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Abstract

Aims: Urinary 8-oxo-7,8-dihydro-2¢-deoxyguanosine (8-oxodG) is a widely used biomarker of oxidative stress.
However, variability between chromatographic and ELISA methods hampers interpretation of data, and this
variability may increase should urine composition differ between individuals, leading to assay interference.
Furthermore, optimal urine sampling conditions are not well defined. We performed inter-laboratory compar-
isons of 8-oxodG measurement between mass spectrometric-, electrochemical- and ELISA-based methods, using
common within-technique calibrants to analyze 8-oxodG-spiked phosphate-buffered saline and urine samples.
We also investigated human subject- and sample collection-related variables, as potential sources of variability.
Results: Chromatographic assays showed high agreement across urines from different subjects, whereas ELISAs

1Department of Occupational and Environmental Medicine, University of Gothenburg, Gothenburg, Sweden.
2Section of Environmental Health, Department of Public Health, University of Copenhagen, Copenhagen, Denmark.
3Laboratory of Clinical Pharmacology Q, Rigshospitalet, Copenhagen N, Denmark.
4Oxidative Stress Group, 12Cancer Biomarkers and Prevention Section, Department of Cancer Studies and Molecular Medicine, and

24Department of Genetics, University of Leicester, Leicester, United Kingdom.
5Flemish Institute for Technological Research (VITO), Environmental Risk and Health Unit, Mol, Antwerp, Belgium.
6Laboratory of Genetic Ecotoxicology, Institute of Experimental Medicine AS CR, Prague, Czech Republic.
7LABM Philippe Auguste, Paris, France.
8Laboratory of Industrial Toxicology, Department of Clinical and Experimental Medicine, and 9INAIL, Research Center at the University of

Parma, Parma, Italy.
10Department of Environmental Oncology, Institute of Industrial Ecological Sciences, University of Occupational and Environmental

Health, Kitakyushu, Japan.
11Japan Institute for the Control of Aging ( JaICA), Nikken SEIL Co., Fukuroi, Shizuoka, Japan.
13Department of Clinical Biochemistry, Collegium Medicum in Bydgoszcz, Nicolaus Copernicus University, Bydgoszcz, Poland.
14Department of Biochemistry and Molecular Biology, Oxidative Stress Laboratory Service of Clinical Analysis-CDB General University

Hospital, University of Valencia, Valencia, Spain.
15Division of Occupational and Environmental Medicine, Lund University, Lund, Sweden.
16Sections for Metals and Health, Institute for Environmental Medicine, Karolinska Institutet, Stockholm, Sweden.
17Centre for Radiation Protection Research, Departments of Genetics, Microbiology and Toxicology, Stockholm University, Stockholm,

Sweden.
18Departments of Public Health and Occupational Safety and Health, Chung Shan Medical University, Taichung, Taiwan.
19Institute of Occupational Medicine and Industrial Hygiene, College of Public Health, National Taiwan University, Taipei, Taiwan.
20Ege University Faculty of Pharmacy, Department of Toxicology, Bornova-Izmir, Turkey.
21ESA Laboratories, Chelmsford, Massachusetts.
22Department of Environmental Health Sciences, Mailman School of Public Health, Columbia University, New York, New York.
23Kronos Science, Phoenix, Arizona.

ANTIOXIDANTS & REDOX SIGNALING
Volume 18, Number 18, 2013
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ars.2012.4714

2377



showed far more inter-laboratory variation and generally overestimated levels, compared to the chromato-
graphic assays. Excretion rates in timed ‘spot’ samples showed strong correlations with 24 h excretion (the ‘gold’
standard) of urinary 8-oxodG (rp 0.67–0.90), although the associations were weaker for 8-oxodG adjusted for
creatinine or specific gravity (SG). The within-individual excretion of 8-oxodG varied only moderately between
days (CV 17% for 24 h excretion and 20% for first void, creatinine-corrected samples). Innovation: This is the first
comprehensive study of both human and methodological factors influencing 8-oxodG measurement, providing
key information for future studies with this important biomarker. Conclusion: ELISA variability is greater than
chromatographic assay variability, and cannot determine absolute levels of 8-oxodG. Use of standardized ca-
librants greatly improves intra-technique agreement and, for the chromatographic assays, importantly allows
integration of results for pooled analyses. If 24 h samples are not feasible, creatinine- or SG-adjusted first
morning samples are recommended. Antioxid. Redox Signal. 18, 2377–2391.

Introduction

The measurement of products of oxidatively damaged
DNA in urine continues to receive widespread attention

as a biomarker of in vivo oxidative stress (6). Analysis of
urine minimizes consent issues, allowing studies to incorpo-
rate vulnerable subjects. The most frequently measured
urinary biomarker of oxidatively-generated damage to 2¢-
deoxyribonucleosides is 8-oxo-7,8-dihydro-2¢-deoxyguanosine
(8-oxodG) (18), largely due to its numerous strengths as a bio-
marker: (i) long-term stability in urine (19); (ii) no artefactual
production (17); (iii) multiple methods for its measurement (e.g.,
chromatography with either mass spectrometric or electro-
chemical detection, and ELISA); (iv) urine is easily collected, and
requires no special treatment or processing prior to storage; (v)
only small sample volumes are required; (vi) urine samples from
previous studies/biobanks are also suitable for analysis, mini-
mizing the need for new, prospective studies by allowing retro-
spective analysis of existing cohorts. However, variability within,
and in particular between, different chromatographic- and
ELISA-based methods of analysis, which together with poorly
considered human sources of variation (e.g., urine composition,
sampling timepoint, inter- and intra-individual variability),
hamper comparisons and the achievement of consistency in
results.

The European Standards Committee on Urinary (DNA)
Lesion Analysis (ESCULA) was established, in part, to eval-
uate the differences in reported levels between chromato-
graphic and ELISA techniques, and improve inter-laboratory
agreement (6). We recently described the findings of a large
multicenter study examining the level of agreement between
techniques for measuring urinary 8-oxodG (9). As might be
expected, mass spectrometric methods demonstrated the
greatest accuracy and sensitivity. Although the study showed
greater consensus than previously expected (5, 11, 25, 28, 29),
concern remained over ELISA (8); furthermore, all approaches
showed significant variability in intra-technique agreement.
In a renewed effort to improve inter-assay agreement, we here
present a large scale inter-laboratory exercise with 18 labo-
ratories and common calibrants providing 25 data sets on
measurement of 8-oxodG in urine by chromatographic and
ELISA based assays. It is conceivable that illness may affect
the composition of urine, and therefore the analysis. We
sought to address this by the analysis of urine samples from
both healthy individuals and head and neck cancer patients,
the latter being representative of a group in which disease
may affect complexity of the matrix.

Despite urinary 8-oxodG having been used as a biomarker for
oxidative stress in a large number of human studies, there is
limited information published about intra-individual variability,
for example, diurnal trends (2) or variability between days (23).
Such information is essential when planning a study of 8-oxodG
in order to choose the optimal sampling design. While 24 h ex-
cretion of 8-oxodG may be considered the gold standard, this is
practically and logistically challenging. Consequently, 8-oxodG
excretion is usually assessed using spot urine samples, which are
then adjusted for urinary flow using creatinine concentration or
specific gravity (SG), but there are only two reports in the liter-
ature evaluating whether these adjustment techniques are ap-
propriate (23, 24). Therefore, as part of the present study, we also
aimed to provide definitive information for the intra-individual
variability in 8-oxodG levels in an appreciable number of heal-
thy subjects, from whom repeated samples were collected over
24 h, on 2 different days.

This report is unique in providing a comprehensive statistical
evaluation of potential sources of variability, both human and
methodological, in the measurement of urinary 8-oxodG, to-
gether with recommendations for best practice. Understanding
the sources of variability will allow for an improvement in inter-
and intra-technique agreement, together with better study de-
sign to minimize inter- and intra-individual variability, making
the resulting data yet more robust.

Results

Methodological sources of variability

For this inter-laboratory exercise, 26 out of the 31 ESCULA
participating laboratories received samples, and 18 laboratories
returned results, consisting of 25 data sets (six laboratories

Innovation

Although the measurement of urinary 8-oxodG is
widespread, little attention has been paid to the potential
sources of variability derived from sampling, subjects,
and method of analysis. Our findings, supported by
comprehensive statistical analysis, can be directly trans-
lated into best practice for study design (timing of
sample collection, correction for urine dilution, or flow
rate), and method of analysis. The arising data will be
more robust, with greater inter-laboratory agreement and
support the discovery of clinical applications of urinary
DNA damage measurements.
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provided multiple data sets, due to the use of multiple tech-
niques or calibration methods). Results from Laboratory 7, using
HPLC-ECD, did not bear any resemblance to the other data and
were excluded from subsequent analyses, but are shown for
illustration in Figures 1 and 2. This was a similar result as noted
previously for this laboratory (9).

Analysis of 8-oxodG standard added to PBS

Figures 1A, B, and C [mass spectrometry (MS), HPLC ECD
(ECD), and ELISA, respectively] show the data for 8-oxodG
standards dissolved in PBS (samples A-F) or urine (samples
G–L), expressed as nM 8-oxodG. Samples E and K contained

FIG. 1. Ranked mean con-
centration of 8-oxodG in sam-
ples of phosphate-buffered
saline (PBS) and urine, to
which exogenous 8-oxodG
was added. Determination by
(A) mass spectrometric, (B)
HPLC-electrochemical, and (C)
immunoassay procedures.
Each laboratory and technique
is denoted by a symbol. Addi-
tional information, where rele-
vant, on the method of analysis,
such as type of calibration, or a
particular kit used, is provided
adjacent to the symbol de-
scription. All laboratories used
the technique-specific cali-
brants provided by ESCULA.
For two of the MS laboratories
(18 and 32), two sets of results
are presented, which corre-
spond to data derived from
more than one method of
quantification (‘single point’,
internal standard calibration
method, or external standard
‘calibration curve’ method).
Results for a number of ELISA
variants are also shown, re-
presenting commercial kits
from the Japanese Institute for
the Control of Aging: (A) New
8-OHdG Check, (B) Ultrafiltra-
tion of samples prior to New 8-
OHdG Check, or (C) Highly
Sensitive 8-OHdG kit. Samples
A–F are 8-oxodG standards in
PBS: 0 (negative control), 2.5,
10, 25, 100, and 250 nM (labeled
E, D, B, A, F, and C, respec-
tively) and samples G–L are
8-oxodG standards, final con-
centrations of 0 (negative con-
trol), 2.5, 10, 25, 100, and
250 nM, added to a single urine
derived from a healthy subject
(labeled K, J, G, H, L, and I, re-
spectively). For samples A–F,
target values (i.e., known
amounts of exogenously added
8-oxodG) are shown as purple-
filled squares (-). Also shown
are within-technique mean
values (+), and SD (red error
bars), joined by a connecting
line.
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no exogenously added 8-oxodG, hence the values obtained for
sample K represent the endogenous levels of 8-oxodG present
in the urine. Also shown on each plot, for samples A–F, are
‘target values’ (known concentration of 8-oxodG in the sam-
ple). For samples A–L, we also present a mean value for the
level of 8-oxodG derived from individual laboratory mea-
surements, and the accompanying error bars indicate SD.

Both the MS and ECD technique groups clearly detected
successive increases in 8-oxodG spiked into buffer (Fig. 1A
and B), although some ELISA approaches failed to discrimi-

nate between 0 and 2.5 nM. There was close agreement in the
values for the MS and ECD approaches, whereas the 8-oxodG
values for the chromatographic assays and ELISAs were
substantially different. There was a significant variation in
levels between methods and within the ELISA approaches
( p < 0.001, ANOVA with the laboratory nested in the type of
method and spiked 8-oxodG as dependent variable).

For the standards spiked into buffer, the consensus mean
curves and the target value curves were practically super-
imposed at all concentrations, and for all methods of analysis

FIG. 2. Ranked mean con-
centration of urinary 8-
oxodG in samples from 9
healthy individuals (sam-
ples H1–9) and 10 head and
neck cancer (samples P1–10)
patients, analyzed by: (A)
mass spectrometric detec-
tion; (B) electrochemical de-
tection; (C) immunoassay.
Each symbol represents a lab-
oratory determination, with
method of calibration, where
appropriate, in parentheses.
Also shown are within-tech-
nique mean values (+) and
SD (red error bars).
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(Fig. 1A–C). Laboratory 11 (LC-MS/MS) showed a single
discrepancy with the other MS laboratories for sample C. As
this was an isolated incident, we attributed this to a single,
undefined, technical error, and excluded this point from the
calculation of the mean – SD. For samples F and C, Labora-
tories 8 and 10 (ELISA) over- and underestimated (i.e., lay
outside the SD error bars), respectively—this may be attrib-
uted to the levels of 8-oxodG in the samples saturating the
assays, as they give values outside the range of their calibra-
tion curves. The values for samples F and C derived from
these laboratories were similarly excluded from the calcula-
tion of the mean – SD.

There was rank-order agreement for all these samples, be-
tween all three methods of analysis (Fig. 1A–1C).

Analysis of 8-oxodG standard added to urine

For the urine spiked with increasing concentrations of 8-
oxodG standard (samples G–L), there was evidence of some
suppression of the concentration dependent trend at lower
concentrations, compared to standards in PBS, for each tech-
nique, but particularly ELISA (Fig. 1A–C). On the whole, the
individual determinations of 8-oxodG were within one SD of
the group mean, although there were some notable exceptions
with Laboratories 3, 8, and 10 either under- or overestimating
the 8-oxodG levels in the majority of samples, although La-
boratories 3 and 8 did follow the general trend (Fig. 1C). It
should be noted that these laboratories did not use a com-
mercial ELISA kit but their own in-house assays. Examination

of the ELISA methodologies used revealed that Laboratory 3
was the only laboratory to perform the primary antibody in-
cubation step at 4�C overnight, together with a clean-up step.
Incubation of the primary antibody at 4�C overnight has been
reported previously to improve the agreement between
chromatographic and ELISA methods (10), decreasing over-
estimation. The cause of the overestimation by Laboratory 8 is
not immediately evident, but this may be due to the relatively
narrow range of the calibration curve. Laboratory 10 used a
different primary antibody (clone 1F7), compared to the other
participants, who used clone N45.1, in conjunction with an in-
house assay. 1F7 has a lower specificity for 8-oxodG (31),
compared to N45.1, an effect which is particularly evident in
spiked urine samples. Consequently, the values from La-
boratories 8 and 10 were excluded from the calculation of the
mean – SD. Only at the highest 8-oxodG concentrations [i.e.,
above levels reported to be present in urine (samples L and I)],
did a few MS laboratories (Laboratories 9, 16, 18, and 32)
return values which lay outside the error bars. This indicates
that such concentrations exceed the dynamic range of the MS
assays. There was little difference in the values between MS
and EC, whereas the ELISA values ranged from being two- to
four-fold greater than MS or EC values. On average, the
ELISA values were 4.2-fold (95% CI: 2.3, 6.0-fold) higher than
the chromatographic techniques, based on intercepts from
linear regression analysis.

All laboratories, except Laboratory 10, had significant re-
gression slopes of the measured 8-oxodG concentration in the
spiked urine samples (Table 1). In addition, there were

Table 1. Linear Regression Analysis of Urine Samples Spiked with Known Concentrations of 8-oxodG

Results from 8-oxodG spiked urine samples

Laboratory Intercept – SE Slope – SE R2 Value SDres (nM)

ELISA
Lab 3 34.4 – 6.7* 0.36 – 0.06* 0.90 12.0
Lab 8 142.6 – 8.4* 2.19 – 0.08* 0.99 14.9
Lab 10 197.4 – 41.5* 0.66 – 0.38 0.43 73.8
Lab 12 (High sensitivity) 43.2 – 6.0* 1.10 – 0.05* 0.99 7.81
Lab 12 (A New check) 34.9 – 10.4* 1.37 – 0.09* 0.98 10.7
Lab 12 (B New check) 28.7 – 4.4* 1.25 – 0.04* 0.99 18.5
Lab 19 68.4 – 12.0* 1.21 – 0.11* 0.97 21.3
Lab 26 64.6 – 6.7* 1.18 – 0.06* 0.99 11.8

HPLC-ECD
Lab 5 26.5 – 1.4* 0.96 – 0.01* 0.99 2.51
Lab 13 16.2 – 2.0* 0.86 – 0.02* 0.99 3.62

MS
Lab 4 (LC-MS/MS) 20.6 – 3.0* 0.92 – 0.03* 0.99 5.35
Lab 9 (LC-MS/MS) 18.1 – 0.9* 1.12 – 0.01* 0.99 1.55
Lab 11 (LC-MS/MS) 22.4 – 3.4* 0.73 – 0.03* 0.99 6.11
Lab 15 (LC-MS/MS) 15.8 – 1.0* 0.87 – 0.01* 0.99 1.80
Lab 16 (LC-MS/MS) 18.1 – 0.7* 0.66 – 0.01* 0.99 1.22
Lab 18 (UHPLC-MS/MS single point calibration) 15.9 – 3.2* 0.89 – 0.03* 0.99 5.66
Lab 25 (LC-MS/MS) 16.0 – 1.3* 0.72 – 0.01* 0.99 2.26
Lab 29 (LC-MS/MS) 21.7 – 0.04* 0.79 – 0.01* 0.99 0.69
Lab 31 (LC-MS/MS) 19.2 – 1.0* 0.83 – 0.01* 0.99 2.06
Lab 32 (LC-MS/MS, single point internal calibration) 19.9 – 2.5* 1.16 – 0.02* 0.99 4.48
Lab 32 (LC-MS/MS, external calibration) 16.9 – 2.1* 0.99 – 0.02* 0.99 3.81

The results were obtained by linear regression analysis of datasets from separate laboratories. The asterisks indicate that the intercept or
slope is statistically significantly different from zero ( p < 0.05, linear regression). The SDres indicates the absolute level of unexplained
variation in the regression analysis. The intercept represents the endogenous level of 8-oxodG in the urine sample, and the slope is an
indication of the efficiency of target recovery.
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generally high R2-values (0.97–0.99, except Laboratory 10
with R2 = 0.43; Table 1), indicating that the concentration of
spiked 8-oxodG in the urine samples was the predomi-
nant contributor to the overall variation. The slope of the
concentration-response curve did not differ between the chro-
matographic assays and ELISA ( p = 0.62, general regression
model). The ELISA techniques had the same slope (slope – SE:
0.95 – 0.13, p < 0.001) as the chromatographic techniques
(slope – SE: 0.90 – 0.02, p < 0.001). These data demonstrated the
ability of all laboratories, with the exception of Laboratory 10, to
detect a concentration-response in an authentic matrix.

Possible effect of inter-individual variation and urine
composition on 8-oxodG measurement

To investigate a possible effect of disease on urine com-
position, and hence 8-oxodG measurement, a number of urine
samples were studied from healthy individuals and patients
with cancer. The rank order of 8-oxodG results for the nine
urine samples from healthy individuals, and ten cancer pa-
tients are shown in Figure 2 A–C, representing results from
MS, ECD, and ELISA, respectively. The majority of MS results
lay within one SD of the group mean, indicating good intra-

technique agreement, although it was noted that results from
Laboratories 18 (calibration curve) and 32 (single point) had a
tendency to under- and overestimate the mean value, re-
spectively. In contrast, the majority of results from the same
laboratories, 18 (single point) and 32 (calibration curve), lay
within two SDs of the mean, demonstrating that these labo-
ratories can produce acceptable results.

Rank order agreement between MS and ECD was achieved
for five out of nine of the healthy urines and six out of ten of
the disease urines. The two ECD methods (Laboratories 5 and

Table 2. Partitioning of the Total Variation into

Differences Between Patients/Controls and

Unexplained (Residual) Variation in Results

Stratified for Individual Laboratories and Methods

Results from analysis
of patients/control samples

% of total variation

Laboratory/technique Disease status Residual SDres (nM)

ELISA
Lab 3 11.1 88.9 29.1
Lab 8 16.2 83.8 91.8
Lab 10 0.3 99.7 187.9
Lab 12 (High sensitivity) 3.4 96.6 19.2
Lab 12 (A New check) 3.5 96.5 31.3
Lab 12 (B New check) 2.4 97.6 26.9
Lab 19 0.4 99.6 47.3
Lab 26 11.2 88.8 56.2

HPLC-ECD
Lab 5 3.0 97.0 14.7
Lab 13 2.4 97.6 12.2

MS
Lab 4 (LC-MS/MS) 3.1 96.9 12.9
Lab 9 (LC-MS/MS) 5.3 94.7 12.7
Lab 11 (LC-MS/MS) 10.1 89.9 12.3
Lab 15 (LC-MS/MS) 3.4 96.6 10.1
Lab 16 (LC-MS/MS) 2.9 97.1 12.9
Lab 18 (UHPLC-MS/MS

single point internal
calibration)

2.4 97.6 11.3

Lab 25 (LC-MS/MS) 4.6 95.4 10.7
Lab 29 (LC-MS/MS) 0.1 99.9 12.5
Lab 31 (LC-MS/MS) 6.7 93.3 11.3
Lab 32 (LC-MS/MS,

single point internal
calibration)

2.0 98.0 16.0

Lab 32 (LC-MS/MS,
external calibration)

2.0 98.0 13.6

FIG. 3. Comparison of single point internal and external
standard calibration of mass spectrometric methods (La-
boratories 18 and 32) using: (A) standards spiked into PBS
and urine; and (B) urine samples from healthy individuals
and patients with head and neck cancer. Lines of regression
(solid connecting lines) and perfect agreement (...) are
shown.
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13) showed good agreement, for the urines from healthy in-
dividuals, although there were large discrepancies for two of
the patient samples. Generally, Laboratory 13 showed better
agreement with LC-MS/MS laboratories. Rank order agree-
ment between ECD and ELISA was achieved for four out of
nine healthy samples, and one out of ten disease samples. The
error bars were substantially wider for the ELISA determi-
nations, in urine samples from both healthy subjects and
cancer patients. Supporting these data, Table 2 indicates the
level of variability, and suggests that it is derived from the
disease state. In general, there was more residual (unex-
plained) variation in the ELISA techniques compared to the
chromatographic methods, although it is clear that the urine
matrix itself is a contributor to the ELISA variability.

The results from Laboratories 18 (calibration curve) and 32
(single point) shown in Figure 2A are not easily explained, as
they indicate some small degree of under-/overestimation,
depending upon calibration method and laboratory. How-
ever, they do raise the important issue of whether single point
internal calibration or multiple point, external calibration is
the more accurate approach for quantification using MS–a
subject for which there is no discussion, and therefore no
agreement, within the literature. In our study, the majority of
laboratories used external calibration curves, combined with a
fixed concentration of stable isotope-labeled internal stan-
dard. Fewer laboratories used a single amount of labeled in-
ternal standard for quantification. Two laboratories (18 and
32) returned results using both of these calibration ap-
proaches, allowing direct comparison using samples spiked
with standards (Fig. 3A) and urine samples (Fig. 3B). The
greatest agreement between the two calibration approaches
was at lower concentrations of 8-oxodG, such as those com-
monly seen in urine (Fig. 3B), compared with at higher con-
centrations (Fig. 3A), and showed only marginal deviation
from the line of identity at the lower concentrations. For both
laboratories (18 and 32), single point, internal calibration gave
higher values than external calibration. Whether the test
samples were standards spiked into buffer/urine, or urine
samples appear to have little effect on the results.

Assessment of the sources of variability

The sources of variation in our dataset may originate from
differences in techniques, laboratory-specific procedures in

the same techniques, inter-individual variability, disease sta-
tus and residual variation. Table 3 shows the results following
the partitioning of the overall variation into differences be-
tween techniques, inter-laboratory variation, disease status,
and inter-individual variation. The major difference in values
of 8-oxodG appeared to originate from the use of ELISA
methods compared to chromatographic techniques, whereas
the use of MS or ECD for the chromatographic methods did
not appear to be a strong contributor to the overall variation.
We therefore compared the chromatographic techniques
against ELISA methods. The differences between (i) tech-
niques, (ii) inter-laboratory variation, (iii) disease status, (iv)
inter-individual and unexplained variation correspond to
21.6%, 28.9%, 0.6%, 13.7%, and 35.8% of the overall variation,
respectively (Table 3, first row). The residual variation was
40.9 nM (n = 337). Within the chromatographic methods, the
most important determinant for the levels of 8-oxodG excre-
tion was difference between subjects (83.9% of the overall
variation), whereas the residual variation accounted for only
9.2% (3.9 nM; n = 226) of the overall variation. The inter-
laboratory variation accounted for 3.7% of the total variation
and disease status 3.2% (Table 3, second row). Amongst the

Table 3. Partitioning of Total Variation into Differences Between Methods

(Chromatographic Versus ELISA), Inter-Laboratory Variation, Disease Status,

Inter-Individual Variation, and Unexplained (Residual Variation)

% of Total Variation

Analysis Methods Inter-lab variation Disease status Inter-individual variation Residual SDres (nM)

Overalla 21.6 28.9 0.6 13.7 35.8 40.9
Chromatographic assaysb NA 3.7 3.2 83.9 9.2 3.9
ELISAb NA 34.9 1.3 25.2 38.6 62.0

Disease status
Chromatographic assaysc NA NA 3.8 NA 96.2 12.5
ELISAc NA NA 7.1 NA 92.9 73.0

aBased on ANOVA analysis with the laboratory nested in the type of method (chromatographic technique or ELISA) and the subject nested
in the disease status as an independent categorical variable.

bBased on ANOVA with the subject nested in the disease status and the laboratory as an independent categorical variable.
cBased on ANOVA in datasets from individual laboratories with the disease status as categorical variable.
NA, not applicable because the variable has not been included in the statistical analysis.

Table 4. Characteristics of Study Participants

and Levels of 8-oxodG, Determined

by UHPLC-MS/MS (Performed by Laboratory 9)

Mean Range Men Women

Age (years) 38 23–59 39 38
Weight (kg) 74 53–97 82 63**
BMI 24 19–29 25 23**
Creatinine mmol/24 h 15.5 8.5–25.3 17.9 12.3**
Urinary volume (L/24 h) 1.97 0.85–4.57 1.82 2.18

UHPLC-MS/MS
8-oxodG (nM) 16.7 5.8–33.4 19.2 13.2*
8-oxodG/SG 1.018 (nM) 19.1 11.0–34.6 19.4 18.6
8-oxodG (nmol/24 h) 28.5 12.7–49.7 31.2 24.7a

8-oxodG (nmol/mmol
creatinine)

1.88 0.95–3.10 1.79 2.00

Study participants were 26 healthy nonsmoking Swedish subjects
(11 women and 15 men). The means of two separate 24 h urine
samples (from n = 26 individuals) are given. Men vs. women:
*p < 0.05; **p < 0.01; ap = 0.06.
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ELISA methods, the most important contributors to the
overall variation were: inter-laboratory variation (38.6% of the
total variation) and residual variation (34.9% of the total
variation). The inter-individual variation (25.2% of the total
variation) and disease status (1.3% of the total variation) ac-
counted for less of the total variation (Table 3, third row).
The residual variation was 62.0 nM (n = 111). Clearly, the re-
sidual variation is much larger for the ELISA results than the
chromatographic (SDres = 3.6 nM). The effect of the disease
status was further analyzed in separate datasets for the
chromatographic techniques and ELISA (Table 3, fourth row).
In general, there was no difference between the techniques
with regard to the percentage of the total variation that was
explained by the disease status; the mean was 3.8% and 7.1%
for the chromatographic techniques and ELISA, respectively.

However, there were higher absolute values of the residual
variation for the ELISA methods (mean SDres = 73.0 nM),
compared to the chromatographic methods (mean SDres =
12.5 nM). Collectively, these data indicate a high level of inter-
laboratory agreement across urines from different subjects by
chromatographic assays, whereas ELISA assays showed far
more inter-laboratory variation. The same trend is obvious in
the urine samples that were spiked with 8-oxodG where the
mean residual variation (SDres) was 3.3 and 23.6 nM for the
chromatographic techniques and ELISA methods, respec-
tively. The SDres in the spiked urine samples is probably close
to the actual assay variation.

Sampling and human sources of variability in urinary
8-oxodG

Table 4 contains some demographic and 8-oxodG data for
the study population of 26 healthy individuals participating
in the study of ‘human variability’, subdivided by sex. Un-
surprisingly, women had significantly lower values for
weight, BMI, and creatinine excretion. However, only the
uncorrected urinary 8-oxodG concentration was significantly
lower in women, with no statistical difference between the
sexes for the corrected 8-oxodG values. The mean excretion of
8-oxodG was 28.5 nmol/24 h, 1.88 nmol/mmol creatinine, or
19.1 nM when standardized at SG 1.018 (nM-SG 1.018), based
upon UHPLC-MS/MS-derived values. Diurnal variation in
urinary 8-oxodG is shown in Figure 4. We noted that the rate
of excretion (nmol/h) was slightly higher during the day,
compared to the first morning void, with statistically signifi-
cant differences (20% higher; p < 0.01) at 09.30 and 14.30,
compared to first void. For creatinine-adjusted results (nmol/
mmol creatinine) the differences in 8-oxodG concentration
between different timepoints were small (maximum 6%) and
there was no overall statistically significant impact of time.
After 8-oxodG concentrations were adjusted for SG (nM-SG

Table 5. Pearson (r) Correlation Coefficients

Between 24 h 8-oxodG Excretion

and 8-oxodG Levels

8-OxodG Levels

Sample collection
time nmol/h

nmol/mmol
creatinine nM-SG 1.018

First morning (FM) 0.90 0.60 0.59
FM–09.30 0.80 0.48 0.68
09.30–12.00 0.83 0.43 0.47
12.00–14.30 0.67 0.57 0.63
14.30–17.30 0.80 0.55 0.59
17.30–22.00 0.76 0.59 0.58

Results determined by UHPLC-MS/MS (Laboratory 9), were
expressed as (i) excretion rate (nmol/h), or adjusted for (ii) creatinine
(nmol/mmol creatinine), or (iii) specific gravity (nM-SG; standard
SG = 1.018) in timed spot urine samples within the same day (day
‘‘A’’) in 26 volunteers. All correlation coefficients are statistically
significant ( p < 0.05).

FIG. 4. Excretion rate of 8-oxodG
(nmol/h; determined by UHPLC-MS/
MS, Laboratory 9), and excretion
corrected for creatinine (nmol/mmol
creatinine), or specific gravity (nM-
SG), in timed urine samples at 6 fixed
times of the day, and in a corre-
sponding 24 h urine collection, in 26
healthy subjects. Results are means
( – SD) of 2 different days, approxima-
tely 1 week apart; **p < 0.01, compared
to first void. **p < 0.01 for SG is com-
pared to all other times.
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1.018), the first void 8-oxodG concentration was significantly
higher (13%–26%; p < 0.01) than at all other points of time.

Associations between 8-oxodG excretion rates, 8-oxodG
concentration (adjusted for creatinine or SG) in timed spot
samples, and the 24 h excretion of 8-oxodG on day ‘‘A’’ are
shown in Table 5. The correlations with 24 h excretion were
highest for 8-oxodG excretion rates (rp 0.67–0.90). The results
using day ‘‘B’’ samples were similar to those for day ‘‘A’’ (data
not shown).

The intra-individual variability in 8-oxodG excretion be-
tween days (calculated for day ‘‘A’’ and ‘‘B’’), expressed as
CV, was 17% for 24 h excretion and 20% for creatinine-
adjusted first void samples, and 10% for SG-adjusted first
void samples. For all spot samples on day ‘‘A’’, the intra-
individual CV was 51% for unadjusted 8-oxodG concentra-
tions (nM), 36% for excretion rate (nmol/h), 24% for nM-SG
1.018, and 12% for excretion in nmol/mmol creatinine. Re-
sults for day ‘‘B’’ were similar. The intra- and inter-individual
variability in 24h excretion was 24% and 76% of the total
variability, respectively. Thus, the intra-class correlation co-
efficient (ICC) was 0.76. For creatinine-corrected first void
these figures were 32% and 68%, respectively (ICC 0.68).

For completeness, we compared 8-oxodG values in these 26
individuals determined by ELISA with those by UHPLC-MS/
MS. Mean values by ELISA were significantly higher than
those by UHPLC-MS/MS, 27.1 nM vs. 16.7 nM, respectively
( p < 0.0001), and although there was a significant correlation
between the two methods, the level of agreement was not
high (rs = 0.48, p < 0.0001; Fig. 5A), which is evident from the
Bland-Altman plot. The correlation between MS and ELISA
improved when a comparison was made using the data in
Figures 1 and 2 from Laboratory 9 (UHPLC-MS/MS) and
Laboratory 3 (ELISA), which used overnight incubation of the
primary antibody at 4�C (rs = 0.67, p < 0.0001; data not shown).
A Bland-Altman plot, representing the difference between
paired measurements plotted against the corresponding
mean value, derived from both techniques, revealed relatively
wide variability in values, indicated by a wide range for the 2
SD (Fig. 5B). In particular, as levels of 8-oxodG increase the
agreement between chromatographic techniques and ELISA
becomes poorer.

When sources of inter-individual variability were exam-
ined, the 24 h excretion of 8-oxodG on the two days (mean of
day ‘‘A’’ and mean of day ‘‘B’’) was found to be significantly,
positively associated with the 24 h creatinine excretion and

BMI, but not age, weight or sex (Table 6), and tended to be
lower in women (Table 4). However, BMI, sex, and creatinine
excretion were inter-correlated. In a stepwise multiple re-
gression model, only the association with creatinine excretion
remained significant, and explained 26% of the inter-indi-
vidual variability (Fig. 6A). There was no significant impact of
urinary flow or age. The regression model was as follows: 24 h
excretion of 8-oxodG (in nmol) = 11.3 + 1.1 · 24 h creatinine
excretion (in mmol) As shown in Table 4, the mean 24 h cre-
atinine excretion was 15.5 mmol. The regression equation
shows that an increase in 24 h creatinine excretion from 10 to
20 mmol would appear to increase the 24 h excretion of 8-
oxodG from 22 nmol to 33 nmol, (i.e., a 50% increase). There
was also a tendency ( p = 0.06) towards an association between
24 h creatinine concentration and 24 h 8-oxodG excretion (in
nmol/mmol creatinine), but with a negative beta coefficient,
indicating a slight ‘overadjustment’ when adjusting for cre-
atinine (Fig. 6B). In first morning samples, the point estimate
was a 16% decrease of creatinine-adjusted 8-oxodG when the
creatinine concentration of the sample increased from
10 mmol/L to 20 mmol/L ( p = 0.02).

Table 6. Pearson (r) Correlation Coefficients

Between 24 h 8-OxodG Excretion Determined by

UHPLC-MS/MSa, and Age, Body Weight, BMI, Sex

and 24 h Creatinine Excretion
a

Age Weight BMI Sex
Creatinine
(mmol/24h)

8-oxodG
(nmol/24h)

- 0.16 0.34 0.43* - 0.37 0.51**

Age - 0.12 - 0.19 - 0.05 - 0.41*
Weight 0.85** - 0.70** 0.75**
BMI - 0.48** 0.59**
Sex (female = 1) - 0.69**

aBy Laboratory 9; mean of 2 days, about 1 week apart; in 26
volunteers; *p < 0.05; **p < 0.01.

FIG. 5. (A) Comparison on 8-oxodG concentrations (nM),
determined by a commercial ELISA from the Japanese
Institute for the Control of Aging (performed by Labora-
tory 19) and UHPLC-MS/MS (Laboratory 9) in 281 urine
samples from 26 healthy subjects. In 31/312 available
samples, 8-oxodG could not be quantified by ELISA. Also
shown is the line of identity (..). (B) Bland-Altman plot of
the data in (A), comparing ELISA and UHPLC-MS/MS
analysis of 8-oxodG. The 95% limits of agreement are shown
(mean bias – 2SD).
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Discussion

Inter-laboratory sources of variability

The variation in our inter-laboratory validation trial may
originate from differences in assays, laboratory protocols,
inter-individual variation, disease status, and unexplained
variation. Overall, it was clearly shown that the variation
between ELISA and chromatographic assays was an impor-
tant contributor to the overall variation, whereas there was
high level of agreement across urine samples from different
subjects within the chromatographic assays. The partitioning
of the overall variation was based on relative differences be-
cause of the large difference in absolute values that were ob-
tained by the ELISA and chromatographic assays. It appears
that sample handling and work-up make minimal contribu-
tion to within-technique variability, most likely because urine,
unlike DNA, requires relatively little manipulation prior to
analysis. Overall, this inter-laboratory validation trial shows
that it is possible to compare the results from the chromato-
graphic assays in different laboratories and even integrate the
results in a pooled analysis, especially if inter-laboratory
variation is reduced by common calibrants. This is an im-
portant finding, with relevance for large molecular epidemi-
ology studies where many thousands of samples might be
available. Moreover, the correct absolute values are more
likely to be determined by chromatographic techniques.

For the first time, we considered the comparison between
single point, internal, and multiple point, external calibration,
both commonly used in MS. Whilst agreement between the
two approaches was strong, particularly at levels of 8-oxodG
typically seen in urine, perfect agreement was not achieved.
This was to be expected, because the external calibration
curve was not generated in authentic matrix, therefore any
matrix effects, such as ion suppression will not be taken into
account, leading to a potential over-estimation—which was
seen in our results, although largely at higher concentrations
of 8-oxodG. Therefore, across the range of concentrations of
urinary 8-oxodG reported in the literature, it would appear
that either calibration method is acceptable.

It has been reported previously that constituents of urine,
such as urea, influence the quantification by ELISA, because
urea cross-reacts with the anti-8-oxodG monoclonal antibody
frequently used (N45.1) (29), hence urine composition may
contribute to the variability and leveling of the increase in the
concentration-response of the ELISA. The large residual var-
iation is a concern and the absolute values and variation in
8-oxodG between urine samples, obtained by ELISA, have
little meaning. Of course, it might be possible to use the ELISA
with greater accuracy in matrices that are less complex than
urine. These data clearly indicate that the ELISA method
shows high variability, overestimates the true values, and is
not sufficiently sensitive to detect small changes in levels of 8-
oxodG. However, we note two sources of inter-laboratory
variability that potentially could be controlled for: (i) the use
of common primary antibodies (the clone N45.1 is a better
alternative to 1F7); and (ii) the use of a commercial kit versus
in-house assays. It can be concluded that despite ELISA
shortcomings, commercially available kits have some of the
acceptable precision, with data consistently falling within the
SD of the mean. The results from Laboratory 3 highlight the
possibility of improvements in ELISA accuracy from incu-
bating the primary anti-8-oxodG antibody at 4�C overnight,

as recommended elsewhere (10). Taken together, these data
do not rule out the use of the ELISA entirely, but do urge
caution in interpreting the quantification of what is thought to
be, but is clearly not entirely, 8-oxodG.

Intra-individual variability

The present study shows that there is a moderate intra-
individual, day-to-day variability in excretion of 8-oxodG
measured by UHPLC-MS/MS; 17% (expressed as CV) for 24 h
excretion and 20% for creatinine-adjusted first morning
samples. Pilger et al. (23) previously found an intra-individual
CV of 48% in a study group that included smokers, which
might represent a wider range of 8-oxodG values, through
possible variation in the amount smoked. Additionally, 24 h
samples were collected with intervals of 4–8 weeks (compared
to 1 week in the present study). There is also variability be-
tween spot samples within a certain day, but for creatinine-
adjusted levels, this is small (CV 12%). Thus creatinine-ad-
justed first morning samples is recommended if the aim is to
decrease intra-individual variability, plus first void samples
adjusted for creatinine also showed a reasonable correlation
(rp 0.60) with 24 h excretion.

Inter-individual variability

Our results showed a relatively strong effect of creatinine
on 8-oxodG excretion. The 24 h excretion of 8-oxodG could be
50% higher when the creatinine excretion increases by a factor
of two, although still well within the normal range. Pilger
et al. (23) also found a positive correlation between the 24 h
8-oxodG excretion and the 24 h creatinine excretion (rp = 0.64)
(23). It is likely that muscle mass is an underlying factor since
metabolic rate is associated with lean body mass, and a high
metabolic rate generates a larger amount of modified
2¢-deoxyribonucleoside products, excreted in urine (20). Con-
sistent with this, men on average excrete more 8-oxodG per kg
body weight than women (20). This suggests that adjustment
for creatinine excretion is appropriate. Indeed, this does assist,
but creatinine adjustment seems to be not entirely optimal
either. As shown in Figure 5B, 8-oxodG levels adjusted for
creatinine seem to be higher in samples with low creatinine
concentrations than in samples with high creatinine content.
This tendency in our small sample could be dismissed as a
chance finding, but we believe that the ‘‘overadjustment’’ is a
true phenomenon, since we found similar results in other
populations (unpublished results). Our recommendation is
that in cross-sectional studies, when searching for predictors
of 8-oxodG excretion, creatinine concentrations should also
be included in the models, when using creatinine-adjusted
8-oxodG. If creatinine or SG values are not available, adjust-
ment for BMI is a suitable alternative (Table 6).

Current status of the validation of urinary 8-oxodG
measurement

The present report is the first study to integrate a full inter-
laboratory validation trial with an assessment of the variation
in urinary excretion of 8-oxodG, together with a comprehen-
sive statistical analysis of variation. Our previous report ex-
amining the inter-laboratory variation in measurement of
urinary 8-oxodG noted significant differences in the tech-
nique-specific group mean and target values of 8-oxodG (9).
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The present study demonstrates a clear improvement in intra-
technique agreement with the use of common calibrants, and
clearly demonstrates that diurnal variation in 8-oxodG ex-
cretion is not large.

Importantly, the ELISA methods detected the same small
contribution to variation of urinary excretion related to the urine
donors being cancer patients or healthy subjects as the chro-
matographic assays, although with substantially higher residual
variation. This explains the large number of reports in the liter-
ature in which the ELISA has been used, and identified novel
findings (26), but now makes important the identification of
what precisely the ELISAs are recognizing. Future ELISA stud-
ies should focus on further investigation of the source(s) of
variability, together with the correlations between spot urine
and 24 h collection and improving the agreement between the
ELISAs. Whilst the use of common calibrants in our study did
not generate complete within-technique concordance, it is
clearly useful to include such calibrants to improve comparison
between assays/laboratories and facilitate the integration of
results for pooled analyses, the latter being vital if very high
sample numbers are to be analysed.

Recommendations for the study design and analysis
of urinary 8-oxodG

1. Chromatography, coupled with electrochemical or mass
spectrometric detection are both acceptable approaches for
quantification of urinary 8-oxodG. However, the additional
strengths brought to MS by stable isotope internal standard-
ization (accounting for analyte loss during sample workup
and analysis, together with calibration in the identical matrix
and compensating for ion suppression) makes it the method
of choice.

2. Presently, ELISA approaches cannot be recommended
for the accurate quantification of 8-oxodG in human urine.
Whilst they do appear to detect changes which appear to be
associated to oxidative stress, overestimation and issues of
cross-reactivity (4, 11) confound comparisons with chro-
matographic techniques and interpretation.

3. Use of common calibrants improves inter-laboratory
agreement, particularly for mass spectrometric methods, and
allows data from different laboratories to be pooled. This level
of agreement is irrespective of laboratory-specific sample
work up and analysis conditions. Greater harmonizing of
these latter factors is likely to improve concordance further.

4. For mass spectrometric assays, use of stable isotopically
labeled internal standards is essential. The use of single point
calibration or multiple point, external calibration curves are
both acceptable.

5. Although we consider the 24 h excretion to be the gold
standard, spot samples are also acceptable. In this case we
recommend timed samples where possible, making it possible
to calculate excretion rates (nmol/h). If this is not possible,
correction for creatinine is the next preferred option, which
also decreases intra-individual variability. However, when
comparing populations, or examining predictors or treatment
effects, creatinine concentrations should be included in the
model for creatinine-adjusted levels. In addition, it should be
noted that differences in muscle mass (e.g., due to vastly dif-
ferent ages, or between men and women), may affect creati-
nine-adjusted levels. The potential for significant differences
in urinary creatinine concentrations, in different study pop-

ulations, should be evaluated before determining the most
appropriate correction method and taken into account when
interpreting results. If first void samples are used, adjustment
for specific gravity is also a good alternative.

6. Further to point 5 (above), the units in which 8-oxodG
concentration is expressed will be dependent upon the
method of normalizing for urine concentration. We therefore
recommend the following: nmol 8-oxodG/mmol creatinine.

7. There appears to be little influence of disease status on
the composition of urine, at least with respect to cancer, and
the ability of chromatographic or ELISA approaches to mea-
sure urinary 8-oxodG.

8. We recommend the establishment of an on-going quality
assurance programme, for laboratories performing analysis of
oxidatively damaged nucleic acid products in urine.

9. Broadly, we feel that many of these recommendations
can apply to other damaged nucleic acid products in urine,
until their individual assessment can be achieved.

Materials and Methods

As previously (9), the participating laboratories’ techniques
were broadly classified as mass spectrometric, HPLC with
electrochemical detection, and ELISA.

ESCULA calibrants for the inter-laboratory study

We aimed to improve intra-technique agreement by pro-
viding to each laboratory using the same technique a set of
calibrants for use in producing a calibration curve, against
which further sets of test samples would be determined. The
concentrations of the mass spectrometric calibrants were
10.3 lM for [15N5]-8-oxodG and 10.3 lM for 8-oxodG, and
diluted appropriately to generate calibration curves as re-
quired by each laboratory; the HPLC-EC calibrants were 0,
2.5, 10, 25, 100, and 250 nM, and used undiluted to generate an
external calibration curve; and the ELISA calibrants were 0,
1.8, 7.1, 28.2, 70.6, 282.4, and 706 nM.

Test samples for the inter-laboratory study

For test samples spiked with 8-oxodG, a concentrated stock
of 8-oxodG (Sigma Chemical Co., Poole, Dorset, UK) was
prepared by dissolving the entire 5 mg content, as received, in
5 mL ultrapure water, and the final concentration verified by
UV absorbance. Sequential dilutions of this stock were used to
make solutions to prepare the test materials described below.
The test samples consisted of the following:

1. Phosphate buffered saline (PBS) samples. To simulate a
physiological matrix, PBS was spiked with 8-oxodG to final
concentrations of 0 (negative control), 2.5, 10, 25, 100, and
250 nM, and randomly labeled A–F.

2. Urine samples. A single, spot urine (derived from one
healthy individual) was spiked with 8-oxodG to a final
concentration of 0 (i.e., endogenous levels of 8-oxodG only),
2.5, 10, 25, 100, and 250 nM and randomly labeled G–L.

3. Healthy/patient urines. A number of 1 mL aliquots from
‘spot’ urine samples (first void, mid-stream) were prepared
from nine healthy adults, labeled H1 to H9, and from 10
head or neck cancer patients, labeled P1-P10. The purpose of
these samples was to investigate a potential effect of differ-
ence in urine composition, due to disease, upon 8-oxodG
analysis. Collection and analysis of samples provided in this
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part of the study was approved by the medical ethics com-
mittee of The Collegium Medicum Nicolaus Copernicus
University Bydgoszcz, Poland, No 241/2002; (in accordance
with Good Clinical Practice, Warsaw 1998) and all the pa-
tients gave informed consent.

Whilst it was evident to the participating laboratories
which samples were urine and which were PBS, no indication

was given as to the 8-oxodG concentration for those spiked
with standard. The code for the samples was unknown to the
participants including the sample distribution laboratory (in
which sample preparation and analysis was performed by
different people), until the analysis was complete. Samples
and calibrants for analysis were prepared by the Universities
of Copenhagen (DK), Leicester (UK), and Nicolaus Coperni-
cus University (PL). All calibrants and samples were

Table 7. Key Properties of Methods of Analysis Used in the Present Study

Lab ID Technique Key properties

MS
4 LC-GC/MS Single point internal calibration and external calibration curve. [15N5]-8-oxodG standard added to

all samples. HPLC prepurification.

4 LC-MS/MS Single point internal calibration and external calibration curve. [15N5]-8-oxodG standard added to
all samples.

9 UHPLC-MS/MS External calibration using calibrants prepared in milliQ-water. Isotopically-labeled internal
standard was added to all samples and calibrants. Urine samples were heated to 37�C. After
centrifugation, an aliquot of the supernatant was diluted with buffer (0.1 M LiAc, pH 4)
containing [15N5]-8-oxodG (13).

11 LC-MS/MS Online SPE with ODS-3 column, 20 lL injected.

15 LC-MS/MS Isotope-dilution technique was applied by adding a fixed amount of [15N5]-8-oxodG to all
samples. Urine samples were analyzed by on-line SPE LC-MS/MS (14).

16 LC-MS/MS 10 lL injected, [15N5]-8-oxodG standard, external calibration curve.

18 UHPLC-MS/MS [15N5]-8-oxodG standard, both internal and external calibration curves. Solid phase extraction
prior to analysis (16).

25 LC-MS/MS Thermo Fisher LC-MS/MS with ESI, without sample extraction, only filtration and dilution in
lithium acetate mobile phase. Chromatographic separation is obtained in 35 min using a
UNISOL (AGELA Technology) C18 column.

29 LC-MS/MS External calibration method on one urine sample randomly selected from H1–H9. Calibration
levels were prepared from dilution of ESCULA stock solution. [15N5]-8-oxodG was added to
each sample at a fixed concentration. Each urine sample was centrifuged and diluted before the
injection (2).

31 LC-MS/MS External calibration using calibrants prepared in urine. [15N5]-8-oxodG standard was added as
internal standard. Solid phase extraction prior to analysis (7).

32 LC-MS/MS [15N5]-8-oxodG internal standard added to all samples and standards, both single point internal
standard calibration and external standard calibration curve. Solid phase extraction purification
prior to analysis (30).

ECD
5 HPLC-ECD Twin HPLC, carbon column-switching method with electrochemical detection (3).

7 HPLC-ECD Sequential HPLC using twin carbon column-switching and electrochemical detection (8).

13 HPLC-ECD On-line pre-treatment, anion exchange column (MCI GEL CA08F)(15).

ELISA
3 In-house assay, which includes sample enrichment using a Bond Elute filter. Sample volume

required: 95 lL; range of calibrants: 0.1–10 ng/mL; primary antibody N45.1, incubated
overnight at 4�C (12).

8 In-house assay: 50 lL of sample incubated with primary Ab (N45.1, JaICA) for 1.5 h; incubation
with secondary Ab for 1.5 h; all incubations at room temperature; the range of the standard
curve: 1.25–40 ng/mL (27).

10 In-house assay with monoclonal antibody 1F7; range of the standard curve is 1.25–40 ng/mL (31).

12 Commercial ELISA kits (New 8-OHdG Check and Highly Sensitive 8-OHdG Check, JaICA) with
primary antibody N45.1 (incubated at room temperature for 1 h).

19 Commercial assay with monoclonal antibody, incubations at room temperature; the range of the
standard curve: 0.5–200 ng/mL (22).

26 8-oxodG was assessed with the Highly Sensitive 8-OHdG Check ELISA kit, using anti-8-oxodG
monoclonal antibody clone N45.1 (incubated for 1 h at 37�C). 50 lL of urine per sample,
analyzed in duplicate. The standard concentrations provided by ESCULA were used.

Full details are contained in the cited references.
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transferred to the University of Leicester before onward dis-
tribution to the participating laboratories by courier on dry
ice. Samples were kept frozen until analysis.

Analytical procedures for 8-oxodG measurement

Each laboratory used its own method for urinary 8-oxodG
determinations, including sample preparation, but using the
calibrants provided centrally. The salient features of the
methodologies used are given in Table 7.

Creatinine determinations

Urinary creatinine concentration is widely used as a cor-
rection factor for urine concentration when measuring urinary
8-oxodG (21, 24). We have previously shown good inter-
laboratory and inter-technique agreement in the measure-
ment of urinary creatinine (9), and so this comparison was not
performed here. The urinary creatinine measurements, and
SG, used here to correct for urine dilution were determined
previously (1).

Evaluation of urine sampling regime and method
of correction for urine concentration on 8-oxodG values

The population group used for this part of the study has been
described elsewhere (1). Briefly, 26 healthy (no diabetes, kidney
disease, or other serious disease), nonsmoking (at recruitment)
Swedish subjects were recruited. The study population com-
prised 15 men (mean age 39, range 23–59 years) and 11 women
(mean age 38, range 26–56 years), who provided complete urine
samples as described below. Subjects were recruited from the
staff and students at the University of Gothenburg. The study
was approved by the Ethics Committee, University of Go-
thenburg, and all subjects gave their informed consent.

We examined the 24 h excretion of 8-oxodG on 2 different
days (denoted ‘‘A’’ and ‘‘B’’), 1 week apart, from which 8-oxodG
excretion rates (nmol/h) were calculated, as well as 8-oxodG
concentration, corrected for creatinine and SG. From each sub-
ject, urine samples were collected at six fixed times of the day
(first morning void, 09:30, 12:00, 14:30, 17:30, 22:00), generating
a total of 312 samples. If urination was necessary between fixed
times, the next container was used. All samples were timed, and
volumes were recorded. From the urine samples, 5 mL aliquots
were transferred to Minisorb tubes (NUNC, Denmark). Sam-
ples were immediately frozen at - 20�C until analysis 4 years
later. For completeness, the above samples were analyzed for 8-
oxodG using two distinct analytical methods: UHPLC-MS/MS
(by Laboratory 9), representing the chromatographic methods
and a commercial ELISA kit ( Japanese Institute for the Control
of Aging, Fukuroi, Japan), performed by Laboratory 18, ac-
cording to the manufacturer’s instructions.

Statistical analysis

Analysis of the inter-laboratory variation in the urinary ex-
cretion of 8-oxodG was assessed by ANOVA analysis with the
laboratory nested by type of method (chromatographic tech-
nique or ELISA) and the subject nested in disease status as an
independent categorical variable. The inter-individual variabil-
ity was assessed in separate strata for the chromatographic
techniques and ELISA methods; the subject was also nested in
the disease status and the laboratory was included as an inde-
pendent categorical variable. The contribution of the disease
status to the overall variation was assessed by ANOVA in da-
tasets from individual laboratories. The concentration-response
relationship in urine samples spiked with 8-oxodG was ana-
lyzed by a general regression model with test for interaction
between the spiked concentration of 8-oxodG (continuous var-
iable) and the type of method (categorical variable). The parti-
tioning of the total variability to contributions explained by the
type of method, disease status, inter-individual, and residual
variation was assessed as relative values calculated from the
sum of squares in the statistical analysis. The residual variation

FIG. 6. Excretion of 8-oxodG (determined by UHPLC-MS/
MS; Laboratory 9) in 24 h urine samples as function of
creatinine. (A) 8-oxodG (nmol) versus creatinine (mmol). (B)
creatinine-adjusted 8-oxodG (nmol/mmol creatinine) vs.
creatinine concentrations (mM). Results are the means ( – SD)
of 2 different days, approximately 1 week apart.
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was also assessed by the magnitude of the residual variation
(SDres). The statistical analysis was carried out in Statistica 5.5
from StatSoft, Inc. (Tulsa, OK).

Excretion rates of 8-oxodG (nmol/h) and creatinine (mmol/
h) for each time period were calculated from concentrations,
volume, and sampling interval. 8-OxodG was also adjusted for
urinary flow rate using creatinine (nmol 8-oxodG/mmol cre-
atinine; nmol/mmol creatinine) and SG (nM-SG). A standard
SG of 1.018 was used. Differences between levels of 8-oxodG
(nmol/h, nmol/mmol creatinine, or nM-SG-adjusted) at dif-
ferent time periods were assessed using repeated measures
mixed effect models (Proc Mixed in SAS), with individual as a
random factor (SAS Institute, Cary, NC). The associations
between levels of 8-oxodG in the timed individual spot sam-
ples and the 24 h excretion in the whole sampling day were
examined using the Pearson correlation coefficient (rp).
Variability in 8-oxodG levels between days, and within indi-
viduals, was calculated from the 24 h samples and expressed
as coefficient of variation (CV) for excretion rate (nmol/24 h),
and pooled 24 h concentrations adjusted for creatinine or SG.
Intra-individual variability was also quantified (expressed as
CV) for spot urine samples within a day (day A). The intra-
individual variability was compared with variability between
individuals. Partitioning of intra- and inter-individual vari-
ability was performed using Proc Nested in SAS, and the intra-
class correlation (ICC; inter-individual variability/total vari-
ability) was calculated. Sources of inter-individual variability
were assessed using stepwise multiple linear regression.

All data were plotted using Prism v5.0 (GraphPad Software
Inc., La Jolla, CA, USA).
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HPLC-ECD¼high performance liquid chromatography
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with tandem mass spectrometry
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spectrometry
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