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Precision of scoring radiation-induced chromosomal aberrations and

micronuclei by unexperienced scorers

Purpose: Dose assessment plays an important role in case of radiological
accidents and can be performed by scoring structural changes of chromosome
morphology induced in cells by ionizing radiation. The results of such a test are
biased by scorer experience, therefore simple to learn assays are recommended to
be used when fast analysis of large amount of data is needed. The aim of this
study was to compare the performance of two radiobiological assays -
chromosomal aberrations and micronuclei - by unexperienced scorers with the
reference values generated by an expert.

Materials and methods: Each participant of an EU-funded two-week
radiobiology course was asked to score Chinese hamster ovary cells exposed to
gamma radiation up to 4 Gy. The congruence of students' and expert’s scores at
each dose and the coherence of the dose-response curve parameters between the
students were investigated.

Results: Micronucleus test tended to be faster and easier to learn than scoring
chromosomal aberrations. However, both assays carried out by inexperienced
students showed reasonable dose-response curves.

Conclusions: In the case of a large radiological accident involving many
casualties, the unexperienced scorers would support the process of biodosimetric

triage by cytogenetic biological dosimetry.

Keywords: chromosomal aberrations; micronuclei; ionizing radiation;

radiobiological assays

Introduction

Analysis of cytogenetic damage remains a basic endpoint for studying the effects of
ionizing radiation in cells. Cytogenetic damage can be visualized as structural changes
of chromosome morphology called chromosomal aberrations (CA) or as micronuclei
(MN) which are small-sized nuclei containing lagging chromosomes or chromosomal
fragments. Radiation-induced CA were initially studied in plant cells (Lea and

Catcheside 1942) and their identification and analysis in mammalian cells only became
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possible following the development of appropriate cell culturing and harvesting
methods (Holmquist 1987; Tjio and Levan 1956). In 1962 Bender and Gooch
discovered that the quantitative analysis of CA in peripheral blood lymphocytes can
serve as a reliable retrospective dosimeter (Bender and Gooch 1962). Subsequent work
established the CA test as the gold standard of biological dosimetry (Ainsbury et al.
2011; IAEA 2011; Romm et al. 2009). MN were observed by Howell as early as 1891
and by Jolly in 1907 (Miiller and Streffer 1994), but their application in mammalian cell
radiation biology was pioneered by Countryman and Heddle in 1976 (Countryman and
Heddle 1976). The effective use of the MN assay for quantifying radiation-induced
DNA damage was made possible by Fenech and Morley who discovered that
cytochalasin B prevents cytokinesis while allowing karyokinesis (Fenech and Morley
1986). The cytokinesis block micronucleus (CBMN) assay is routinely used for
biological dosimetry in parallel or instead of the chromosomal aberration assay (IAEA
2011).

It is intuitive to assume that MN are easier to score and the assay faster to learn
than the CA assay. The reason for this is that various types of CA exist (Savage 1975)
which are sometimes difficult to discern, especially when the chromosomal morphology
is poor. In contrast, MN are easy to recognize and clear criteria exist for their
identification (Fenech 2000, 2007). But is scoring of CA really more difficult to learn
than that of MN? The question is far from academic in view of the current threat
of large-scale radiological emergencies, where triage biological dosimetry will quickly
have to be performed on a large number of exposed or potentially exposed people
(Lloyd et al. 2000; Wojcik et al. 2010). Although automation of biodosimetric tools and
networking of laboratories have been suggested as a solution to cope with a large

number of cases to be analyzed (Blakely et al. 2009; Kulka et al. 2017; Wojcik et al.



2017), situations may arise when neither automation nor networking is available. Then
it may also be necessary to quickly educate scorers and the question arises as to which
assay should be prioritized (Ainsbury et al. 2011, Wojcik et al. 2017).

A possibility to compare the learning outcome of both assays was offered by a
two-week radiobiology course CELOD (cellular effects of ionizing radiation —
introduction to radiation biology), funded by the European Joint Program CONCERT

(http://www.concert-h2020.eu/en) which was held at the Stockholm University in spring

of 2016. A total of 33 participants of whom 32 never before scored CA or MN were
given two introductory lectures about the assays and then given coded microscopic
slides with Chinese hamster ovary cells (CHO-K1) fixed for CA and MN analysis. The
cells received incrementing doses of gamma radiation, each course participant was
given access to a light microscope and was asked to construct a CA and a MN dose
response curve. The slide codes were broken after completion of scoring and the scoring
outcome was analyzed.

The aim of this paper was to report the outcome of the course with focus on how
efficiently non-experienced people can score CA and MN after a basic introduction, and
how well their estimate of dose response curves adheres to those of an experienced
scorer. Data was processed statistically and to avoid the misuse of statistical tests

(Greenland et al. 2016) each step of the statistical procedure is described in detail.

Materials and methods

Course participants

The course was attended by 33 participants (11 females and 22 males), of which 16
were regular Stockholm University biology students at the master level and 17 were

international participants, mainly PhD students of biological sciences. The median age



was 26. Except for one PhD student, none of the participants had any experience with
cytogenetic analyses. The PhD student Yohei Fujishima has been working in the field of
radiation cytogenetics since 6 years and published a number of relevant papers
(Fujishima et al 2019; Ariyoshi et al. 2018a; Ariyoshi et al. 2018b; Takino et al 2017;
Ariyoshi et al. 2016). He is referred to as the ‘expert’, while the unexperienced scorers

are referred to as ‘students’.

Cells, irradiation, harvest and scoring of microscopic slides

Chinese hamster ovary (CHO-K1) cells were grown in McCoy's 5SA medium
supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin (all from
Sigma-Aldrich, Stockholm, Sweden) at 37 °C in a humidified atmosphere with 5% COx.
CHO were maintained as exponentially growing monolayer cultures in 25 cm? plastic
flasks.

For CA analysis cells were exposed to gamma radiation ('*’Cs source, dose rate
0.39 Gy/min, Scanditronix, Sweden) at doses of 0, 0.5, 1.0, 2.0, 3.0 and 4.0 Gy. 8 hours
later colcemid at a final concentration of 0.1 pg/ml was added to each culture and kept
for 2 h. Cells were harvested as described in (Johannes and Obe 1991). At least 6
microscopic slides per dose were prepared, air dried, stained with Giemsa and coded.

For MN analysis cells were exposed to gamma radiation ('*’Cs source, dose rate
0.39 Gy/min, Scanditronix, Sweden) at doses of 0, 0.5, 1.0, 2.0, and 3.0 Gy.
Immediately thereafter cytochalasin B was added at a final concentration of 5.6 pg/ml
and cells were harvested 22 h later as described in Cheng et al. (2015). At least 6
microscopic slides per dose were prepared, air dried, stained with Giemsa and coded.

Each participant was asked to score 50 mitotic cells per dose point for the CA
dose response curve and 500 binucleated cells (BNC) per dose point for the MN dose

response curve. Scoring outcome was registered on dedicated scoring sheets. For CA,



each aberration was categorized according to Savage (1975) as: chromosome or
chromatid break (terminal deletion), dicentric, centric ring, double or single minute
(interstitial deletion), chromatid-type interchromosomal exchange, sister union or gap
(achromatic lesion) (Fig. 1). For calculating the ratios of chromosome to chromatid-type
aberrations, dicentrics and rings were classified as chromosome-type CA and
interchromosomal exchanges and chromatid breaks were classified as chromatid-type
CA. BNC were classified according to the number of contained MN. The order of
scored slides was random. The slide codes were broken after completing the analysis.
Not all participants scored all slides: 30 participants scored a complete set of CA slides
and 27 participants scored a complete set of MN slides.

During the first 3 days of analysis the participants received active support from
the course assistants both regarding the technique of light microscopy and the
identification of CA and MN. One participant was experienced in cytogenetic scoring
and he also offered assistance. He scored all CA and MN slides and his results were

treated as a reference.

Statistical analysis

The distributions of CA and of MN data were tested by means of Kolmogorov-Smirnov
(KS) test against the reference Gaussian and Poisson distribution, and additionally,
Shapiro-Wilk test was performed to verify the normality of distribution, as it has more
power than KS.

Two criteria were applied to analyze the effectiveness of training. First, the
congruence of students' and experts scores at each dose was assessed. A 95%
confidence interval (CI) for the students' score was estimated for each dose value by
means of the bootstrap method (Bickel and Freedman 1981). The scores were

considered as congruent if the CI included the expert's score.



The second criterion was the coherence of the dose-response curve parameters
between the students. The dose-response relation was assumed to be linear:
y=aD+b (1)
where y - score, a - slope and b - intercept. Parameters a and b were estimated
by linear regression for the set of scores of each student separately. To estimate the
goodness of the fit the R’ and Chi’ tests were used. The set of slopes were summarized
by the mean value and standard deviation.

The coefficient of variation (CV) is defined as 100(c/p), where o is the standard
deviation and p - the mean. It is a measure of the relative error. It was calculated for the
estimated parameters allowing comparison between CA and MN assays. High values of
the CV for the slope indicate that there is little consistency among scorers in estimating
the dose-response relation. In other words, the higher the CV value the less reliable the
results. Additionally, the CV was calculated for each type of chromosomal aberration.

High values of CV indicate that the aberration is difficult to identify.

Results

Student scores of chromosomal aberrations and micronuclei were compared with the
reference values to determine precision of both radiobiological assays in the hands of
unexperienced observers.

We obtained a different type of statistical distribution for each dose value, as
shown in Table A1 in the Appendix A. The CA scores for control, i.e. the nonirradiated
cells were Poisson-distributed. In contrast, all chromosomal aberrations detected in
irradiated cells, tended to be overdispersed and the Shapiro-Wilk test rejected the
hypothesis of normal distribution (p<0.05).

In the case of MN scoring, all data followed a normal distribution according to

the Kolmogorov-Smirnov test, but the Shapiro-Wilk test rejected that hypothesis.



Chromosomal aberrations

Each participant was asked to score all observed chromosomal aberrations and mark the
type of each observation according to Fig. 1.

The 95% confidence intervals for sets of students’ scores of total numbers of CA
are shown in Fig. 2 together with the scores of the expert.

The expert’s scores were within the CI 95% for doses up to 2 Gy. The students’
scores were not congruent with the expert’s scores for the two highest doses. This could
be caused by the fact that the complexity and level of chromosomal rearrangements
increase with the dose, thus making scoring difficult. The quality of chromosomal
spreads is also often worse after high doses as compared to low doses. In order to
examine more closely the differences observed for high doses, the same calculation
procedures were repeated for each type of chromosomal aberration separately. The
rational for doing so was to identify aberrations where the students showed the highest
degree of disagreement with the expert. The results are shown in Fig.3.

The confidence interval width for student observations increased with increasing
dose for most CA types. The highest discrepancy between the students” results was
detected for chromatid breaks and interchromosomal exchanges. The largest difference
between the students and the expert was observed for chromosome and chromatid gaps.
Moreover, students' scores of gaps and chromatid breaks did not increase with the dose.
Furthermore, the expert systematically scored fewer rings and sister unions than the
students.

To study total CA induction as a function of dose, the individual results were
fitted to a linear function. The linear regression parameters for the experts'
measurements were: a = (0.418 + 0.050)/Gy and b =-0.02 + 0.11 (Chi®* = 0.33, R?

=0.95).



Regression parameters: a and b were also estimated for each student (see Tab.
B1 in the Appendix B). The experts' dose-response line superposed on the individual
students' dose-response lines is presented in Fig. 4.

The distribution of the slope values of all students is illustrated by a histogram in
Fig. 5. The mean value of a equals to 0.186 and the standard deviation to 0.081.

Additionally, in an attempt to check which type of chromosomal aberration was
associated with the largest level of disagreement among the scorers, coefficients of
variation for each aberration type were calculated from the results of all scorers and
shown in Tab.1. The lowest CV was obtained for chromatid breaks and the highest for

gaps and sister unions. The other aberration types had similar CV values.

Micronuclei

Analogously to CA analysis, all calculation procedures were performed for the MN
assay, i.e. CI calculations (Fig. 6), dose-response regression and CV estimation (Table
2). The regression parameters for the dose-response curve for MN assay performed by
the expert were: a = (223 + 14)/Gy and b = 7 + 24. The regression was also performed
for all the students individually. The obtained slope values with the corresponding Chi?
and R? values are shown in Tab. B2 in the Appendix B. The mean value of the
students’ slope parameter and its standard deviation was 172 + 62. The regression lines
are shown together with all MN observations in Fig. 7. The distribution of slopes is

shown in Fig. 8.

Comparison of chromosomal aberrations and micronuclei

As mentioned before, there were two criteria used for comparing the MN and CA
assays. The first was the assessment of congruence of CA and MN frequencies for a

given dose achieved by the students and by the expert. It was checked if the expert's



scores are within the 95% CI of student data as presented in Fig. 2 and Fig. 6. While the
agreement between these two types of MN scores was observed in the whole range of
doses, CA observations were not consistent in cell samples exposed to doses in excess
of 2 Gy.

The second criterion was to investigate the dose-response relationships as means
to evaluate possible systematic bias of the observers. A bias would be indicated by
similar slopes and different intercepts. As shown in the appendix B, the CA intercept b
was equal to 0 within calculated uncertainties for all students and the expert.
Coefficients of variation based on the mean slope value and its standard deviation were
calculated for both radiobiological assays according to the definition given in Materials
and methods. Those values with estimated uncertainties are given in Tab. 2.

The results show a statistically significant difference with p < 0.025 (according
to F-test of variance equality) between CV from both assays. The variation of dose-
response curve slopes for MN scoring is smaller than the variation for CA test which is

visible clearly as a wider Gaussian distribution for the CA test.

Discussion

In the case of a large radiological accident involving many casualties, the advantage of
having multiple scorers would greatly speed up the process of biodosimetric triage by
cytogenetic biological dosimetry. Given the fact that experienced scorers are rare
(Wojcik et al. 2010), the acquisition of multiple scorers will require hiring people who
are novices to cytogenetic scoring. An interesting question in this connection is the
choice of the biodosimetric assay which yields the best results when carried out by
inexperienced scorers. The aim of the present study was to compare the precision of
setting up CA and MN dose response relationships by a group of such inexperienced

scorers. To the best of our knowledge, the attempt to verify scoring quality by scorers



who have not been thoroughly trained has not been investigated previously.

All data evaluated by non-experienced students displayed a clear dose-response
dependence when analyzing CA. When comparing each dose to 0 Gy, they were all
significantly discriminated, and also for some doses next to each other (1 vs 2 Gy and 3
vs 4 Gy). This strongly suggests that at least a broader difference in higher or lower
dose received by an exposed person could be correctly distinguished by a non-
experienced scorer.

Overall, results of the students fitted well with those of the expert except for the
two highest doses (3 and 4 Gy). The experienced scorer estimated significantly higher
levels of aberrations at the end of the dose-response line, which may be explained by
problems of proper identification of numerous aberrations by the students. Indeed, the
largest discrepancy between the expert and the students was observed for breaks and
gaps which suggests that students did not pay sufficient attention to counting
chromosomal fragments.

The MN scores obtained by the experienced observer were consistent with
student observations for the whole range of doses and the individual variation of the
dose-response slope was smaller than that for CA. It can thus be concluded that the MN
assay yields better results than the CA assay when carried out by inexperienced scorers.

Cytogenetic biological dosimetry is carried out in human peripheral blood
lymphocytes (IAEA 2011). The present study was carried out with CHO-K1 cells and
the question arises how far the reported results are relevant for biological dosimetry.
The reason for choosing the CHO-K1 cells was that the cells grow attached to a dish
allowing shaking-off of mitotic cells. Consequently, following treatment with colcemid,
the vast majority of cells dropped on microscopic slides are in mitosis and this

facilitates scoring. Here it must be remembered that the scoring was carried out in the



framework of the CELOD course where participants learn selected aspects of cellular
radiation biology, with focus on cytogenetics. Given the limited course duration, it
would take too long if the students had to score chromosomal aberrations in peripheral
blood lymphocytes, where the mitotic index is generally low (IAEA 2011). With respect
to the MN assay, CHO-K1 cells have the advantage that all cells are proliferating, so the
binucleation index is generally higher than in human peripheral blood lymphocytes.
This also facilitates scoring. CHO-K1 cells have 21 long chromosomes and it can be
expected that chromosomal aberrations are more easily recognized and quantified than
in human peripheral blood lymphocytes. On the other hand, the low number of
chromosomes (as compared to human cells) results in a relatively high number of
complex aberrations per unit dose, making the identification of individual aberration
types difficult. This may be the reason why the dose response curve for dicentric
chromosomes (Figure 3¢) was moderate. The quality of slides for scoring MN is not
expected to differ between the cell types. Hence, it can be expected that the superiority
of the MN assay over the CA assay reported here would be even more pronounced if the
exercise had been carried out using human peripheral blood lymphocytes.

There are a few possibilities to improve the quality of the data being analyzed, if
this experiment was to be carried out again. Firstly, to use a consistent sampling scale to
reduce redundant data and give more informative results over a wider range (for
example dose sampling with 1 Gy interval). Secondly, each observer performing at least
5 replicates (from the same experiment) for their allocated dose so the normality tests
have some significance when trying to isolate observer bias, or using a smaller number
of observers with higher replications for the same effect.

In conclusion, chromosomal aberration and micronuclei tests give the possibility

to assess the dose-response even by non-experienced scorers. In the case of a



radiological accident with a huge amount of data to be analyzed the support from people
quickly trained is inestimable. Using basic statistical tools, it was shown that
micronuclei are easier to be learned and scored giving a reasonable estimate of the

cellular response after irradiation.
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Appendix A

Table Al: Probability values for each dose data sets tested for Poisson (left column) and
normal distribution (middle and right columns) calculated with Kolmogorow-Smirnow
and Shapiro-Wilk tests.

Dose | Probability of Poisson Probability of normality | Probability of
(Gy) | distribution (Kolmogorow- (Kolmogorow-Smirnow) | normality (Shapiro-
Smirnow) Wilk)
CA
0 0.24 0.12 0.0011
0.5 0.0049 0.28 0.021
1 0.0044 0.086 0.00067
2 0.0053 0.47 0.12
3 0.00046 0.52 0.1
4 0.0024 0.76 0.37
MN
0 0.0020 0.0061 0
0.5 0 0.048 0.00054
1 0.00065 0.73 0.0064
2 0.00057 0.66 0.046
3 0.0038 0.17 0.00038




Appendix B

Table B1. Fitted parameters (a and b with its uncertainties Aa and Ab) and goodness of
the fit for dose-response curves based on chromosomal aberration scoring.

StudentID |a Aa b Ab Chi? R?
An expert | 0.418 0.050 -0.02 0.11 0.33 0.95
Mean 0.186 0.081 0.118 0.126 - -

1 0.270 0.021 0.004 0.047 0.14 0.98
2 0.123 0.013 0.091 0.030 0.26 0.96
3 0.113 0.019 0.062 0.043 0.63 0.9
4 0.102 0.054 0.26 0.12 3.17 0.47
5 0.240 0.039 -0.063 0.088 0.58 0.9
6 0.177 0.018 0.100 0.040 0.24 0.96
7 0.077 0.052 0.20 0.12 3.87 0.35
8 0.092 0.021 0.062 0.046 1 0.83
9 0.162 0.046 0.10 0.10 1.45 0.76
10 0.204 0.046 0.32 0.10 1.02 0.83
11 0.246 0.046 0.30 0.10 0.73 0.88
12 0.033 0.011 0.182 0.024 1.82 0.7
13 0.167 0.065 0.45 0.15 2.27 0.62
14 0.242 0.049 0.34 0.11 0.85 0.86
15 0.211 0.031 0.161 0.069 0.47 0.92
16 0.215 0.034 -0.009 0.077 0.56 0.91




17 0.227 0.041 0.039 0.092 0.69 0.88
18 0.1309 |0.0091 0.027 0.020 0.11 0.98
19 0.146 0.028 0.074 0.064 0.79 0.87
20 0.122 0.011 0.042 0.025 0.2 0.97
21 0.035 0.019 0.018 0.044 3.28 0.45
22 0.264 0.025 0.172 0.056 0.2 0.97
23 0.244 0.016 0.090 0.037 0.11 0.98
24 0.197 0.070 -0.02 0.16 2.02 0.66
25 0.308 0.018 -0.013 0.041 0.08 0.99
26 0.124 0.049 0.14 0.11 2.33 0.61
27 0.305 0.028 0.106 0.063 0.2 0.97
28 0.315 0.050 -0.04 0.11 0.56 0.91
29 0.293 0.031 0.225 0.070 0.26 0.96

Table B2. Fitted parameters (a and b with its unceratinties Aa and Ab) and goodness of
the fit for dose-response curves based on scoring of micronuclei.

Student ID | a Aa b Ab Chi? R?
An expert | 223 14 7 24 0.06 0.99
Mean 172 62 36 74 - -

1 81.9 7.9 10 13 0.14 0.97
2 167 26 73 43 0.33 0.93
3 216 26 -8 44 0.21 0.96




4 169 25 24 43 0.32 0.94
5 133 16 52 27 0.21 0.96
7 150 31 52 52 0.57 0.89
8 162 14 43 24 0.11 0.98
9 191 13 16 21 0.07 0.99
10 116.0 6.4 53 11 0.05 0.99
11 180 32 -1 55 0.45 0.91
12 167.0 8.4 39 14 0.04 0.99
13 203 86 77 140 1.74 0.65
14 228 21 -6 35 0.12 0.98
15 159 18 -1 31 0.19 0.96
16 182 13 64 22 0.07 0.99
17 187 28 &9 48 0.32 0.94
18 109 14 -23 24 0.25 0.95
19 154 14 14 23 0.12 0.98
20 197 13 -15 23 0.07 0.99
21 373 34 -51 57 0.12 0.98
22 199 12 47 21 0.06 0.99
23 192 17 9 29 0.12 0.98
24 189 12 28 21 0.06 0.99
25 182 11 21 18 0.05 0.99
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Table 1. Coefficients of variation for each aberration type calculated from results of all

scorers (symbols from the first row are described in Fig. 1).

B b dic R M m IE SU G/g | All

Cv 122 91 122 120 131 120 114 157 161 58

Table 2. Coefficients of variation (CV) calculated for the fitted slope parameters in the

chromosomal aberration (CA) and micronucleus (MN) tests.

CA MN

CvV 44+ 19 29.4+£8.6

= b dic Glg

LA OA4R S SRR

Figure 1. Types of analysed chromosomal aberrations (B - chromosome break, b -

chromatid break, dic - dicentric, R - ring, M - chromosome minute, m - chromatid minute,

IE - interchromosomal exchange, SU - sister union, G/g - chromosome/chromatid gap).
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Figure 2. Comparison between the expert scores (red points) and observer scores of

chromosomal aberrations with corresponding 95% CI (black).
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Figure 3. Comparison between the expert scores (red points) and observers (black) for

each type of chromosomal aberration with corresponding 95% CI.
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Figure 4. The dose-response regression lines (red — expert’s, grey — students’) superposed

1

0

on the individual scores.
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Figure 5. Distribution of slopes obtained for CA data set scored by each student with the
expert’s slope marked in red.
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Figure 6. Comparison between observers (black points) and the expert scores (red points)

of micronuclei. The 95% CI were calculated based on student data.
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Figure 7. The dose-response curve obtained by an expert (red points) using MN assay.
All student observations are shown in black with corresponding CI 95% for each dose

values.
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Figure 8. Histogram of dose-response slopes for MN data set scored by each student

with the expert’s slope marked in red.





