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Abstract
Background: In humans, kidney injury molecule-1 (KIM-1) is a biomarker of acute kidney injury that can be quantified in urine. Preliminary investigation in cats with experimentally induced acute kidney injury showed that KIM-1
urine concentration correlated with kidney injury histopathology scores. A lateral flow assay (LFA) has recently
become available for patient-side feline KIM-1 measurement. In vitro parameters of the assay have not yet been determined. The objectives of this study were to determine detection of KIM-1 in urine stored at different temperatures
over time, to establish the linear range of the LFA, and to assess the intra-assay repeatability of measurements.
Results: Ten urine samples with a range of KIM-1 concentrations were stored at room temperature ( 22o C), 4o C or
-20o C, and tested with the LFA on days 0, 1, 2, 3, 7, 14, and 30. The concentration of KIM-1 in samples was not significantly different from the day 0 value, except one sample that had been stored for 30 days at room temperature
yielded a significantly higher value. The assay results had a correlation coefficient of 0.922. The mean coefficient of
variation for all samples was 15.7%. The slope of the curve of expected versus measured values in samples diluted
two-fold nine times was 0.908, and results were linear over all dilutions.
Conclusions: The LFA for feline KIM-1 yields consistent results from stored urine samples. These characteristics will
allow for KIM-1 to be measured retrospectively if immediate testing is not feasible. Within assay precision was high,
and linearity over 9 logs of dilution suggests suitability for a range of subclinical and clinical kidney injuries.
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Background
Chronic kidney disease (CKD) is a common condition of
cats that is debilitating and progressive. It has been estimated that between 2 and 80% of cats ≥ 12 years old will
develop CKD [1–3]. The causes of such high prevalence
in some studies are not fully understood but it has been
hypothesized that infectious agents, metabolic factors,
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renal ischemia, and nephrotoxic substances contribute to
multiple subclinical injuries, and that ensuing inflammation and repair eventually result in interstitial fibrosis and
clinically overt kidney disease [4, 5]. Acute kidney injury
(AKI) most often manifests as a sudden decrease in glomerular filtration rate (GFR), which may be subclinical
[6]. There is increasing awareness that even such subclinical AKI may lead to CKD, and that cats with CKD are at
increased risk of additional injury (acute-on-chronic kidney disease, ACKD) [5, 7]. Considering the high prevalence of CKD, AKI in cats is probably often undiagnosed.
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Historically, increasing serum creatinine concentration
(SCC) was the mainstay for diagnosing AKI. Over time,
limitations of SCC such as dependence on muscle mass
and marked inter-individual variability became apparent.
Thence, in humans, urine production was also considered
in the staging of AKI [8]. However, SCC has a non-linear
relationship with GFR, and decreased urine production is not a consistent indicator of the severity of AKI.
Over the past decade, biomarkers of AKI such as kidney
injury molecule-1 (KIM-1), neutrophil gelatinase-associated lipocalin (NGAL), cystatin C, clusterin, IL-18, and
many others, have been evaluated in humans, and a few
of these were described in companion animals [9–13].
Of these, KIM-1, is a transmembrane glycoprotein that
was discovered as the first non-myeloid cell scavenger
receptor [14]. Post AKI, surviving renal tubular epithelial
cells expressing KIM-1 phagocytose necrotic debris in
the tubular lumen by binding to apoptotic cells and triggering internalization [14]. The ectodomain of KIM-1 is
cleaved off during this process and is shed into urine [15,
16]. In a rat ischemia–reperfusion (IR) model, ten minutes of bilateral ischemia induced by clamping the renal
artery resulted in a fivefold increase of urine KIM-1 at
24 h without a concurrent increase in SCC or development of proteinuria [17]. When different biomarkers
were compared, in humans KIM-1 outperformed other
biomarkers in multiple clinical scenarios [18, 19]. From
a meta-analysis it was estimated that the sensitivity and
specificity of urine KIM-1 for the diagnosis of AKI was
74.0 and 86.0%, respectively, with 95% confidence intervals (CI) of 61-84% and 74-93% [20].
In feline kidneys, KIM-1 localized predominantly to
the S3 segment of the proximal tubule [12, 21]. While the
KIM-1 amino acid sequence is similar between humans,
rats and cats, existing lateral flow assays (LFA) were
insufficiently sensitive and specific to measure feline
KIM-1 [22]. Therefore, monoclonal antibodies to recombinant feline KIM-1 were generated and a feline-specific
LFA for KIM-1 was designed [22]. Results of the LFA are
quantified with an optical reader equipped with a radiofrequency identification card (RFID).1 An internal positive control is measured during each assay, and results
are read after 15 min of incubation. The final result is
expressed as a ratio of the control and test sample [22].
The in vitro parameters of the feline KIM-1 LFA have
not been established. In vitro test validation is an essential step for a diagnostic assay and may include assessment of linearity, precision, accuracy, analytical range,
detection limits and interferences [23]. The features of a
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Fig. 1 Schematic of study design for KIM-1 stability. Ten urine
samples were used. Samples were stored at different temperatures
and for different durations, as indicated

test that should be validated are largely dictated by the
intended use of the test or method [23]. The KIM-1 LFA
is not yet in clinical use, and this study addresses some
aspects of validation. Therefore, the first aim of this study
was to assess the effect of storage at different temperatures on the detectability of KIM-1 in urine. The second
aim was to determine the intra-assay repeatability of
KIM-1 measurements, and the third aim was to determine the linear range of the test. We hypothesized that
KIM-1 is stable for at least 48 h in refrigerated (4 oC)
or frozen (-20 oC) urine, but that it would be unstable if
stored at room temperature for more than 24 h. We further hypothesized that the KIM-1 LFA results would be
linear over at least five two-fold dilutions.

Results
Effect of storage time and temperature

Eighteen aliquots of urine samples from 10 cats (Table
S1) were stored for up to 30 days at different temperatures before performing the LFA (Fig. 1).
Results obtained at different timepoints did not differ
significantly to those from day 0 (Fig. 2). The only statistically significant difference (p = 0.045) was in a urine sample with relatively low KIM-1 that had been stored for
30 days at room temperature (cat 2, Fig. 2).
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Fig. 2 Effect of storage at different temperatures on detection of KIM-1 in feline urine. Different colored lines indicate individual urine samples. Day
0 is the day of urine collection. None of the values differed significantly from the results on Day 0, except the result on Day 30 at room temperature
in urine from cat 2
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Fig. 3 Intra-assay repeatability of measuring urine KIM-1 ten times in ten different urine samples. Results within samples did not differ significantly
from each other

Upper and lower 95% tolerance and confidence intervals were calculated to assess the likelihood of differences in KIM-1 values to fall within the specified
intervals over time relative to the day 0 value. The tolerance limits were narrower than the confidence intervals
at each storage condition (Table S2).
Intra‑assay repeatability

Results of KIM-1 measured repeatedly 10 times in 10 different urine samples (intra-assay variability) are shown in
Fig. 3.
Intra-assay repeatability was evaluated by calculating
the coefficient of variation (CV) for each sample, and the
intra-assay correlation coefficient (ICC). The mean CV
was 15.72% (range 8.22–32.13%), and the ICC was 0.92
(Table 1).
Linearity

One urine sample with relatively high KIM-1 concentration was diluted two-fold from 1:2 to 1:512, and then analyzed. The calculated correlation coefficient (R2) for the
measured versus the predicted results was 0.969 with a
slope of 0.908 (Fig. 4).
The assay was linear over all dilutions, yielding the following equation for predicting concentration in diluted
samples with a confidence interval of 0.9333 to 1.215
around the correlation coefficient:

0.908 × logKIM − 1expected + 0.4745

The assay yielded reliable and repeatable results that were
linear until a 1:512 dilution. These characteristics suggest
that the LFA is a robust test suitable for patient-side and
retrospective analysis.
The first aim of this study was to determine the effect
of up to 30 days of storage at different temperatures on
the detectability of KIM-1 in urine. Urine samples were
stored for up to 30 days, which was considered a suitable
timeframe for clinical purposes. Effects of longer storage,
as may be utilized for research purposes, remain to be
established. Measurement of KIM-1 in the LFA depends
on the interaction of a monoclonal antibody with a small
region of the KIM-1 protein [22]. Since KIM-1 does
not have to be intact to be recognized by such antibodies, it is likely that even partially degraded protein is still
measured. This characteristic may account in part for

Table 1 Baseline urine KIM-1 values in cats measured with a
lateral flow assay
Cat no

Mean KIM-1 ± SDa,b

CVc (%)

1

0.055 ± 0.018

32.13

0.145 ± 0.016

11.07

0.186 ± 0.011

14.41

0.548 ± 0.081

14.78

0.250 ± 0.035

13.94

2
3
4
5
6
7
8
9

Discussion
This study showed that storage of urine for at least
14 days at room temperature, 40C or -200C did not significantly affect detection of feline KIM-1 with this LFA.

10
a

0.146 ± 0.016

10.99

0.191 ± 0.036

18.77

0.394 ± 0.032

8.22

0.360 ± 0.041

11.37

0.294 ± 0.063

21.56

Each sample was analyzed consecutively 10 times

b

Standard deviation

c

Coefficient of variation
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Fig. 4 Measurement of KIM-1 in serially diluted urine. One urine sample (cat 11) with relatively high KIM-1 was diluted nine times two-fold, and
then assessed in duplicate with the KIM-1 LFA. The results were plotted as the log of the measured values versus the predicted values. The solid line
indicates the expected values; and the grey symbols reflect actual measurements

reliable measurement up to 30 days. Consistent detection
in stored urine distinguishes this LFA from other assays
for detection of renal biomarkers, including KIM-1 in
human samples [24–28]. Inconsistent biomarker detection over time has been attributed to interference by
urine solutes, inconsistent sample centrifugation prior
to storage, and the use of protease inhibitors [24–27]. In
this study, urine samples were not centrifuged nor were
protease inhibitors added prior to analysis or storage.
While detection of KIM-1 over time was remarkably stable, there was some variability in values, in particular in
the samples with higher KIM-1 on day 0. Reasons for this
variability remain to be determined, but it may be possible that those urine samples with relatively high KIM-1
were in less optimal equilibrium with the capture antibody on the membrane, or that there was interference
from other urine constituents present also at higher concentration, such as plasma proteins leaked across glomeruli, inflammatory mediators, or cell debris [29]. Future
studies should aim to test matrix effects from urines
containing a variety of potential interferents. Reasons for
a statistically different value in one urine sample stored
at room temperature for 30 days relative to baseline are
underdetermined. Interference from accumulating bacteria or degenerating urine components is a potential
cause. Hence, if urine is stored for longer than 14 days,
refrigeration or freezing may be preferable to room
temperature.
The methods for reporting the amount of urine constituents such as KIM-1 are highly variable. Some results are
reported relative to urine creatinine concentration, while

other results are reported as absolute values. With the
LFA used in this study, KIM-1 values are reported as the
ratio of the test value to a standardized positive control.
While there are advantages and disadvantages of absolute versus relative quantification, normalization relative
to urine creatinine concentration assumes that creatinine
excretion is constant over time and consistent between
individuals, and that there is a linear relationship between
the biomarker and creatinine excretion [30–32]. Therefore, in theory normalization would account for urine
dilution since it assumed that the biomarker and creatinine are equally and consistently changed in urine. While
this approach was used historically, creatinine excretion
has shown to decrease with progression of kidney disease, is variable over the course of 24 h, and is dependent
on body mass [33]. Creatinine normalization, however, is
still utilized in many studies to account, at least in part,
for the influence of urine concentration. Glomerular filtration rate is also reduced and variable in AKI, which
will decrease creatinine excretion and may therefore
falsely increase the apparent concentration of a particular biomarker [30]. Quantification of a disease biomarker
should be accurate, precise and reflective of the disease
process, since the result often forms the basis for clinical
intervention [22, 32, 34]. Therefore, it has been suggested
that urinary biomarkers may be best expressed as absolute values during acute disease stages, and normalized
to creatinine during chronic disease stages [31]. However,
this approach also has limitations since patients with
CKD may have ongoing subclinical acute injuries that
affect the rate of urinary creatinine excretion. Another
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factor that may influence whether the concentration of a
particular urine biomarker accurately reflects the extent
and severity of tubular injury is urine flow. Severe AKI
may result in widespread tubular cell death, occlusion
of lumens by cell debris, and reduced urine volume [21].
Hence, reporting of both absolute and normalized values
may be preferred until biomarker correlation with extent
of kidney injury is better defined [32].
The second aim of this study was to characterize
in vitro aspects of test performance. Intra-assay repeatability was high over a range of KIM-1 concentrations and
as performed by a clinician simulating a patient-side scenario. Expected precision for diagnostic tests is typically
considered excellent with a CV < 10%, good if 10-20%,
accurate if 20-30% and unacceptable if > 30% [35]. The
mean CV was 15.7%, and therefore consistent with ‘good’,
although one urine sample had a CV > 30% and one
other sample had a CV < 10%. Potential outliers were not
removed, which may have increased the CV in the urine
sample from cat 1.
Immunoassays typically have higher CVs [36] than
spectrophotometric assays, and most POC tests yield
only a yes/no result. The LFA technology presented
here with RFID may have higher sensitivity and
specificity than solely visual assessment and yields
a quantitative result from a single rapid patient-side
measurement. In this context, CVs < 20% are considered good but further investigation of repeatability
across clinical applications and comparison to other
methods is warranted [37].
The third aim of this study was to determine the linear range of the assay, which is important for clinical
utility and may be helpful for establishing reference
intervals that reflect renal health. A urine sample with
relatively high KIM-1 (cat 11) was chosen to test nine
twofold dilutions. Results showed a high degree of linearity over the entire range, suggesting that relatively
small increments of different KIM-1 concentrations are
reliably detected. To further define the upper limit of
linear detection, urine with higher KIM-1 content may
have to be tested. The upper limit of KIM-1 concentrations encountered in clinical settings remains to be
determined. It was interesting to note that the sample
from cat 11, a young and healthy cat anesthetized three
times over two weeks, had the highest KIM-1 value.
The cat had been anesthetized once for about 60 min
to have a jugular catheter placed, then twice two and
fourteen days later, respectively, for 180 min each time
without surgical interventions, which may nevertheless
have resulted in subclinical kidney injury.
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There are limitations to be considered regarding the
results from this study. Additional test characteristics of
the KIM-1 LFA that should be determined are the effect
of storage for longer than 30 days, inter-assay repeatability and interference. The total allowable error, reflecting the degree of change in an analyte that needs to be
detected to enable clinical decision making, should be
determined, in conjunction with evaluation of cats with
and without AKI, as diagnosed using currently available
modalities. KIM-1 values in a reference population of
healthy cats are not yet determined, which limits interpretation regarding the magnitude of change expected
for KIM-1 in different disease conditions. Similarly,
available tests to detect AKI in cats are of limited sensitivity or practicality, which impacts equivalence testing. Measurement of GFR in relation to serial KIM-1
values may be the most suitable test for equivalence
assessment.
In summary, while this LFA for feline KIM-1 has
favorable in vitro characteristics and had value in
research settings, it is important to note that the test may
eventually augment but should not replace use of SCC
and serum symmetric dimethylarginine concentration, or
assessment of urine specific gravity, production, and sediment analysis. Rather, KIM-1 measurement should be
considered as a new biomarker to be validated in clinical
settings that may enhance the value of established diagnostic tests for detection of AKI.

Conclusions
The feline urine KIM-1 LFA reliably detected KIM-1 in
urine stored for ≥ 14 days at different temperatures. Studies to more closely define an interval of values reflective
of renal health, and values associated with different disease conditions of the kidney, remain to be performed,
as well as more complete validation prior to clinical
implementation.
Materials and methods
Samples

Urine samples remaining from cats after routine urine
collection by cystocentesis or catheterization on admission to the hospital, or collected from litter boxes during hospitalization, were screened with the feline
KIM-1 LFA. Samples were submitted for urinalysis
at the discretion of attending clinicians. In order to
be included in this study, a volume of at least 8 mL of
urine was required, the sample had to be collected < 6 h
before analysis and stored refrigerated. Ten samples
encompassing a range of KIM-1 values were chosen for
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analysis. Two samples originated from cats with a subcutaneous ureteral bypass (SUB) implanted to relieve ureteral obstruction, and one sample each from cats with
hypertrophic cardiomyopathy, vertebral angiomatosis,
portosystemic shunt and seizures, acute lymphocytic
leukemia, suspected transient idiopathic cystitis, myelodysplastic syndrome, anemia and gastric foreign body
(removed endoscopically). One additional sample with
a high KIM-1 value (cat 11) was used for the dilutional
study. This cat had been anesthetized once for 60 min
and twice for 180 min over the course of 12 days as part
of an unrelated research study (Supplementary Table 1).
For that research, cats were premedicated with intramuscular hydromorphone (0.05 mg/kg) and midazolam
(0.3 mg/kg), followed by intravenous propofol to effect
for intubation. Anesthesia was maintained with isoflurane inhalant at 1.3 × minimal alveolar concentration
for 180 min during which either 5 mL/kg of 6% hydroxyethyl plasma volume extender (Voluven, Fresenius
Kabi, Toronto, ON) or 20 mL/kg of a balanced electrolyte solution (Plasmalyte, Baxter, Mississauga, ON) was
administered intravenously. The urine sample was collected via a urinary catheter at the end of the 2nd period
of anesthesia.
Sample analysis

All samples were analyzed by the same person in the
same room in order to minimize operator and environmental variability. The LFA contains a membrane
impregnated with a positive control and a site for
application of the urine test sample in the test window of a small (~ 2 × 5 cm) disposable cassette. The
assay cassette was placed on a flat surface, and 20 μL
of urine was mixed with 400 μL of buffer in a 1.5 mL
tube. The tube was inverted twice, and 150 μL of the
mixed solution was applied to the membrane. All volumes were transferred with automated pipettes calibrated within the previous 12 months. 2 After 15 min
of incubation at room temperature, membranebound KIM-1 was visualized as a red line, and both
the test line and positive control were quantified with
the RFID reader. The test and control results were
recorded, and the ratio of test to control values was
calculated for statistical analysis. Of note, previously
results of this assay were reported as the ratio of control/test values [22]. However, this was changed to
a test/control format to align with the use of other
ratios in laboratory medicine, such as the international normalized ratio in hemostasis testing.
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Effect of storage and temperature

Ten urine samples, five each with relatively low or relatively high KIM-1, were first divided into 3 aliquots, and
then each was further allocated into 6 aliquots (Fig. 1).
Aliquots were stored at either room temperature (220 C),
refrigerated at 4 0C or frozen at -20 0C for 1, 2, 3, 7, 14,
and 30 days. Room temperature was set and maintained
with a central temperature control system, and all temperatures were verified daily by thermometer measurements. At each of these time points, urine samples were
allowed to come to room temperature, KIM-1 was measured using the LFA, and results were compared to the
value on day 0 (day of urine collection).
Intra‑assay repeatability

The same operator also analyzed each of the above urine
samples on day 0 consecutively ten times with the feline
KIM-1 LFA to determine intraassay variability.
Linearity

To determine the test’s linear range, a urine sample with
relatively high KIM-1 (Cat 11) was serially diluted twofold with buffer. Results were recorded for the neat sample and each of the following dilutions: 1:2, 1:4, 1:8, 1:16,
1:32, 1:64, 1:128, 1:256 and 1:512.
Statistical analysis

Analyses were performed with statistical software.3 To
assess the effect of storage and temperature on detection of KIM-1 in feline urine, a general linear mixed
model was fit to the urine samples held at 3 different
temperatures and 7 timepoints. Fixed effects included
in the model were temperature and time and their
interaction, and the random effect of individual cat
was also included. Data were checked for normality
with a Shapiro–Wilk test and examination of the residuals. Post hoc Dunnett’s test to compare each time
point back to baseline was applied. Significance was
set at p < 0.05.
To determine the intra-assay repeatability, ANOVA
was used to calculate variance components for the variation between replicate measurements. The intra-assay
correlation coefficient (ICC) as a measure of repeatability was calculated from these variances. Repeatability was
reported as mean ± SD and CV (%).
Upper and lower 95% tolerance intervals were calculated to indicate where a single bias value (mean
difference compared to baseline) will exist with 95%
confidence, and upper and lower 95% confidence
intervals were calculated to indicate the interval in

2
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3

AS/STAT® 9.4. Cary, NC: SAS Institute Inc.
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which the mean of the bias for the group falls with
95% confidence for each storage condition (Suppl.
Table 2) [38].
For the dilution study, a regression model was fit that
tested linear and quadratic terms of expected relative to
measured KIM-1 values. The data were plotted as log (ln)
on the y- and x-axis. Examination of residuals and results
of the Shapiro–Wilk test indicated that the data were
normally distributed. The quadratic term was not significant and was removed from the final model.
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