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Abstract

Reliable creatinine measurements are important to evaluate kidney function and for creatinine
correction to reduce biological variability of other urinary analytes. A high-throughput, accurate
liquid chromatography tandem mass spectrometry method for quantitation of human urinary
creatinine has been developed and validated.

Sample preparation was fully automated including cryovial decapping, sample ID scanning and
two serial dilution steps. Quantitation was performed using a stable isotope-labeled internal
standard. Multiplexed chromatographic separation of creatinine was achieved within a one-minute
analysis and followed by tandem mass spectrometry in positive electrospray ionization mode. The
precursor and product ions of creatinine and D3-creatinine were monitored in selected reaction
monitoring mode.

Method validation results showed reproducibility with within-run precision of 3.59, 3.49 and
2.84% and between-run precision of 4.01, 3.28 and 3.57% for low, medium and high quality
control materials prepared from pooled donor urine, respectively. The method showed excellent
accuracy with a bias of —=1.94%, —0.78% and —1.07% for three levels of certified reference
material. The calibration curve was linear throughout a 7.50-300 mg/dL (0.663-26.5 mmol/L)
measurement range (R2 = 0.999), with the mean slope of 0.0115 (95%CI, 0.0108-0.0122) and
intercept of 0.0027 (95%CI, 0.0003-0.0051). The limit of detection (LOD) of the method was 3.17
mg/dL (0.280 mmol/L). Analytical specificity was achieved by chromatographically separating
creatinine from potentially interfering creatine within a one-minute run and monitoring the
Quantitation lon/Confirmation lon (QI/CI) ratios in samples.

A simple, accurate, high-throughput method was successfully developed for measuring creatinine
in human urine samples.
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1. Introduction

Creatinine is a breakdown product of muscle creatine that is excreted in urine at a constant
rate. Thus, in normal individuals, creatinine concentration in urine is proportional to muscle
mass [1,2]. Urinary creatinine together with other analytes, such as albumin, has been used
for years as a marker of renal health and to diagnose kidney disease [1,3]. Creatinine is

also used in biological monitoring and toxicological studies to compensate for variability in
fluid balance and related variation in analyte concentration of other urinary analytes [4,5]
such as urinary proteins [6], exposure biomarkers [7,8,9], heavy metals [10,11], as well as in
regulatory settings for drug and doping testing [12]. Creatinine adjusted concentrations are
expressed as amount of analyte per gram of creatinine.

Several analytical methods are available for the determination of creatinine in urine.
Commonly used commercial clinical analyzer-based methods apply Jaffe or enzymatic
reactions [13,14,15,16,17]. Jaffe reaction-based methods are known to overestimate
creatinine concentrations due to the lack of specificity [18,19]. Enzymatic assays are
usually limited by low throughput caused by long analysis time. Both types of methods can
have notable reagent and calibrator lot-to-lot variability, and limited shelf-life of reagents.
Mass spectrometry can provide highly specific creatinine measurements and methods have
been described for measuring creatinine in combination with flow injection [20,21], gas
chromatography [22] or high performance liquid chromatography [23,24]. Flow injection
approaches may lead to unwanted detection of interfering compounds, variability in
sensitivity due to ion suppression, and may require frequent instrument maintenance due to
salt and other compounds accumulating on the instrument. The use of chromatography can
minimize these limitations. However, the current length of chromatographic separation (i.e.,
at least 4 min) of previously published methods [23,24,25] may impede high throughput
analysis. Additional information comparing run times and sample preparations strategies of
the existing mass spectrometry-based and liquid chromatography tandem mass spectrometry
(LC-MS/MS) methods is provided in Table 1.

The goal of this study was to develop a mass spectrometry-based method for urinary
creatinine that utilized chromatography without compromising sample throughput. The
presented method achieves excellent chromatographic separation of creatinine within one
minute, uses complete automation optimized for stored study samples with a liquid handling
system, and implements multiplexing of ultra-high performance liquid chromatography
(UHPLC) in combination with tandem mass spectrometry.
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2. Materials and methods

2.1. Chemicals and material

Creatinine standard reference material (SRM) 914a with a purity of 99.7 + 0.3% for
preparation of calibrators was obtained from the National Institute of Standards and
Technology (NIST) (Gaithersburg, MD). Creatinine-methyl-D3 (D3-creatinine) with an
isotopic purity of 98 atom % D from Sigma Aldrich (Bellefonte, PA) was used as an internal
standard. HPLC-MS grade acetonitrile, water and methanol were purchased from Fisher
Scientific (Pittsburgh, PA). Formic acid (Fluka, LC-MS grade) was ordered from Sigma
Aldrich (St. Louis, MO).

2.2. Calibration standards and quality control (QC) materials

An initial calibrator stock solution at a concentration of 5000 mg/dL (442 mmol/L) was
prepared from NIST SRM 914a using an acetonitrile:water mixture (40:60, v/v) with
addition of 0.1 mol/L hydro-chloric acid, as recommended by the manufacturer (Sigma
Aldrich, St. Louis, MO). The subsequent 500 mg/dL (44.2 mmol/L) stock solution, as well
as final calibrator working solutions at concentrations of 7.50,10.0, 20.0, 30.0, 100, 150

and 300 mg/dL (0.663, 0.884, 1.76, 2.65,8.84, 13.3, 26.5 mmol/L), were prepared from the
initial stock solution using an acetonitrile:water mixture (40:60, v/v). An internal standard
working solution (50.0 mg/dL, 4.42 mmol/L) was prepared by dissolving D3-creatinine in an
acetonitrile:water mixture (40:60, v/v).

Three levels of bench quality control (QC) materials at 41.7 mg/dL (3.68 mmol/L) (low),
135 mg/dL (12.0 mmol/L) (medium) and 266 mg/dL (23.5 mmol/L) (high) were prepared
from pooled human urine samples collected according to the CDC-approved IRB protocol
for anonymous urine collection. The QC limits for each level were established, as described
elsewhere, using the multi-rule quality control system developed for three QC pools per

run scenario [26]. The QC materials were analyzed with each sample batch in duplicate.
Calibrator solutions and QC materials were processed in the same manner as study samples.

2.3. Sample preparation

Frozen urine samples, QC materials, internal standard working solutions and calibrators
were allowed to reach room temperature by rotating for 30 min. Typically, one batch of
samples consisted of a set of seven calibrators, 82 donor samples, three levels of QC
materials, and one solvent blank (acetonitrile:water, 40:60, v/v). An automated decapper
(FluidX, San Bruno, CA) was used to simultaneously open 48 cryovials (FluidX 2 ml 2D
coded external thread jacket cryo tubes, FluidX, San Bruno, CA) with urine samples in their
storage boxes. Samples in their storage box were transferred to an automated liquid handling
system for further processing.

Samples, calibrator solutions and QC materials were processed using a TECAN Freedom
EVO 200 liquid handler (TECAN, Morrisville NC) equipped with a 2D barcode reader
(XTR-96 Tetra Flex Cryo, 4 rack reader, FluidX, San Bruno, CA) to simultaneously scan 4
storage boxes containing the cryovials with urine samples. 100 pL of each calibrator, urine
sample, QC and solvent blank were transferred into a 2-mL 96 deep-well plate (Arctic White
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LLC, Bethlehem, PA). The internal standard working solution (100 uL) was added to each
well, and the mixture was diluted with 1300 pL of dilution solvent (acetonitrile:water, 40:60,
v/v). After mixing with a 96-chanel system, 100 pL from each well were transferred to a
second 2-mL 96 deep-well plate and further diluted with 1400 pL of dilution solvent. After
mixing the sample solutions, the well plates were sealed and loaded on the auto sampler for
UHPLC-MS/MS analysis.

2.4. Liquid chromatography tandem mass spectrometry conditions

All samples were analyzed using a UHPLC system (Dionex UltiMate 3000, Thermo
Electron, San Jose, CA) equipped with two binary pumps and coupled with a triple
quadrupole mass spectrometer (Quantum, Thermo Electron, San Jose, CA) with heated
electrospray ionization (HESI).

Chromatographic separation was performed on a reversed phase column (Aquity UHPLC
HSS C18 SB 1.8 um, 2.1 x 50 mm, Waters Corporation, Milford, MA) with a guard
column (VanGuard™ Pre-Column HSS C18 SB, 1.7 um, 2.1 mm x 5 mm, Waters, Milford,
MA). The flow rate, oven temperature, and injection volume were 700 yL/min, 55 (£ 2)
°C, and 5 uL, respectively. Isocratic separation was carried out with an acetonitrile:water
mixture (40/60 v/v, with 0.01% formic acid). Multiplexing was achieved by concurrent
chromatographic separation of samples on two columns using a switching valve. Using
the instrumentation described with 2 columns, a total cycle time of 1.7 min (injection to
injection) was achieved. Faster cycle times and the use of more columns could be possible
with different instrumentation.

The mass spectrometer was operated in positive ion mode with the ion spray voltage set

at 4000 V; capillary temperature at 350 °C; and collision (argon), sheath (nitrogen) and
auxiliary (nitrogen) gases set at 20 psi, 40 psi and 10 psi, respectively. The collision energy
was set at 20 V.

Selected reaction monitoring mode was carried out for the following ion transitions: m/z 114
— 44 (quantitation ion (QI), creatinine), m/z117 — 47 (Ql, D3-creatinine), mlz114 — 72
(confirmation ion (Cl), creatinine) and m/z117 — 75 (CI, Ds-creatinine) (Fig. 1).

2.5. Data analysis

Dionex Chromatography MS Link 2.14 (Thermo Fisher Scientific, San Jose, CA) and
Xcalibur 2.2 (Thermo Scientific, San Jose, CA) were used to operate the UHPLC-MS/MS
system and acquire data. Chromatographic peaks were integrated using automated Indigo
Ascent (Indigo BioAutomation, Indianapolis, IN) software. The ratio of the creatinine QI
area count to the Dz-creatinine QI area count was used for concentration calculations.
Possible shifts in measurement accuracy were assessed by comparing bench QC material
data against predefined acceptance limits and trend rules using an in-house-developed SAS-
based program (SAS Version 9.4, SAS Institute Inc., NC, USA) as outlined in section 1.2,
1.6.1, and described previously [26].
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2.6. Method validation

2.6.1. Accuracy and precision—Accuracy of the method was evaluated by analyzing
three levels of urine-based NIST certified reference materials (NIST SRM 3667, NIST SRM
3672, NIST SRM 3673) in duplicate over 5 days. The measurement results were compared
to the certified values and evaluated for agreement using NIST Special Publication 829

[27]. The difference between the certified value of the material and measured value was
determined. Taking into account the provided expanded uncertainty and variability of the
measurements, the significance of this difference was evaluated.

Within-run and between-run imprecision were assessed by measuring urine pools with low,
medium and high creatinine concentrations in duplicate over 22 days. Imprecision was
calculated using Analysis of Variance (ANOVA). ANOVA produces mean square estimates
for the total variation, the variation between runs, and the variation within runs [28]. Using
these estimates, the maximum allowable deviations from the target (i.e., 2x SD and 3x SD)
were calculated. Calculated imprecision was expressed as a percentage of the coefficient
of variation (% CV). In addition, the long-term stability of the method was evaluated by
calculating the between-day % CV observed with QC materials over an extended period of
time and results were compared to the initial between-day % CV calculations.

2.6.2. Linearity and analytical measurement range—L.inearity of the measurement
range was evaluated following principles described in the CLSI document, EP6-A [29]. In
brief, seven levels of calibrator working solutions were measured over the course of 20

days and the ratios of creatinine QI to D3-creatinine QI area counts were plotted against
creatinine concentration. Linearity of the measurement range (i.e., the range between lowest
and highest calibrator concentrations: 7.50-300 mg/dL [0.663-26.5 mmol/L]) was assessed
using residuals and linear and polynomial fitting models. The mean sum of squared residuals
(ASSR) and the mean relative sum of squared residuals (RASSR) from 20 sets of calibration
curves analyzed over 20 days were used to choose the best fitting regression model from
among linear and polynomial models. We further assessed the effect of different weights,
such as no weighting, weights of 1/X, 1/X2, or 1/(Variance of Y), where X represents

the calibrator concentration and Y represents the instrument response (ratio of area count
versus internal standard). The ASSR was calculated from the sum of the squared differences
between the model-predicted and the observed Y values. The RASSR was calculated by
dividing the ASSR by the average of the Y values. Mean slope and mean intercept were
calculated using results obtained from 20 independent calibration curves. All calculations
were performed using SAS (SAS Version 9.4, SAS Institute Inc., NC, USA).

2.6.3. Sensitivity and specificity—The limit of detection (LOD) was determined in
urine matrix according to Taylor’s method [30], by calculating the standard deviation (SD)
of repeat measurements at different creatinine concentrations. Medium concentration in-
house QC material was diluted with dilution solvent (acetonitrile:water, 40:60, v/v) to yield
five different creatinine concentrations, including LOD. Seven replicates of each level were
prepared using the regular sample preparation procedure and analyzed on five different days.
The absolute values of the SDs were then plotted against concentration and extrapolated to a
zero concentration SD (SDg). The LOD was calculated as SDg multiplied by 3.
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The lower limit of quantitation (LLOQ) was defined as the concentration of the lowest
calibrator. Imprecision and accuracy (expressed as percent recovery) were evaluated at
the concentration level corresponding to the lowest calibrator. Synthetic urine (Dyna-Tek,
Lenexa, KS), not containing creatinine, was spiked with 7.50 mg/dl (0.663 mmol/L)
creatinine and analyzed in 5 replicates over 2 days. Imprecision of the measurement and
percent recovery compared to expected values were calculated. Calculated imprecision
and accuracy (i.e., recovery) were compared to the values recommended for bioanalytical
methods [31,32] to evaluate assay performance as discussed in section 2.3.

Creatinine was identified when the chromatographic peak had the same retention time as the
IS (£ 2.5%) and the QI/CI ratio was the same as that determined in neat calibrator solutions
(+/-20%) [33].

Matrix effects (ME) were assessed in four matrices (0.9% saline solution, synthetic urine
and individual donor human urine samples with low and high creatinine concentrations) and
compared to the neat dilution solvent (acetonitrile: water, 40:60, v/v, matrix-free). Synthetic
urine was obtained from Dyna-Tek (Lenexa, KS), and saline solution was purchased from
Fisher Scientific (Hanover Park, IL). Seven-point calibration curves ranging from 7.50 to
300 mg/dL (0.663 to 26.5 mmol/L) were prepared in these matrices. The calibrators in
these matrices underwent the sample preparation and analysis described in the previous
section. The area count ratios of analyte to IS were compared in all four matrices, after
blank subtraction, to those analyzed in neat samples. Sample ME was calculated with the
following equation: ME % = B/A x 100, where B is the area count ratio of analyte to IS
obtained from samples in matrix, and A is the area count ratio in matrix-free samples based
on principles described elsewhere [34,35,36]. In addition, R? and slopes were evaluated and
compared in all matrices.

Method comparison

Our method was compared to results obtained with an enzymatic creatinine assay operated
on a Roche Cobas c311 clinical analyzer (Roche, Indianapolis, IN). 160 individual donor
adult urine samples covering the clinically relevant concentration range were collected
according to the CDC-approved IRB protocol for anonymous urine collection or obtained
from Bioreclamation IVT (Westbury, NY). The company has IRB approval to collect human
specimens and obtained informed consent from donors. CDC’s use of urine is consistent
with the IRB approval and donor consent. No personal identifiers were provided to CDC.
Donor samples were analyzed using both methods, and the results were compared using
Deming regression plots and the Bland-Altman bias analysis (Analyze-It Software Ltd.,
4.65.2, Leeds, UK).

3. Results and discussion

3.1. Sample preparation and automation

This method was developed for analyzing stored samples from large epidemiological
studies. Therefore, automation components included automated decapping of cryovials
and barcode scanning without removing the vials from the storage box, transferring the
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specimens from the cryovial into 96-well plates and further processing using 96-channel
pipetting systems. This enabled fully automated processing of eight 96-well plates (656
urine samples) within 8 h. The chromatographic conditions allowed for elution of creatinine
in less than 30 s (retention time: 0.48 min) while ensuring separation from creatine
(retention time: 0.38 min). The excellent peak symmetry (Fig. 1) facilitated automated
integration with less than 1% of integrations requiring correction.

3.2. Method specificity

The method is highly specific, which was achieved by chromatographically separating
creatinine from creatine. Even though creatine has both a different mass/charge (77 z 132)
and ion transitions than creatinine, we chose to separate this compound to avoid an unlikely,
but potential, interference caused by water loss due to the high temperature of the ion
source. In addition to using transitions for QI, we also monitored transitions for Cl. Both QI
and Cl transitions were detectable in all urine samples. The mean ratio of QI/CI ratio was
38.1 (95% ClI, 37.6 to 38.6, N = 21) calculated using calibrators in neat solution processed in
3 separate preparations. The QI/CI ratios determined in 160 urine samples ranged between
34.3 and 42.4 and were all well within the suggested limit of £ 20% from the ratios obtained
in neat calibrators [33]. Comparable QI/CI ratios in donor and neat samples suggest that
there were no interferences present in these 160 urine samples.

3.3. Analytical performance

The proposed method is highly accurate and sensitive. When assessing NIST certified
standard reference materials the measurement results were not significantly different from
the target values with mean biases of —1.94%, —0.78% and —1.07% for NIST SRM materials
3667, 3673 and 3672, respectively (Table 2).

The accuracy bias of the method was well below the maximum suggested of 12.2%, as
calculated from intra-and inter-individual biological variation [37,38]. The accuracy was
verified every six months using NIST certified standard reference material and monitored
in every run using QC materials. The LOD of the method was found to be3.17 mg/dL
(0.280 mmol/L), which is profoundly lower than the lowest concentration typically observed
in human urine [1]. The LLOQ of the method was set at the concentration of the lowest
calibrator (7.50 mg/dL, 0.663 mmol/L). At this concentration, the imprecision was 5.71%
and inaccuracy determined using creatinine spiking experiments was11.86% (95% CI:
7.90% to 15.83%). Both imprecision and accuracy estimations at the LLOQ level were
well within those suggested for bioanalytical methods, which should not exceed 20% at the
LLOQ level [31,32].

The method was found to have excellent precision. Measuring three QC levels (low, medium
and high) over 22 days, the precision expressed as coefficient of variation in percent

(% CVs) was 3.59%, 3.49% and 2.84% for within-run precision and 4.01%, 3.28% and
3.57% for between-run precision, respectively (Table 3); this is well below the maximum
suggested imprecision for bioanalytical methods of 15% [31,32] and the suggested desirable
imprecision of 18.2% obtained from intra-and inter-individual biological variation [37,38].
In addition, the long-term between-day precision for the method based on QC results from
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112 independent runs analyzed over 9 months period using multiple operators, UHPLC
columns, calibrator and reagent batches was 4.57%, 4.33% and 4.26% for low, medium and
high QCs. The long-term between-day % CVs were consistent with between-day % CVs
calculated during method evaluation phase suggesting long-term reliability of the method
when used for routine analysis.

The measurement range of this method spans from 7.50 to 300 mg/dL (0.663 to 26.5
mmol/L) and covers the biological ranges typically observed in humans.

The calibration curve for the method was linear throughout its measurement range with no
significant polynomial relationship observed. Analysis of sets of calibration curves from
20 independent runs indicated non-uniformity of measurement error variance across the
range of sample concentrations, suggesting that a weighted model should be considered.
Further analyses indicated that a 1/X weighted model provides a better fit (smaller ASSR)
than other weighted models (1/VX, 1/X2) and better fit than a non-weighted model (ASSR:
unweighted = 0.076; 1/X weighted = 0.031; RASSR: unweighted = 0.031; 1/X weighted =
0.026). Therefore, a 1/X weighted calibration curve was used for quantitation. Using this
model, the calibration curves were consistent with a mean slope of 0.0115 (95%CIl,0.0108
t00.0122) and a mean intercept of 0.0027 (95% CI, 0.0003 t00.0051). The mean coefficient
of correlation (R?) was 0.999.

Matrix effects were found to have minimal impact with ME% ranging between 94.14%
and 95.73% (Table 4) indicating minimal ion suppression. The slopes in 0.9% saling,
synthetic urine and donor urine, with low and high creatinine concentrations, were identical
to the slope in neat solution (i.e., 0.011) suggesting that any matrix effect is effectively
compensated for by the internal standard, resulting in no impact on quantitation. Due to the
high natural concentration of creatinine in urine, two consecutive sample dilution steps on
the liquid handler introduced a 225-fold dilution that minimized the amount of protein and
other non-relevant compounds injected into the UHPLC-MS/MS and effectively eliminated
any significant matrix effects.

3.4. Method comparison

This method was compared to a commercially available enzymatic method performed

on a clinical analyzer by measuring 160 donor urine samples with both methods. The

results determined with our UHPLC-MS/MS method ranged between 7.69 and 284 mg/dL
(0.680 t025.1 mmol/L). Using Deming regression analysis, no significant difference between
methods was observed with a slope of 0.9937 (95% CI, 0.9789 to 1.0090; P = 0.41) and
intercept of 0.3261 (95%CI: —0.4591 to 1.1110; P = 0.41) (Fig. 2A). The correlation
coefficient was 0.998 suggesting that the methods are comparable. Bland-Altman bias
analysis (Fig. 2B) showed a non-significant mean bias of 0.54%, (95%CI: —0.15% to
1.24%). The suggested total error (TE) limit for urine creatinine is 42.1% [38]; none of the
individual urine samples used in the study comparison exceeded this limit.

When compared with previously published LC-MS/MS-based methods, the presented
method has the shortest run time and utilizes a high level of automation throughout all steps
of the sample preparation and data anlysis process to achieve maximum throughput [23,24].
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The newly developed method combines advantages of chromatographic separation that are
superior to direct flow, while maintaining a very short run time (Table 1). A higher level of
measurement accuracy and reproducibility was achieved by using a sample volume of 100
pL. Chromatographic separation and use of QI/CI ratios in neat and human urine samples
ensure that the analysis is free from other potentially interfering compounds that may be
present when direct flow injection is used [20,21]. Multiplexing allowed for an increase in
sample throughput and, hence, a more efficient use of the mass spectrometer.

4. Conclusion

An accurate and reliable liquid chromatography tandem mass spectrometry method

for the quantification of creatinine in human urine was developed. Automation of

the method minimizes errors caused by manual handling and data entry. This high-
throughput automated one-minute method is suitable for sample analysis for routine clinical
measurements, large biomonitoring studies and other activities in research and public health
settings.
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Abbreviations:

Cl Confirmation ion

Ccv coefficient of variation

HESI heated electrospray ionization

IRB institutional review board

LC-MS/MS liquid chromatography tandem mass spectrometry
LOD limit of detection

LLOQ lower limit of quantitation

ME matrix effects

NIST National Institute of Standards and Technology
Ql quantitation ion

QC quality control
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SD standard deviation
SRM standard reference material
UHPLC ultra-high performance liquid chromatography
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romatograms of creatinine in single donor urine sample (46.3 mg/dL).

Creatinine quantitation ion (QI) and confirmation ion (CI) transitions are m/z114 —

44 and mlz114 — 72, respectively. The D3-creatinine quantitation and confirmation ion
transitions are m/z117 — 47 and m/z117 — 75), respectively. Chromatogram of the blank,
and chromatographic separation of creatinine from potentially interfering creatine are also
demonstrated. Blank sample was acetonitrile:water mixture (40:60, v/v).
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Comparison of UHPLC-MS/MS method with a commercial clinical analyzer-based method
using 160 human urine samples. 2A. Deming regression analysis 2B. Bland- Altman
analysis. Mean creatinine concentrations calculated based on results obtained using both

methods. Dashed lines indicate 95% CI and 95% limits of agreement.
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Table 3

Precision of the method. Within-run and between-run method precision in quality control (QC) samples
determined measuring human urine at 3 concentration levels in duplicates over 22 days.

Sample Description  Mean, mg/dL  Within-run precision, %CV  Between-run precision, %CV

Low QC 41.7 3.59 4.01
Medium QC 135 3.49 3.28
High QC 266 2.84 3.57
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