce costs? A cost analysis of urine NGAL (UNGAL) & serum
creatinine (sCr) for acute kidney injury (AKI) diagnosis. PLoS One.
2017;12(5):e0178091.

Petrovic S, Bogavac-Stanojevic N, Lakic D, Peco-Antic A, Vulicevic |, Ivani-
sevic |, et al. Cost-effectiveness analysis of acute kidney injury biomarkers
in pediatric cardiac surgery. Biochem Med. 2015;25(2):262-71.

National Institute for Health and Care Excellence. Tests to help assess risk
of acute kidney injury for people being considered for critical care admis-
sion (ARCHITECT and Alinity i Urine NGAL assays, BioPorto NGAL test

and NephroCheck test) Diagnostics guidance [DG39]. 2020. Available at:
https://www.nice.org.uk/guidance/dg39/history. Accessed 3 Nov 2020.
Wilson FP, Martin M, Yamamoto Y, Partridge C, Moreira E, Arora T, et al.
Electronic health record alerts for acute kidney injury: multicenter, rand-
omized clinical trial. BMJ. 2021;372:m4786.

UK Renal Registry. UK Renal Registry 21st Annual Report - data to
31/12/2017 [online]. Bristol, UK: UK Renal Registry. Available from: https://
www.renalreg.org/publications-reports/. Accessed 24 Oct 2019.

Kent S, Schlackow |, Lozano-Kihne J, Reith C, Emberson J, Haynes R, et al.
What is the impact of chronic kidney disease stage and cardiovascular
disease on the annual cost of hospital care in moderate-to-severe kidney
disease? BMC Nephrol. 2015;16(1):65.

Sawhney S, Marks A, Fluck N, Levin A, Prescott G, Black C. Intermediate
and long-term outcomes of survivors of acute kidney injury episodes: a
large population-based cohort study. Am J Kidney Dis. 2017;69(1):18-28.
Office for National Statistics. National life tables: UK [Online]. Newport,
Wales: Office of National Statistics. 2019. Available from: https.//www.ons.
gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/
lifeexpectancies/datasets/nationallifetablesunitedkingdomreference
tables. Accessed 31 Oct 2019.

Meersch M, Schmidt C, Hoffmeier A, Van Aken H, Wempe C, Gerss J, et al.
Prevention of cardiac surgery-associated AKI by implementing the KDIGO
guidelines in high risk patients identified by biomarkers: the PrevAKI
randomized controlled trial. Intensive Care Med. 2017:43(11):1551-61.
Sawhney S, Mitchell M, Marks A, Fluck N, Black C. Long-term prognosis
after acute kidney injury (AKI): what is the role of baseline kidney function
and recovery? A systematic review. BMJ Open. 2015;5(1):e006497.
Sawhney S, Tan Z, Black C, Marks A, Mclernon DJ, Ronksley P, et al. Valida-
tion of risk prediction models to inform clinical decisions after acute
kidney injury. Am J Kidney Dis. 2021,78(1):28-37.

See EJ, Jayasinghe K, Glassford N, Bailey M, Johnson DW, Polkinghorne
KR, et al. Long-term risk of adverse outcomes after acute kidney injury: a
systematic review and meta-analysis of cohort studies using consensus
definitions of exposure. Kidney Int. 2019;95(1):160-72.

Wilson FP, Shashaty M, Testani J, Ageel |, Borovskiy Y, Ellenberg SS, et al.
Automated, electronic alerts for acute kidney injury: a single-blind, paral-
lel-group, randomised controlled trial. Lancet. 2015;385(9981):1966-74.
Lone NI, Gillies MA, Haddow C, Dobbie R, Rowan KM, Wild SH, et al. Five-
year mortality and hospital costs associated with surviving intensive care.
Am J Respir Crit Care Med. 2016;194(2):198-208.

UK Renal Registry (UKRR). UK Renal Registry Acute kidney injury (AKI)

in England - a report on the nationwide collection of AKI warning test
scores from 2018. 2020.


https://www.nhs.uk/conditions/acute-kidney-injury/
https://www.nhs.uk/conditions/acute-kidney-injury/
https://www.nice.org.uk/guidance/ng148
https://www.nice.org.uk/guidance/ng148
https://www.nice.org.uk/guidance/dg39/history
https://www.renalreg.org/publications-reports/
https://www.renalreg.org/publications-reports/
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/lifeexpectancies/datasets/nationallifetablesunitedkingdomreferencetables
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/lifeexpectancies/datasets/nationallifetablesunitedkingdomreferencetables
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/lifeexpectancies/datasets/nationallifetablesunitedkingdomreferencetables
https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/lifeexpectancies/datasets/nationallifetablesunitedkingdomreferencetables

Jacobsen et al. BMC Nephrology

27.

28.

29.

30.

31.

32

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

(2021) 22:399

Rimes-Stigare C, Frumento P, Bottai M, Martensson J, Martling C, Walther
SM, et al. Evolution of chronic renal impairment and long-term mortality
after de novo acute kidney injury in the critically ill; a Swedish muilti-
Centre cohort study. Crit Care. 2015;19(1):221.

NHS Improvement. Reference costs. 2017; Available at: https://impro
vement.nhs.uk/resources/reference-costs/. Accessed 9 Sept 2019.
National Institute for Health and Care Excellence. NICE. Kidney Transplan-
tation (Adults) — Immunosuppressive Therapy (Review Of TA 85) [ID456]
[Online] London/Manchester. 2015; Available at: www.nice.org.uk/guida
nce/GID-TAG348/documents/html-content. Accessed Nov 2016.

Joint Formulary Committee. 2019. British National Formulary [Online]
London: BMJ Group and Pharmaceutical Press. Available from: https://bnf.
nice.org.uk/medicinal-forms/sodium-chloride.ntml#PHP76736. Accessed
25 Oct 2019.

Scotland G, Cruickshank M, Jacobsen E, Cooper D, Fraser C, Shimonovich
M, et al. Multiple-frequency bioimpedance devices for fluid management
in people with chronic kidney disease receiving dialysis: a systematic
review and economic evaluation. Health Technol Assess. 2018;22:1-138
Cochrane and Campbell economic methods group. CCEMG - EPPI-
Centre Cost Converter [Online]. 2019; Available at: London: Institute of
Education, University College London. https://eppi.ioe.ac.uk/costconver
sion/. Accessed 24 Oct 2019.

Cuthbertson BH, Roughton S, Jenkinson D, MacLennan G, Vale L. Quality
of life in the five years after intensive care: a cohort study. Crit Care.
2010;14(1):R6.

Nguyen NTQ, Cockwell P, Maxwell AP, Grifin M, O'Brien T, O'Neill C.
Chronic kidney disease, health-related quality of life and their associated
economic burden among a nationally representative sample of com-
munity dwelling adults in England. PLoS One. 2018;13(11):e0207960.
Liem YS, Bosch JL, Hunink MM. Preference-based quality of life of patients
on renal replacement therapy: a systematic review and meta-analysis.
Value Health. 2008;11(4):733-41.

Ara R, Brazier JE. Populating an economic model with health state utility
values: moving toward better practice. Value Health. 2010;13(5):509-18.
Ara R, Brazier JE. Using health state utility values from the general
population to approximate baselines in decision analytic models when
condition-specific data are not available. Value Health. 2011;14(4):539-45.
National Institute for Health and Care Excellence. Guide to the methods
of technology appraisal 2013. 2013; Available at: https://www.nice.org.uk/
process/pmg9/chapter/foreword. Accessed 3 Nov 2020.

Briggs A, Claxton K, Sculpher M. Decision analytic modelling for the
evaluation of health technologies. Oxford: Oxford University Press; 2006.
Strong M, Oakley JE, Brennan A. Estimating multiparameter partial
expected value of perfect information from a probabilistic sensitivity
analysis sample: a nonparametric regression approach. Med Decis Mak-
ing. 2014;34(3):311-26.

NIH U.S. National Library of Medicine. Clinicaltrials.gov. 2021; Available at:
https:/clinicaltrials.gov.

Liu P, Quinn RR, Lam NN, Al-Wahsh H, Sood MM, Tangri N, et al. Progres-
sion and regression of chronic kidney disease by age among adults in

a population-based cohort in Alberta, Canada. JAMA Netw Open. 2021
Jun;4(6):22112828.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://improvement.nhs.uk/resources/reference-costs/
https://improvement.nhs.uk/resources/reference-costs/
http://www.nice.org.uk/guidance/GID-TAG348/documents/html-content
http://www.nice.org.uk/guidance/GID-TAG348/documents/html-content
https://bnf.nice.org.uk/medicinal-forms/sodium-chloride.html#PHP76736
https://bnf.nice.org.uk/medicinal-forms/sodium-chloride.html#PHP76736
https://eppi.ioe.ac.uk/costconversion/
https://eppi.ioe.ac.uk/costconversion/
https://www.nice.org.uk/process/pmg9/chapter/foreword
https://www.nice.org.uk/process/pmg9/chapter/foreword
https://clinicaltrials.gov

	Cost-effectiveness and value of information analysis of NephroCheck and NGAL tests compared to standard care for the diagnosis of acute kidney injury
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Patient population
	Interventions and comparators
	Model structure
	Decision tree (up to 90 days)
	Markov model (lifetime horizon)

	Model parameters
	Diagnostic accuracy
	Clinical parameters
	Costs
	Quality adjusted life years (QALYs)
	Analysis


	Results
	Value of information analysis

	Discussion
	Interpretation of findings
	Current literature
	Strengths and limitations

	Conclusions
	Acknowledgements
	References


