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Abstract

Background/Aims—The study of acute kidney injury (AKI) has expanded with the increasing
availability of electronic health records and the use of standardized definitions. Understanding the
impact of AKI between settings is limited by heterogeneity in the selection of reference creatinine
to anchor the definition of AKI. In this mini-review, we discuss different approaches used to select
reference creatinine and their relative merits and limitations.

Methods—We reviewed the literature to obtain representative examples of published baseline
creatinine definitions when pre-hospital data were not available, as well as literature evaluating
estimation of baseline renal function, using Pubmed and reference back-tracing within known
works.

Results—1) Prehospital creatinine values are useful in determining reference creatinine, and in
high-risk populations, the mean outpatient serum creatinine value 7-365 days before
hospitalization closely approximates nephrology adjudication, 2) in patients without pre-hospital
data, the eGFR 75 approach does not reliably estimate true AKI incidence in most at-risk
populations 3) using the lowest inpatient serum creatinine may be reasonable, especially in those
with preserved kidney function, but may generously estimate AKI incidence and severity and miss
community-acquired AKI that does not fully resolve, 4) using more specific definitions of AKI
(e.g. KIDGO Stage 2 and 3) may help to reduce the effects of misclassification when using
surrogate values, and 5) leveraging available clinical data may help refine the estimate of
reference creatinine.

Conclusions—Choosing reference creatinine for AKI calculation is important for AKI
classification and study interpretation. We recommend obtaining data on pre-hospital kidney
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function, wherever possible. In studies where surrogate estimates are used, transparency in how
they are applied and discussion that informs the reader of potential biases should be provided.
Further work to refine the estimation of reference creatinine is needed.
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Introduction

Modern epidemiologic studies of AKI have been facilitated by the increasing availability of
electronic health records.[1,2] The latter has enabled investigators to leverage laboratory
data to study this disease with greater granularity and accuracy by reducing reliance on
administrative codes. An important challenge that has emerged is choosing a suitable
reference creatinine value to anchor the change in serum creatinine used to determine
criteria fulfillment. ldeally, the value chosen accurately reflects steady-state kidney function
prior to the onset of AKI. However, information on pre-hospital kidney function is often
partially or entirely missing, prompting the use of surrogate reference values that can
influence the quantification of AKI and its severity, comparisons of this disease between
settings, and the long-term study of this disease. In this mini-review, we highlight how
different approaches to choosing reference creatinine can impact the ascertainment of AKI,
affect understanding of its association with outcomes, and discuss potential strategies toward
choosing appropriate reference serum creatinine. We identified articles through a Pubmed
search for acute kidney injury and observational cohort studies, and also reviewed the
references in found and previously known articles for relevance and inclusion.

The Impact of Choice of Reference Creatinine in AKI Studies

A variety of approaches have been used to define reference creatinine (Table 1). Differences
in these approaches limit the ability to make accurate comparisons between observational
cohorts, promote varying degrees of AKI misclassification that also alter estimates of
prognosis and association with other covariates (e.g. novel biomarkers).[3,4] Common
approaches include using admission creatinine, the lowest inpatient creatinine, other
inpatient or outpatient surrogates, or imputing an arbitrary value. The original RIFLE
criteria did not specify how to choose reference creatinine, but recommended to impute a
value calculated from an eGFR of 75 ml/min/1.73m2(eGFR 75) when missing.[5] Iterative
definitions have evolved to suggest alternative approaches including using a rolling 48-hour
window to reduce the need for pre-hospitalization value (AKIN) or the lowest inpatient
serum creatinine when missing (KDIGO) (Table 2). [6,7]

In one study of 4863 hospitalized adults,[3] the magnitude and direction of AKI
misclassification was examined by comparing these approaches to selecting reference
creatinine using the most recent outpatient serum creatinine 7-365 days prior to admission as
a gold standard. A summary of these findings is illustrated in Figure 1. In this study, the
reference standard yielded an incidence of AKI of 25.5%. However, when the eGFR 75
approach was used, the observed incidence increased to 38.3%. Most of this inflation was
likely due to erroneous assumption that patients with chronic kidney disease (CKD) had
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low-normal kidney function, resulting in a false-positive diagnosis of AKI. Conversely,
using the admission serum creatinine value reduced the observed incidence of AKI to
13.7%, likely due to poor sensitivity of community-acquired AKI. When the lowest inpatient
serum creatinine was used, the observed incidence of AKI also increased to a maximum of
35.9%. Potential contributors for this include, but are not limited to, lower creatinine
production in the midst of acute illness (e.g. true lowering of reference creatinine) or the
effects of volume expansion (e.g. false lowering of reference creatinine).[8] Using lowest
inpatient serum creatinine does improve sensitivity to community-acquired AKI (relative to
admission creatinine) unless it does not resolve following admission. Notably, most of the
misclassification observed for all of these approaches was observed in the mildest stages of
injury (i.e. RIFLE Risk/AKIN or KDIGO Stage 1).

This study also examined the potential impact of AKI staging and short-term mortality. As
using the eGFR 75 approach tended to assign an overly optimistic estimate of reference
creatinine, this approach tended to also overestimate the stage of severity. Consequently, the
short-term mortality associated with AKI tended to be lower than actually observed. The
direction of bias observed was similar when using the minimum inpatient serum creatinine.
However, the magnitude of bias in using the minimum inpatient value may be reduced in
some cases where there is a true lowering of serum creatinine that precedes the AKI (e.g.
decreased creatinine production). The degree to which this is observable depends on
knowing pre-morbid kidney function. In contrast, using first admission serum creatinine
tends to underestimate AKI severity as it will be insensitive to community-acquired AKI. As
a result, the mortality associated with a given AKI stage would tend to be higher than
observed when using a preadmission reference standard.

In summary, different surrogate approaches for choosing reference serum creatinine in AKI
studies can cause bi-directional misclassification of AKI status, its severity, and examination
of associated outcomes. The effects are most pronounced with mild stages of injury and
when these surrogates are applied to a large proportion of the study population. These
findings highlight the need to interpret study results accordingly and the need to obtain
information on pre-morbid kidney function whenever possible.

Defining Reference Serum Creatinine When Pre-Hospitalization Data ARE

Available

Because of the dynamic variability of serum creatinine during acute illness, obtaining
information on pre-admission kidney function can be informative. The complexity in the
timing, frequency, and setting in which serum creatinine is ordered prior to hospitalization
favors using clinical adjudication to determine an appropriate reference value; however, its
application in large datasets is usually not feasible.

One study attempted to determine an algorithm that might approximate clinical adjudication
by examining pre-hospital kidney function in the 2 years prior to index hospitalization
among high-risk patients with evidence of AKI or abnormally high serum creatinine during
hospitalization.[9] An adjudicated reference standard was determined by a panel of
nephrologists and agreement was compared to: 1) The most recent outpatient serum
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creatinine, 2) the mean outpatient serum creatinine, and 3) the most recent in- or out-patient
serum creatinine, and 4) the lowest outpatient serum creatinine within 7-365 days prior to
admission. The effects of varying the time window for value inclusion were also explored
for 7-730 days and 1-730 days. The intra-class correlation efficient was found to be highest
for the mean outpatient (ICC 0.91, 95%ClI: 0.88-0.92) approach. Rates of AKI
misclassification using a 0.3 mg/dl threshold were estimated to be 13.7% using the most
recent outpatient value, 11.1% for mean outpatient, 12.1% for most recent in-/outpatient,
and 20.3% for the lowest outpatient value. The overall direction of misclassification and
their potential explanations varied by approach. For example, the lowest outpatient value
tended to be lower than the adjudicated value, possibly due to progression of underlying
kidney disease, interim AKI, or possible lab error. In contrast, the most recent values tended
in some cases to be slightly higher than the adjudicated values, potentially due to capture of
early community acquired AKI. Notably, including inpatient values (most recent in- out-
patient) did allow for more patients to be incorporated (i.e. only those with inpatient values
in the preceding 7-365 days).

Expanding the window to 7-730 days prior to admission allowed for more patients to be
included but did decrease agreement with the adjudicated reference standard, particularly
when using the lowest outpatient value. Including values from the week prior to admission
tended to decrease agreement for mean and most recent approaches, likely due to the effects
of acute illness.

In summary, in this selected high-risk population, the mean outpatient value 7-365 days
most closely approximated clinical adjudication in choosing a pre-hospital reference
creatinine. Differences in estimated AKI misclassification between mean and most recent
outpatient and most recent in-/out-patient values, however, were small and use of most
recent in-/out-patient did reduce selection bias. The lowest outpatient values taken over the
course of a year performed less well, likely due to the effects of progressive CKD or interim
AKI. Extending algorithms beyond a year prior to hospitalization or inclusion of values
within a week prior to hospitalization may reduce selection bias but do so at the expense of
accuracy.

Defining Reference Serum Creatinine When Pre-Hospitalization Data Are
Not Available

A critical challenge in choosing reference creatinine is that pre-admission serum creatinine
data is often missing. The likelihood of missingness is usually non-random and associated
with numerous patient-related (e.g. age, comorbidity, distance from hospital) and hospital-
related (tertiary versus primary, presence of an EHR) factors. For these reasons,
investigators often have to choose between selection bias that results from excluding
patients without pre-hospital creatinine data and the risk of misclassification that result from
using surrogate values.

In the absence of pre-hospitalization data, one common approach has been to impute a
serum creatinine back-calculated from an eGFR of 75 ml/min/1.73 m? (eGFR 75). This
method assumes a relatively healthy population with low rates of CKD, and thus, the
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resulting magnitude of misclassification is directly proportional to the amount of CKD in the
cohort. Another more insidious limitation of this approach is that using a single value will
underestimate the distribution of reference serum creatinine within the population the more
it is used. This will yield conservative standard error rates regarding the association of AKI
with other covariates that don't reflect the actual uncertainty in the data.[10]

Another approach has been using the minimum serum creatinine during hospitalization. The
rationale for this approach is that it provides a reasonable estimate of reference creatinine
among patients without AKI and among those with AKI that recovers, and may be helpful in
examining hospital-acquired AKI. In some cases, the lowest inpatient serum creatinine may
even more accurately reflect kidney function. For example, in prolonged critical illness or
sepsis,[8,11] decreased creatinine generation may result in a lower serum creatinine values.
However, other studies have suggested the presence of other confounders such as fluid
overload that can impact AKI diagnosis.[12] This can result from either the masking of
changes in serum creatinine or lowering of artificial lowering of the reference standard.

These limitations suggest potential benefit in more sophisticated approaches to estimate
reference creatinine. One commonly used method that uses known patient characteristics
and accounts for uncertainty in the multiple estimations of missing values is known as
multiple imputation.[10,13] In one study, using multiple imputation to estimate reference
creatinine was more accurate than the eGFR 75 approach, primarily by increasing specificity
and positive predictive value among those with lower eGFR values.[14] The utility of this
approach likely depends on the degree of missing data and the quality of the data that is
available.

Summary

The choice of reference creatinine for AKI calculation has important implications for study
interpretation. Key issues to be aware of when choosing reference creatinine: 1) prehospital
creatinine values can be useful in determining reference creatinine value, and in high risk
patient populations, the mean outpatient serum creatinine value 7-365 days prior to
hospitalization closely approximates nephrology adjudication, 2) in patients without pre-
hospital data, the eGFR 75 approach is unlikely to provide an accurate estimation of true
AKI incidence in most patient populations or help understand the relationship between AKI
and other clinical variables, 3) using the lowest inpatient serum creatinine may be
reasonable, especially in those who whose values indicate preserved kidney function, but
may provide an overall generous estimate of AKI incidence and severity as well be less
sensitive to community-acquired AKI that does not fully resolve, 4) in studies with larger
proportions of patients with missing pre-admission data, using more specific definitions of
AKI (e.g. KIDGO Stage 2 and 3) and focusing less on inter-stage differences may help to
reduce the effects of misclassification, and 5) using available high quality data may help
refine the estimate of reference creatinine in those with missing data. Techniques leveraging
these data, such as multiple imputation, can be superior to complete case analysis, even at
higher levels of missingness in some cases.

Nephron. Author manuscript; available in PMC 2016 September 02.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Siew and Matheny

Page 6

In summary, we recommend that whenever possible, effort be taken to obtain data on pre-
hospital kidney function. However, restricting studies to only those where such “ideal’
determination of reference creatinine value is available is not feasible, may introduce bias,
and limits progress. The use of surrogate estimates in retrospective or prospective
observational studies is not unreasonable when prehospital baseline is not available.
However, when applied, transparency in how they are applied and discussion that explicitly
informs the reader of potential biases and in which direction of likely bias should be
provided. This is especially important in long-term studies of kidney function following
AKI, where accurate assessment of pre-AKI kidney function is paramount. We also
recommend caution in attempting to use surrogate estimates to guide clinical decision-
making or trial enrollment on an individual-patient level, especially if interventions being
considered carry significant risk. Leveraging available high-quality data to estimate
reference creatinine can help reduce bias. However, future work to define the optimal
application of these techniques and continued refinements in the approach to determining
reference creatinine are needed.
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(a) Admission creatinine - 13.7%

Reference creatinine - 25.5%

b) Lowest in 'atient' créa‘ti'nine -35.9%

(c) eGFR 75 - 38.3%

Figure 1. Potential Direction of Bias Associated with Surrogate Estimates of Reference Serum
Creatinine

The actual burden of AKI reflected by a mountain analogy (incidence 25.5%). Using
admission creatinine (a) will be sensitive to AKI that either only worsens after admission or
occurs following hospitalization. As a result, it may only see the ‘tip” of the mountain
(observed incidence 13.7%), tend to underestimate severity, and prognosis will seem worse
for a given stage than is actually the case. Using the lowest inpatinet creatinine (b) may
overestimate AKI to some degree (gray zone up to 35.9%) depending on whether the
lowering of creatinine is counfounded by factors such as fluid overload or reflects true
lowering due to reduced generation. Severity may also tend to be inflated and the associated
prognosis per given stage may seem lower than actually observed. Not observable is
community acquired AKI that does not begin to resolve. The eGFR 75 approach (c) will
mistakenly assign patients with stable CKD as having AKI, overestimate AKI incidence
(38.3%), and underestimate prognosis.
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