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Measurement of oxidatively damaged DNA in mammalian cells using the 
comet assay: Reflections on validity, reliability and variability 

Peter Møller 
Section of Environmental Health, Department of Public Health, University of Copenhagen, Øster Farimagsgade 5A, DK-1014, Copenhagen K, Denmark   
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A B S T R A C T   

The comet assay is a simple technique for measurements of low levels of DNA damage and repair in single cells. 
However, there is variation in background levels of DNA damage in peripheral blood mononuclear cells (PBMCs). 
This variation has been documented by inter-laboratory ring-trials where identical samples have been analysed 
in different laboratories using the formamidopyrimidine DNA glycosylase (Fpg)-modified comet assay. The co-
efficient of variation of background levels of Fpg-sensitive sites was 128 % in the first inter-laboratory validation 
trial called European Standards Committee on Oxidative DNA Damage. The variation was reduced to 44 % by the 
end of the project. Subsequent ring-trials by the European Comet Assay Validation Group showed similar inter- 
laboratory variation in Fpg-sensitive sites in PBMCs (45 %). The lowest inter-laboratory variation in Fpg-sensitive 
sites in PBMCs was 12 % when using calibration to standardize comet assay descriptors. Introduction of standard 
comet assay procedures was surprisingly unsuccessful as certain laboratories experienced technical problems 
using unaccustomed assay conditions. This problem was alleviated by using flexible assay standard conditions 
rather than a standard protocol in a ring-trial by the hCOMET group. The approach reduced technical problems, 
but the inter-laboratory variation in Fpg-sensitive sites was not reduced. The ring-trials have not pinpointed 
specific assay steps as major determinants of the variation in DNA damage levels. It is likely that small differences 
in several steps cause inter-laboratory variation. Although this variation in reported DNA damage levels causes 
concern, ring-trials have also shown that the comet assay is a reliable tool in biomonitoring studies.   

1. Introduction 

Single cell gel electrophoresis under neutral condition was developed 
by Ostling and Johansson to investigate DNA damage and repair of 
ionizing radiation-induced genotoxicity [1]. However, it is a modified 
version of the method, using alkaline electrophoresis, which is often 
highlighted as the original reference of the comet assay [2]. The unique 
characteristics of the assay are concisely summarized in the title of the 
paper, i.e. the comet assay “is a simple technique for quantification of 
low levels of DNA damage in individual cells” [2]. The name “comet 
assay” was used for the first time by Olive and co-authors [3] and it has 
since been adopted as a Medical Subject Headings in the US National 
Libraries of Medicine. 

Many researchers use only the standard comet assay for the mea-
surement of DNA strand breaks and alkali-labile sites. However, adding 
a step where the DNA is incubated with repair enzymes makes it possible 
to detect lesions that are not detected by the standard procedure. 
Andrew Collins and co-workers developed this enzymic version of the 
comet assay by using T4 endonuclease V to detect pyrimidine dimers in 

UV-C treated cells [4]. Building on use of repair enzymes, the comet 
assay was further developed to measure oxidatively damaged DNA in 
peripheral blood mononuclear cells (PBMCs) from humans using endo-
nuclease III [5]. Formamidopyrimidine DNA glycosylase (Fpg) was 
subsequently used to detect 8-oxo-7,8-dihydro-2′-deoxyguanine 
(8-oxodG) in human cells [6]. This approach culminated in the devel-
opment of the comet-based in vitro repair assay, in which the repair 
activity in a cell or tissue extract is measured by the comet assay using 
substrate cells with specific types of DNA lesions such as oxidatively 
damaged DNA [7]. 

Concurrently with the exploration of novel applications of the comet 
assay, it became increasingly clear in the 1990s that estimates of 
oxidatively damaged DNA differed by several orders of magnitude when 
measured by different methods. For instance, the report from a meeting 
held at the Rowett Research Institute in Aberdeen, Scotland, highlighted 
that enzymic methods yielded lowest levels of 8-oxodG (i.e. 0.07− 0.24 
lesions/106 dG), high performance liquid chromatography higher levels 
(i.e. 1.7–32 lesions/106 dG) and gas chromatography-mass spectrometry 
the highest levels (40− 660 lesions/106 dG) in human lymphocytes and 
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cell lines [8]. The dispute over the true levels of 8-oxodG in human cells 
had a constructive effect in as much as it gave momentum to form the 
European Standards Committee on Oxidative DNA Damage (ESCODD), 
which aimed at resolving methodological problems and reach agree-
ment on background levels of DNA oxidation damage in human cells [9]. 
To achieve its objective, ESCODD used coded cell samples, distributed 
from a central laboratory to participating laboratories, to assess the 
variability of DNA damage measurements. Other projects with 
ring-trials on the Fpg-modified comet assay followed after ESCODD, 
called the European Comet Assay Validation Group (ECVAG) and 
hCOMET. Table 1 summarises key information regarding 

inter-laboratory (or inter-investigator) variation in Fpg-sensitive sites in 
these comet assay ring-trials. The trials are listed chronologically and 
they show progress from early assessment of inter-laboratory variation 
to using calibration curves to standardize results from different labora-
tories, testing standardized assay protocols, and developing a positive 
assay control for the Fpg-modified comet assay. In general, the approach 
has been to assess sources of inter-laboratory variation and develop 
approaches to reduce it. 

This review describes results from various ring-trials on the Fpg- 
modified comet assay and the implication they have on the reliability 
of the comet assay in human biomonitoring studies. The article may give 
the impression that the comet assay is a poor technique in genetic 
toxicology because it has a lot of random variation. It would be a hasty 
conclusion and it is much better to appreciate that understanding the 
problem is the premise to fix it. This article is part of the Mutation 
Research special issue that pays tribute to Andrew Collins and his 
contribution to use of the comet assay. It circles around two questions 
that Andrew Collins asked about the comet assay in the 1990s, namely 
“What can it really tell us?” [10] and “Do we have a reliable biomarker?” 
[6]. His contribution to exploring novel applications of the comet assay, 
commitment to validate the method, and being safeguard of “good 
comet assay practice” is outstanding. I have been privileged to work 
with Andrew Collins in the ESCODD, ECVAG and hCOMET ring-trials. 

2. The comet assay: what can it really tell us? 

Plain and simple, the comet assay tells us something about how much 
supercoiled DNA loops are relaxed by strand breaks and therefore mi-
grates toward the anode during electrophoresis [10]. This is not 
particularly relevant information, but we assume there is a relationship 
between the level of DNA migration in the comet assay and the number 
of DNA strand breaks. As DNA migration is measured in single cells and 
there is heterogeneity in the level of DNA migration between comets in 
the same gel, it has been recommended to analyse at least 50 comets per 
gel from two gels [11]. There are three levels by which results on DNA 
migration are condensed and transformed to give a suitable description 
of the DNA damage level in each sample: 1) primary comet assay 
descriptor such as the percentage of fluorescence in the comet tail, tail 
length, tail moment or visual score, 2) statistical tool to obtain a central 
estimate of the distribution of the primary comet assay descriptor, and 
3) transformation of the central estimate to lesions per unaltered nu-
cleotides or base pairs. 

The first level is the primary descriptor of DNA migration. There has 
been debate over which of the primary comet assay descriptors that 
provides the most correct information of the DNA damage level. In 
essence, the core of the debate concerns descriptors that are obtained by 
image analysis systems such as tail length, percentage of fluorescence in 
the tail (or % tail DNA) and the tail moment. On a popularity scale, % 
tail DNA is at the top of the list. However, it is not necessary to use image 
analysis because visual classification of comets gives excellent results. 
Andrew Collins devised a system with five different classes of comets, 
going from round images to a comet-type with a small (shrunken) head 
and large tail [12]. Fig. 1 shows an example of a correlation between 
visual score and % tail DNA of individual comets that have been scored 
by the visual classification and image analysis (using Kinetics version 
3.0), respectively. 

The second level is the statistical analysis to obtain a central estimate 
of the primary comet assay descriptor from the distribution of comets. A 
recurrent debate is whether the mean or median of the comet distribu-
tion is the best way to calculate the central estimate. In practice, it has 
little influence whether the mean or median is used. Suggestions to use 
other central estimates of non-normal distributions than the median 
seem to be ignored [13]. Personal preference rather than statistical 
performance might be the strongest factor for the choice of means or 
medians. The distribution of medians from different samples can have a 
normal distribution, even though the comets are not normally 

Table 1 
Summary of studies that have assessed inter-laboratory or inter-investigator 
variation in levels of Fpg-sensitive sites in peripheral blood mononuclear cells 
and cell lines.  

Study Sample Lesions/106 

base paira 
Inter-lab variation 
(CV)b 

ESCODD 2002 
[17] 

Unexposed Hela 
cells 

0.54 (0.69)c 128 % (10 labs) 

ESCODD 2003 
[18] 

Unexposed Hela 
cellsd 

0.25 (0.14)c 57 % (10 labs) 

ESCODD 2005 
[19] 

Unexposed HeLa 
cells and PBMCs (n 
= 8− 20) 

0.22 (0.20) 
[HeLa]c 

90 % (HeLa cells; 7 
labs) 

0.15 (0.07) 
[PBMCs]c 43 % (PBMCs; 7 labs) 

Møller 2004 
[21] PBMCs (n = 5) 0.11 (0.06)c 

39 % (raw data: 59 %, 
10 investigators from 
the same lab, 
analysing the same 
reference samples) 

Forchhammer 
2008 [22] 

PBMCs (n = 7) and 
reference samples 
(i.e. A549 cells 
treated with 
Ro19− 8022) 

0.31 (95 % CI: 
0.11− 0.86) 
lesions/106 bp 

26 % (8 investigators 
from the same lab, 
analysing the same 
reference samples) 

Johansson 
2010 [15] 

A549 cells 
(unexposed, 0.2 
and 0.8 μM 
Ro19− 8022) 

0.20 (0.13) 
[Unexposed] 

64 % (raw data: 68 %, 
10 labs) 

0.69 (0.28) [0.2 
μM] 

40 % (raw data: 69 %, 
10 labs) 

1.41 (0.43) [0.8 
μM] 

31 % (raw data: 56 %, 
10 labs) 

Forchhammer 
2012 [26] 

PBMCs (n = 3) or 
reference samples 
(i.e. THP-1 cells 
treated with 
Ro19− 8022) 

0.32 (0.17) 
[PBMCs] 

54 % (PBMCs: 
standard protocol, 7 
labs) 

1.03 (0.42) 
[THP-1] 

68 % (PBMCs; own 
protocol, 7 labs) 
41 % (Ro19− 8022: 
standard protocol, 7 
labs) 
61 % (Ro19− 8022; 
own protocol, 7 labs) 

Ersson 2013 
[27] PBMCs (n = 3) 0.46 (0.21) 

45 % (raw data: 91 %, 
11 labs) 

Godschalk 
2014 [28] PBMCs (n = 15) 0.49 (0.09) 

12 % (raw data: 57 %, 
11 labs) 

Møller 2020 
[35] 

TK6 cells (exposed 
to Ro19− 8022) 0.62 (0.38)e 

61 % (semi- 
standardized 
protocol, 7 labs)  

a Reported as mean and standard deviation, except one study where the 
variation has been reported as 95 % confidence interval (CI). 

b The coefficient of variation (CV) refers to the variation in mean levels of Fpg- 
sensitive sites between laboratories. The percentages do not always match the 
mean and standard deviation in the “lesions/106 base pair” column because they 
are calculated as average values of samples from each laboratory.” Raw data” 
refers to untransformed results. 

c Transformed to Fpg-sensitive sites per million base pair, using 1 lesion/106 

dG = 0.44 lesions/106 bp. 
d Results from Ro19− 8022 and light exposed cells are not shown because of 

poor concentration-response relationship in the majority of laboratories. 
e The original results have been converted to lesions/106 bp by use of the same 

calibration curve as used in the ECVAG ring-trials (i.e. 0.0273 lesions/106 bp per 
1 % tail DNA). 
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distributed in the underlying distribution of comets [13]. 
The third level is important for the interpretation of comet assay 

results. Comets with long tails have more DNA lesions than comets with 
short tails in the same assay condition. However, a problem arises when 
comets are compared across different experiments because the assay 
conditions affect the DNA migration and therefore the comet length and 
percentage of fluorescence in the comet tail. The solution to this problem 
is to calibrate the mean (or median) of the primary comet assay 
descriptor using an agent that produces a known number of DNA strand 
breaks. The agent of choice is low linear energy transfer ionizing radi-
ation (i.e. X-rays or γ-rays). Fig. 2 demonstrates the principle of the 
calibration of the comet assay where primary comet assay descriptors 
are transformed to lesions per million base pairs [14]. The same trans-
formation of primary descriptors is also used for other assays that detect 
DNA strand breaks such as alkaline elution and alkaline unwinding. The 
comet assay ring-trials have used calibration curves to transform the 
primary descriptors to lesions/106 bp (or lesions/106 dG). In fact, this 
transformation of the primary comet assay descriptor to lesions/106 dG 
was instrumental for the hypothesis that background levels of 8-oxodG 
in human cells differed by several orders of magnitude [8]. Thus, as a 
genotoxicity test, what the comet assay really tells us is that background 
levels of 8-oxodG and other lesions are relatively low (e.g. one 8-oxodG 
per million guanines, which is considered to be one of the most prevalent 
nucleobase lesions caused by oxidative stress). Beyond this important 
information, use of the comet assay in biomonitoring studies tells us that 

Fig. 1. Relationship between primary comet assay descriptors in terms of visual 
score (5-class system) and percentage of fluorescence in tail (% tail DNA). The 
data points are mean and standard deviation from 52-101 comets. The pa-
rameters are highly correlated (r = 0.99, linear regression). Reproduced from 
previously published results [64]. 

Fig. 2. Principles of calibration in the comet assay. Monocytic THP-1 cells have been exposed to γ-radiation on ice and subsequently analysed in the comet assay. The 
comets have been scored by visual classification or image analyses (Perceptives Instruments version 3) by the author. The primary score is first transformed into Gy- 
equivalents and then transformed to breaks/106 base pair (bp) per primary comet assay score. 
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realistic exposures to environmental and occupational agents, as well as 
dietary interventions with phytochemicals and antioxidants, are asso-
ciated with relatively modest changes in steady-state levels of oxida-
tively generated damage to DNA. 

3. A brief note about measurement of variability 

There are different ways to report variability in results from ring- 
trials, which most likely depend on the type of samples and experi-
mental factors that are investigated. In this review, results from the ring- 
trials are reported as range (i.e. lowest and highest values in the dataset), 
standard deviation (SD) or coefficient of variation (CV) in unexposed 
cells (i.e. background levels of DNA damage) or cells that have been 
exposed to a genotoxic agent. The SD is usually higher in samples that 
have been exposed to DNA damaging agents than unexposed cells. As an 
example of inter-laboratory variability, one of the ECVAG ring-trials 
assessed Fpg-sensitive sites in unexposed cells (0.20 ± 0.13 lesion/106 

bp, CV = 64 %) as well as cells that had been exposed a photosensitizer 
(Ro19− 8022) at concentrations of 0.2 μM (0.69 ± 0.28 lesion/106 bp, 
CV = 40 %) and 0.8 μM (1.41 ± 0.43 lesion/106 bp, CV = 31 %) [15]. As 
can be seen, the actual variation increases (i.e. SD), whereas the relative 
variability (i.e. CV) decreases. CVs are most useful for data that follow a 
log-normal scale, which has proportionality between the mean and SD. 
However, the inter-laboratory variation in comet assay results seems to 
follow a square root distribution, where the variance (i.e. SD2) is pro-
portional to the mean [16]. Thus, CVs can be compared between data-
sets when the actual level of DNA damage is similar (e.g. unexposed 
cells), whereas it is more uncertain to compare CVs between groups of 
exposed and unexposed cells. This review uses mainly the actual vari-
ation (i.e. range or SD), whereas CVs are used for variability in datasets 
with similar level of DNA damage. 

4. European standards committee on oxidative DNA damage 
(ESCODD) 

ESCODD was the first inter-laboratory validation trial that included 
the Fpg-modified comet assay. The overarching purpose of the project 
was to assess background levels of 8-oxodG measured by chromato-
graphic techniques and enzymic assays using Fpg, including the Fpg- 
modified alkaline elution, alkaline unwinding and comet assays. The 
primary comet assay descriptors were transformed to lesions/106 dG 
using the same calibration curve for all laboratories. 

The 1st ESCODD ring-trial was a relatively simple study that assessed 
levels of Fpg-sensitive sites in unexposed HeLa cells, which had been 
cryopreserved in a central laboratory and distributed to participating 
laboratories [17]. The level of DNA damage was reported as lesions/106 

dG in order to compare with measurements of 8-oxodG by chromato-
graphic techniques. The results on Fpg-sensitive sites had a large vari-
ation in levels of DNA damage as values ranged from 0.06 to 4.98 
lesions/106 dG (SD = 1.57 lesions/106 dG, mean = 1.23 lesions/106 dG, 
CV = 128 %) [17]. The lowest and highest values of Fpg-sensitive sites 
were obtained by the comet assay, indicating that results from other 
enzymic assays were not causing the variability in results. 

The 2nd ESCODD ring-trial assessed variation in HeLa cells, which 
had been treated with Ro19− 8022 and light to induce Fpg-sensitive sites 
[18]. Ro19− 8022 generates 8-oxodG without concomitant generation of 
DNA strand breaks when it is irradiated with light (in the present paper, 
Ro19− 8022 refers to the full exposure condition when cells are exposed 
to Ro19− 8022 and irradiated with light). The samples were produced in 
a central laboratory and distributed to the participating laboratories. 
The results were not encouraging as only three laboratories out of eight 
were able to find a dose-response relationship in the coded samples. On 
the positive side, the background level of Fpg-sensitive sites in unex-
posed HeLa cells displayed less variation (0.10–1.18 lesions/106 dG, SD 
= 0.32 lesions/106 dG, mean = 0.56 lesions/106 dG, CV = 57 %) than 
the first ESCODD ring-trial. 

The 3rd ESCODD ring-trial aimed at establishing the background 
level of nucleobase oxidation products in human PBMCs from healthy 
male non-smokers, aged 20–30 years [19]. Seven laboratories each 
collected blood samples and analysed levels of Fpg-sensitive sites in 
PBMCs. In addition, a reference sample of Hela cells was distributed 
from a central laboratory to each of the seven laboratories. The level of 
Fpg-sensitive sites in PBMCs differed from 0.15 to 0.55 lesions/106 dG 
(CV = 43 %) Again, there was substantial variation in reference samples 
of unexposed HeLa cells (0.14–1.47 lesions/106 dG, CV = 90 %). The 
relationship between Fpg-sensitive sites in PBMCs and reference samples 
was not discussed in the original publication. However, a re-analysis of 
the results showed that the inter-laboratory variation in Fpg-sensitive 
sites was reduced to 14 % when the results were corrected using the 
reference samples and an aberrant result from one laboratory was 
omitted [20]. Fig. 3 shows the relationship between the level of 
Fpg-sensitive sites in the reference sample (HeLa cells) and PBMCs. 

The ESCODD project was outstanding by comparing numerical es-
timates of DNA damage levels by the comet assay to similar assays (i.e. 
alkaline elution and alkaline unwinding) and chromatographic tech-
niques. It was not possible to compare the performance of different 
enzymic assays because the alkaline elution and alkaline unwinding 
assays were only used each in one laboratory. However, it demonstrated 
a large inter-laboratory variation in reported levels of oxidatively 
damaged DNA in human cells. Thus, ESCODD ended on a note of worries 
regarding the validity of the Fpg-modified comet assay, although it was 
also clear that many laboratories had limited experience in this partic-
ular version of the assay. 

5. Interim validation trials on Fpg-sensitive sites 

The variation in DNA damage levels between laboratories in the 
ESCODD project inspired us to assess the variation in Fpg-sensitive sites 
when samples were analysed by different investigators (described in 
detail below) [21,22]. We used visual scoring and it might be easy to 
accept that investigators score slides differently. It is my impression that 
image analysis using a software system requires censorship because of 
misclassification of comets. For instance, class 4 comets (i.e. shrunken 
head and large tail) can be misclassified as a class 0 comet (i.e. no tail). 

Fig. 3. Relationship between levels of Fpg-sensitive sites/106 dG in reference 
samples (HeLa cells) and peripheral blood mononuclear cells (PBMCs). The 
aberrant results (x,y = 1.5, 0.34) is not included in the linear regression line. 
Symbols are different laboratories. Reproduced from previously published re-
sults [19]. 
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In addition, the density of comets can be a problem for image analysis, 
leading to omission of comets in certain areas of the gel. Thus, there is 
subjectivity in software image analysis of comets too. However, it might 
be easier to accept that two investigators score comets differently by 
visual classification than to accept the same two investigators make 
choices in the selection of comets using software image analysis. 

Inspired by the work in ESCODD, we conducted an intra-laboratory 
validation trial with 10 investigators, who used visual scoring of the 
same slides of comets from human PBMCs and calibration curve sam-
ples. This took the comet assay analysis a step further by using 
investigator-specific calibration curves rather than the same calibration 
curve for all investigators as it was done in the ESCODD trial. The pri-
mary comet assay descriptor of Fpg-sensitive sites was transformed to 
lesions/106 bp by the use of either a common calibration curve (i.e. the 
same calibration as used in the ESCODD trial) or investigator-specific 
calibration curves [21]. The variation in levels of Fpg-sensitive sites in 
PBMCs was reduced from 59 % when using a common calibration curve 
to 39 % when using investigator-specific calibration curves [21]. 

In a subsequent intra-laboratory validation trial, levels of Fpg- 
sensitive sites were analysed in the same PBMC samples by eight 
different investigators [22]. As compared to the previous 
intra-laboratory validation trial, which assessed only the scoring of 
comets, all investigators conducted comet assay analysis on the same 
cryopreserved PBMCs, reference samples (i.e. Ro19− 8022 exposed 
cells) and calibration curve samples. There was a slightly lower 
inter-investigator variation in Fpg-sensitive sites after correction of the 
results with the investigator-specific calibration curve (95 % CI: 
0.11− 0.86 lesions/106 bp; mean = 0.31 lesions/106 bp) as compared to 
the uncorrected estimates (95 % CI: 0.14–1.27 lesions/106 bp; mean =
0.43 lesions/106 bp). However, it was also clear that the heterogeneity 
in Fpg-sensitive sites demanded a more elaborate statistical analysis, 
which is reflected in the use of 95 % confidence interval (CI) rather than 
CV to describe the variability. In addition, it should be noted that 
transforming primary comet assay results by use of calibration curve 
samples or reference standards will increase the variability because the 
experimental variation in the samples are added. Thus, there is a 
trade-off when results are corrected using calibration curve or reference 
samples. Correction of raw data using reference standards works best if 
the variance attributed to inter-experiment (e.g. day-to-day variation), 
inter-investigator or inter-laboratory variation is larger than the vari-
ance attributed to the factor that is investigated (e.g. a difference be-
tween exposure groups). 

6. European comet assay validation group 

The European Comet Assay Validation Group (ECVAG) was assem-
bled in the Environmental Cancer Risk, Nutrition and Individual Sus-
ceptibility (ECNIS) project under the European Union 6th Framework 
Program [23]. Concurrently, another project called NewGenesis under 
the European Union 6th Framework Program, worked on approaches to 
increase the quality of comet assay measurements by developing stan-
dard protocols and tutorial videos with instructions to conduct comet 
assay experiments. Research groups in the NewGeneris project partici-
pated in the ECVAG ring-trials that mainly focussed on assessment and 
reduction of comet assay variation in relation to DNA damage [23]. The 
hypothesis of the ECVAG study was that it would be possible to reduce 
inter-laboratory variation in background levels of DNA damage and 
repair activity by standardizing the results, using laboratory-specific 
calibration curves. 

The 1st ECVAG ring-trial had several purposes, which were mainly 
based on learning lessons from the ESCODD project. It was clear from 
the results of the ESCODD ring-trial that ECVAG should start from 
scratch. Therefore, the first step was to assess if the participating labo-
ratories could detect a dose-response relationship in coded premade 
slides of comets that had been exposed to ionizing radiation (Fig. 4). It 
was a success in as much as all 12 participating laboratories were able to 

detect a dose-response relationship in premade slides of cells that had 
been exposed to doses of ionizing up to 10 Gy [24]. However, the 
omnipresent problem in comet assay analysis was revealed all too 
clearly as huge variation in reported levels of DNA strand breaks. For 
instance, values ranged from 29 % to 95 % tail DNA in samples that were 
exposed to the 10 Gy of ionizing radiation. This causes concern because 
the participating laboratories only had to stain and score the slides. 
However, there were encouraging results too. The participating labo-
ratories analysed cryopreserved samples of the same cells, using their 
own methods. Fig. 5 shows the relationship between DNA damage levels 
in the premade slides (i.e. slides of comets that were made in a central 
laboratory) and own analysis of the same cell samples. In addition, the 
laboratories were given coded samples of cells, which happened to be 
cells from the same experiment of ionizing radiation as the calibration 
curve samples (i.e. 0, 2.5, 5 and 10 Gy for the calibration curve samples 
that were not coded and 1.5, 2.5, 5 and 7 Gy for the coded samples). 
There was no difference in the slope of the dose-response curve between 
the samples that were scored as coded and non-coded samples. Stan-
dardization of DNA strand break values in the coded samples by use of 
the calibration curve samples reduced the inter-laboratory variation 
(CV) from 47 % to 28 %. Despite these highlights, it is striking that a 
large proportion of the inter-laboratory variation in DNA strand breaks 
appears to be explained by differences in staining procedure and image 
analysis. 

The 2nd ECVAG ring-trial focussed on the measurement of Fpg- 
sensitive sites in human cells that had been exposed to Ro19− 8022 in 
a central laboratory, together with calibration curve samples [15]. The 
design was identical to the ESCODD study on Ro19− 8022 exposed cells, 
except that the participating laboratories made their own calibration 
curve. As it turned out, nine out of 10 laboratories found a positive 
ranking in the coded samples – a much better result than the ESCODD 
trial, where only three out of eight laboratories had a positive ranking of 
coded samples [16]. Moreover, standardization by use of 
laboratory-specific calibration curves decreased the inter-laboratory 
variability in Fpg-sensitive sites in exposed cells. The CV decreased 
from 60 % to 40 % (low concentration of Ro19− 8022) and from 56 % to 

Fig. 4. Variation in DNA migration levels of comets that have been stained and 
scored by 12 different laboratories. Each laboratory analysed four samples that 
had been irradiated with 0, 2.5, 5 and 10 Gy and processed by a central lab-
oratory. There were no restrictions on the type of comets that could be scored. 
The lines indicate the laboratories with the highest and lowest dose-response 
relationship. Reproduced from previously published results [24]. Examples of 
comets in the four exposure groups are reported in the supplement of the 
original publication. 
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31 % (highest concentration of Ro19− 8022) in non-standardized and 
standardized data, respectively [15]. 

The 3rd ECVAG ring-trial was devoted to assessment of the variation 
in comet-based in vitro repair assay using Ro19− 8022 for the prepara-
tion of substrate cells [25]. This modification of the comet assay requires 
more experience than the Fpg-modified comet assay because the repair 
rate is the outcome (i.e. number of repair incisions at a time-point when 
only a fraction of the substrate lesions have been nicked by enzymes in 
the extract). In comparison, longer incubation time is used for the 
Fpg-modified comet assay to ensure that all lesions have been detected. 
The ring-trial used cell lines with different repair activity as biological 
samples. The ring-trial results showed a high heterogeneity in base 
excision repair activity, although it was noted that six out of eight lab-
oratories found that the same cell line had highest repair activity [25]. 

The 4th ECVAG ring-trial aimed at reducing the inter-laboratory 
variability in measurements of DNA damage in human PBMCs by 
using a standard comet assay protocol [26]. It was clear from the pre-
vious ECVAG ring-trials that standardization, using calibration curve 
samples, did not completely remove the inter-laboratory variation in 
results. It came as a surprising and worrying observation that only seven 
out of the 14 laboratories were able to successfully adopt the standard 
protocol. However, results from the seven laboratories with complete 
dataset of samples showed lower inter-laboratory variability in 
Fpg-sensitive sites when using the standard assay protocol (CV = 54 %) 
as compared to the own protocol in the laboratories (CV = 62 %). 

The aim of the 5th ECVAG ring-trial was to assess the inter- 
laboratory, intra-laboratory, sample and unexplained (residual) varia-
tions of Fpg-sensitive sites in PBMCs [27]. The study had a Latin square 
design, which is a strong statistical design because it is completely 
balanced. Each laboratory analysed DNA damage in PBMCs from three 
donors, in triplicate, on three different days (i.e. 27 samples in total). 
The blood samples were obtained in one laboratory and distributed to 
the 11 participating laboratories as cryopreserved samples. The parti-
tioning of the overall variation of Fpg-sensitive sites in PBMC samples 
showed that the intra-laboratory (0.2 %) and inter-subject (0.3 %) 

variation contributed very little to the overall variation. It is possible 
that the inter-subject variation was small because subjects were the 
same sex (females) and had similar age (24–45 years). The unexplained 
(residual) variation was 42.9 % of the overall variation, but the strongest 
contributor (56.7 %) to the overall variation in Fpg-sensitive sites was 
the inter-laboratory variation. Fig. 6 shows the results of the 
inter-laboratory variation in Fpg-sensitive sites. 

The purpose of the 6th ECVAG ring-trial was to assess the variation in 
Fpg-sensitive sites in PBMCs obtained in laboratories in the Netherlands, 
Poland, Portugal, Sweden and UK [28]. Blood samples were collected 
from 15 donors (three samples in five different laboratories). These were 
then distributed to the 11 participating laboratories. The ring-trial re-
sembles the 3rd ESCODD ring-trial, except that the samples were 
distributed to all laboratories (rather than analysed separately in each 
laboratory) and standardization of the results using laboratory-specific 
calibration curves was performed. The results are shown in Fig. 7. The 
best estimate of the biological variation is obtained by the average level 
of Fpg-sensitive sites from the 11 laboratories that analysed the same 
samples. This analysis gives a range from 0.34 to 0.64 lesions/106 bp 
(mean value of each sample from all laboratories, Fig. 7A). Different 
levels of Fpg-sensitive sites between studies from different laboratories 
are often perceived as biological differences in populations. As can be 
seen in this analysis, the values of Fpg-sensitive sites between labora-
tories vary from 0.16 to 0.78 lesions/106 bp (Fig. 7B). In this case, the 
“true” CV of the biological variation is 17 % (Fig. 7A), whereas it is 
overestimated to 40 % by assuming that inter-laboratory variation can 
be neglected (Fig. 7B). 

Overall, the ECVAG ring-trials showed that the intra-laboratory 
variation was relatively small, whereas the inter-laboratory remained 
relative large despite attempts to reduce it by standardizing using 
reference standards and calibration curve samples. As the biological 
variation in Fpg-sensitive sites was relatively small, it is difficult to 
compare DNA damage levels from unexposed humans from one labo-
ratory to another. 

7. Interim initiatives to establish an international comet assay 
network and hCOMET 

At approximately the same time as the ECVAG and NewGeneris 
projects ended, Andrew Collins and other key researchers launched the 
ComNet project on the comet assay in human population studies [29]. 
Except for a review article on the comet assay as a tool in human bio-
monitoring studies [30], ComNet never gained momentum before it was 
superseded by the hCOMET project, funded by the European 

Fig. 5. Relationship between DNA strand break levels in four cell samples that 
were irradiated with ionizing radiation and analysed in 12 laboratories. Each 
laboratory received cryopreserved samples of cells for analysis of DNA damage 
levels by their own protocol and slides of the same cells that have been pro-
cessed in a central laboratory (i.e. each laboratory stained and scored the 
slides). Symbols are levels of DNA damage in individual laboratories. Lines are 
linear regression in strata of the four dose levels (rmodel = 0.86, P < 0.001, linear 
mixed effect model with dose level as categorical variable). Reproduced from 
previously published results [24]. 

Fig. 6. Inter-laboratory variation in levels of Fpg-sensitive sites in human pe-
ripheral blood mononuclear cells. Each symbol is the mean and standard de-
viation from three donors, analysed in triplicate on three different days. The 
“All” is the mean and standard deviation of the results from individual labo-
ratories. Reproduced from previously published results [27]. 
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Cooperation in Science and Technology (COST) Action program. The 
name “hCOMET” refers to the use of the comet assay on samples from 
humans. However, hCOMET integrated all aspects of the comet assay in 
the same project. This is clearly illustrated by the title of two overview 
papers from hCOMET members: “The comet assay in animal models: 
From bugs to whales” [31,32]. 

The hCOMET project included a ring-trial on positive assay controls 
for the Fpg-modified comet assay. It was decided to use the limited re-
sources in the COST Action program to solve a problem that had been 
overlooked for too long. For reasons that remain unknown, results of 
positive controls from comet assay experiments in biomonitoring studies 
are rarely reported in published articles. For instance, a review on case- 
control studies shows that only eight out of 98 studies on DNA strand 
breaks reported results on positive assay controls and none out of 27 
studies on the enzyme-modified comet assay reported results from assay 
controls [33]. The lack of reporting of results on positive assay controls 
is surprising because they are solid proof of high quality of the experi-
ment. However, the situation for the Fpg-modified comet assay is special 
because a positive control should generate oxidatively damaged DNA 
without concomitant generation of DNA strand breaks. The ESCODD 
and ECVAG ring-trials used the photosensitizer Ro19− 8022, but the 
compound was not commercially available (it was provided as a gift by 
F. Hoffmann La Roche because it was under patent regulations). It 

became a matter of importance to find a proper positive assay control for 
the Fpg-modified comet assay. A literature survey and preliminary 
comparison of suitable candidates narrowed the target compounds 
down to potassium bromate (KBrO3) as the optimal choice of a positive 
control for the Fpg-modified assay [34]. Fig. 8 shows the results from the 
hCOMET ring-trial, which included nine laboratories that used a stan-
dardized procedure for the KBrO3 exposure in monocytic THP-1 cells, 
cryopreservation of samples and a semi-standardized comet assay pro-
cedure [35]. A semi-standardized procedure means that certain steps 
were standardized, including the percentage of agarose (0.7 % as final 
concentration, including cells), lysis (1 h), Fpg-treatment (concentration 
of the enzyme and incubation for one hour), alkaline treatment (20 min) 
and electrophoresis condition (20 V/cm * min). The most important 
result of the hCOMET ring-trial is that all laboratories obtained a posi-
tive concentration-response relationship, whereas it is not surprising to 
see a relative large inter-laboratory variation in the primary comet assay 
descriptor (i.e. % tail DNA). The level of Fpg-sensitive sites in the cells 
exposed to the highest concentration of KBrO3 ranged from 4.5%–75.2% 
tail DNA in laboratories with lowest and highest reported levels of DNA 
damage, respectively. The reference standard (i.e. Ro19− 8022 treated 
cells) had a narrower span of DNA damage values (4.7–47.2% tail DNA). 
On-going work in the hCOMET ring-trial focuses on the stability of 
cryopreserved assay controls and the effect of freezing and thawing as 
source of inter-laboratory variation [36]. 

8. Are comet assay results reported as lesions per 106 base pair 
more informative than primary comet assay descriptors? 

The results from the 1st ECVAG ring-trial on pre-made slides suggest 
that levels of % tail DNA give no impression of the DNA damage levels 
between laboratories because the true number of lesions was identical, 
but the % tail DNA differed (Fig. 4). An earlier comparison of DNA 
strand breaks by ionizing radiation also showed a large difference in 
dose-response relationships, ranging from 25 % to 60 % tail DNA in cells 
that were exposed to 10 Gy [37]. The optimal way of adjusting for dif-
ferences in experimental procedures seems to be standardization the 
primary comet assay descriptors using calibration curve samples, 
although it has not been formally tested. We have used calibration of 

Fig. 7. Fpg-sensitive sites in the same samples of human peripheral blood 
mononuclear cells, which have been analysed in 11 different laboratories. A) 
Mean level of Fpg-sensitive sites in samples from each donor. The error bars (i. 
e. standard deviation) show the variation in reported values between 11 labo-
ratories. B) Mean level of Fpg-sensitive sites in laboratories, based on analysis of 
samples from 15 donors. The error bars (i.e. standard deviation) show biolog-
ical variation within each of the laboratories. Reproduced from previously 
published results [28]. 

Fig. 8. Relationship between KBrO3 exposure and Fpg-sensitive sites in 
monocytic THP-1 cells in nine different laboratories. The lines represent the 
laboratories with lowest and highest slope of the concentration curve. The re-
sults have been normalised to start at zero. Reproduced from previously pub-
lished results [35]. 
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primary comet assay descriptors in human biomonitoring studies for 15 
years [38–52]. The results, summarized in Table 2, are useful for 
shedding light on the feasibility of the calibration approach to stan-
dardize comet assay results. Fig. 9 shows the levels of Fpg-sensitive sites 
in PBMCs as primary comet assay descriptor (i.e. visual score in arbitrary 
units) and transformed results (i.e. lesions/106 bp). The samples are 
ranked from the lowest to the highest value of the primary comet assay 
descriptor. As can be seen, the variation in Fpg-sensitive sites is slightly 
reduced when the results have been corrected for differences between 
investigators (CV = 55 %) as compared to the uncorrected data (CV = 67 
%). It is not possible to determine if the heterogeneity in corrected re-
sults is due to biological variation or investigators doing the experi-
mental procedures differently. There are differences in the investigated 
populations (Table 2), as well as differences in PBMC isolation proced-
ures (LymphoPrep versus CPT tubes), sampling location (in the labora-
tory or collected in the field), calibration curve samples and batches of 
Fpg. It is frustrating to note that the variation, which we have seen over 

the years (Fig. 9) is almost identical to the inter-laboratory variation in 
the same samples analysed by different laboratories (Fig. 7B). It suggests 
that even in a laboratory with a standardized comet assay procedure, 
technical variation in measuring background levels of Fpg-sensitive sites 
does occur. Nevertheless, it is easy to understand DNA damage levels 
when they are reported as lesions/106 bp and the transformation of 
primary comet assay descriptors does create more heterogeneity in the 
levels of DNA damage. 

9. Closing remarks 

When judging the usefulness of a biomarker of DNA damage it is 
important to assess the extent to which the assay measures the presumed 
“correct” value (i.e. validity) and extent to which the results can be 
reproduced when the assay is repeated under the same conditions (i.e. 
reliability). The validity and reliability pertain to systematic and 
random measurement errors, respectively, and both are important de-
terminants of an assay’s ability to detect a difference in effect between 
exposure groups in biomonitoring studies. 

The best way to assess the validity of an assay is to analyse samples 
with known level of the biomarker. However, we do not have absolute 
certainty about the level of DNA damage in human cells. Thus, infor-
mation on the validity of the comet assay is obtained indirectly by 
assessment of the variability of DNA damage levels in different labora-
tories. Variability in background levels of DNA damage is a recurrent 
issue in studies using the comet assay. A recently published pooled 
analysis on human biomonitoring studies have shown high variability of 
DNA strand breaks in human leukocytes, reported as % tail DNA (mean 
= 7.4, SD = 8.8, CV = 118 %, n = 4625) [53]. Strikingly, the 
inter-individual variation was similar to the variation in the mean levels 
of DNA strand breaks in the 28 laboratories in the database (CV = 101 
%) [53]. It suggests that a significant proportion of the inter-individual 
variation is related to differences in DNA strand break levels between 
laboratories. The level of DNA strand breaks was weakly associated with 
the age of the donor, whereas sex was not associated with levels of DNA 
strand breaks [53]. This is supported by results from a meta-analysis that 
showed a stronger effect of age than sex on background levels of DNA 
strand breaks in human leukocytes [54]. The international database on 
human biomonitoring studies also collected results from 
enzyme-modified comet assays, but these were too sparse to be used for 
statistical analysis [53]. However, earlier studies on Fpg-sensitive sites 
in human PBMCs showed high variability in reported levels of DNA 
damage in publications before (CV = 93 %) and after 2006 (CV = 90 %) 
[16,34]. The heterogeneity in background levels of Fpg-sensitive sites is 
most likely driven by variability in comet assay procedures, including 

Table 2 
Summary of biomonitoring studies where DNA damage levels in peripheral blood mononuclear cells from unexposed subjects have been reported as lesions/106 base 
pair.  

Topic Number Subjectsa DNA strand breaksb Fpg-sensitive sitesb References 

Air pollution (controlled exposure) 15 25 ± 5 years, MF, NS 0.06 0.07 [38] 
Air pollution (controlled exposure) 29 20− 40 years (median = 25), MF, NS 0.16 0.53 [39] 
Hypoxia (controlled exposure) 11− 14 28 ± 8 year, MF, NS 0.13 0.99 [40] 
Wood smoke (controlled exposure) 11 20− 56 years (mean = 34), MF, NS 0.08 0.26 [41] 
Wood smoke (controlled exposure) 20 19− 55 years, MF, NS 0.05 0.51 [42] 
OGG1 Ser326/Cys genotype (cross-sectional study) 147 18− 93 years (mean = 47), MF, NS + S 0.25 0.25 [43] 
Wood smoke exposure 10 23 ± 2 years, MF, S/NS 0.05 0.14 [44] 
Air pollution (controlled exposure) 60 57− 78 years (mean = 64), MF, NS 0.34 0.58 [45] 
Diesel exhaust and noise (controlled exposure) 18 40− 66 years, MF, NS 0.34 0.60 [46] 
Age and metabolic risk factors (cross-sectional study) 993 18− 93 years, MF, S/NS 0.17 0.48 [47] 
Vitality (cross-sectional study) 43 60 years (approximately), M, S/NS 0.14 0.27 [48] 
Firefighters 22 52 ± 6 years, M, S/NS 0.12 0.47 [49] 
Fire fighter exercise 53 21 ± 2 years, MF, NS 0.20 0.30 [50] 
House dust and ozone (controlled exposure) 23 62− 72 years, MF, NS 0.04 0.07 [51] 
Diesel exhaust (field study) 29 39 ± 16 years, MF, NS 0.12 0.62 [52]  

a Females (F), males (M), non-smokers (NS) and smokers (S). 
b Reported as lesions/106 base pair after transformation by use of calibration with γ-rays. 

Fig. 9. Assessment of variation in levels of Fpg-sensitive sites in human pe-
ripheral blood mononuclear cells from biomonitoring studies [38–52]. 
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different sources of Fpg, concentration and incubation time with the 
enzyme. Results from the ESCODD, ECVAG and hCOMET ring-trials also 
display a relatively large inter-laboratory variation in DNA damage re-
sults. The validity of the comet assay as biomarker is a concern, although 
there is progress toward a more standardized reporting of comet assay 
results. For instance, the meeting report of the 11th International Comet 
Assay Workshop highlighted % tail DNA as the best primary DNA 
migration descriptor [11]. In addition, calibration by use of ionizing 
radiation was highlighted as a reliable method for obtaining information 
on the actual number of lesions [11]. The challenge is to get access to 
sources of ionizing radiation and it may even require authorisation or 
training in using the equipment. However, it should be remembered that 
it is possible to use cryopreserved calibration curve samples. Thus, it is 
only necessary with one trip to the ionizing radiation equipment. It is 
possible to use samples treated with ionizing radiation as assay control 
(or reference standard). However, it is not necessary to include all 
calibration curve samples in each comet assay experiment because the 
generation of DNA strand breaks is linearly associated with the dose of 
ionizing radiation. The standard approach in our laboratory is to include 
assay controls for the enzyme-modified comet assay in each comet assay 
experiment and only obtain investigator-specific calibration curves 
when new investigators have learned the assay sufficiently well to 
conduct experiments on their own. An example of this approach is a 
study on genotoxic effects by biofuel exhaust exposure, where we used 
H2O2 and KBrO3 as cryopreserved assay controls for DNA strand breaks 
and Fpg-sensitive sites, respectively, in each comet assay experiment 
and calibration curve samples (ionizing radiation) were analysed in a 
separate experiment [55]. 

There is evidence of high reliability of the comet assay. For instance, 
the reproducibility of DNA strand break generation in cells by ionizing 
radiation is a strong indication of method’s reliability [37]. Another 
example is a meta-analysis of DNA strand break generation by nanosized 
titanium dioxide in cell cultures [56]. Different laboratories have 
assessed the genotoxicity of the same sample of titanium dioxide, under 
different brand names (i.e. Aeroxide P25, NM-105 and a sample from 
Sigma-Aldrich). The original articles do not indicate that the authors 
have been aware of the fact that the same titanium dioxide sample was 
available by different suppliers. Interestingly, the meta-analysis shows 
that laboratories obtained similar relationship between the concentra-
tion of titanium dioxide and levels of DNA strand breaks [56]. Likewise, 
results on the Fpg-modified comet assay have been assessed in 
meta-analyses of studies on air pollution particles and nanomaterials, 
which is useful for ranking the genotoxic potential of different particles 
[57–59]. The hCOMET ring-trial may have delivered the strongest evi-
dence of reliability by showing concentration-response relationships 
between KBrO3 exposure and levels of Fpg-sensitive sites in cell cultures 
in several laboratories that used the same exposure protocol [35]. 
Standardized data are typically used on datasets that have used different 
scales to measure the same endpoint such as Fpg-sensitive sites [60]. A 
meta-analysis of the hCOMET assay results using standardized mean 
difference (SMD) shows a concentration-response relationship, i.e. un-
exposed (SMD = 0), 0.5 mM (SMD = 0.90, 95 % CI: 0.22–1.58), 1.5 mM 
(SMD = 1.57, 95 % CI: 0.75–2.40) and 4.5 mM (SMD = 2.65, 95 % CI: 
1.07–4.24) (analysed by random effects model using Review Manager 
5.4 (The Nordic Cochrane Centre, The Cochrane Collaboration)). The 
results indicate that concentration-response relationships can be 
compared between laboratories, whereas there is uncertainty regarding 
the true number of Fpg-sensitive sites. 

The comet assay is a reliable biomarker inasmuch as it produces 
reproducible results in ring-trials. However, there is substantial het-
erogeneity in results and it has not been possible to pinpoint specific 
steps in the comet assay procedure that contribute the most to the 
variation in results between laboratories. Participants in the hCOMET 
project have published detailed comet assay protocols for the mea-
surement of DNA repair activity [61] and procedures for isolation, 
cryopreservation and thawing of blood cells for use in biomonitoring 

studies [36]. Finally, hCOMET participants have published recommen-
dations for Minimal Information for Reporting Comet Assay (MIRCA) 
procedures and results [62]. It is the hope that these consensus protocols 
and MIRCA recommendations will reduce the variability in reported 
comet assay results. The variation in background levels of DNA damage 
is an important challenge in comet assay studies. The most feasible way 
forward is to transform the primary comet assay descriptors to a com-
mon descriptor, using reference standards or calibration by use of 
ionizing radiation. The latter has the advantage that the comet assay 
descriptor will be reported as lesions/106 bp. Still, ending on a high note 
and using Andrew Collins’ words from the title of an editorial com-
mentary to the 2015 comet assay special issue in Mutagenesis: “The 
comet assay: a heavenly method!” [63]. 
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