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Abstract
Background: Magnetic resonance imaging (MRI) is currently considered a safe imaging technique because, unlike
computed tomography, MRI does not expose patients to ionising radiation. However, conflicting literature reports
possible genotoxic effects of MRI. We herein examine the chromosomal effects of repeated MRI scans by
performing a longitudinal follow-up of chromosomal integrity in volunteers.
Methods: This ethically approved study was performed on 13 healthy volunteers (mean age 33 years) exposed to
up to 26 3-T MRI sessions. The characterisation of chromosome damage in peripheral blood lymphocytes was
performed using the gold-standard biodosimetry technique augmented with telomere and centromere staining.
Results: Cytogenetic analysis showed no detectable effect after a single MRI scan. However, repeated MRI sessions
(from 10 to 20 scans) were associated with a small but significant increase in chromosomal breaks with the
accumulation of cells with chromosomal terminal deletions with a coefficient of 9.5% (95% confidence interval 6.5–
12.5%) per MRI (p < 0.001). Additional exposure did not result in any further increase. This plateauing of damage
suggests lymphocyte turnover. Additionally, there was no significant induction of dicentric chromosomes, in
contrast to what is observed following exposure to ionising radiation.
Conclusions: Our study showed that MRI can affect chromosomal integrity. However, the amount of damage per
cell might be so low that no chromosomal rearrangement by fusion of two deoxyribonucleic breaks is induced,
unlike that seen after exposure to computed tomography. This study confirms that MRI is a safe imaging technique.
Keywords: Centromere, Cytogenetic analysis, Chromosome aberrations, Magnetic resonance imaging, Telomere
 Repetitive MRI scans (n = 20) over a 2-year period

Key points
 A longitudinal follow-up of genotoxicity was con-

ducted on volunteers receiving repetitive (up to 26)
3-T magnetic resonance imaging (MRI) brain scans.
 One single MRI session of 90 min had no impact on
chromosomal integrity.
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showed a small increase in chromosome breaks that
reached a plateau thereafter. These breaks concerned only chromosome terminal deletions but not
dicentrics (which can be observed after computed
tomography exposure) and are considered hallmarks
of irradiation damage.
 MRI remains one of the safest imaging techniques.

Background
Magnetic resonance imaging (MRI) is currently used on a
routine basis in Europe and across the world and the use of
MRI scans is increasingly applied in both clinical and preclinical studies for diagnostic purposes. Few studies have
explored the genotoxic effects of MRI, either in vivo or
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in vitro, in which the focus has included deoxyribonucleic
acid (DNA) damage markers and chromosomal aberrations
(CAs). Results concerning the genotoxic potential of MRI
scans are inconsistent.
Among the studies evaluating single-strand breaks (SSBs)
[1–3], only Lee et al. [1] detected an increase in SSBs following a single in vitro 3-T MRI exposure. Several studies failed
to detect any significant increase in γ-H2AX, a surrogate
marker for double-strand breaks (DSB), either after in vitro
or in vivo exposure [4–7]. However, Lancelotti et al., among
others, reported a temporary increase in the level of γH2AX 2 days to 1 month after in vivo exposure [8, 9]. Concerning CAs, an increase in the number of Micronuclei
(MN) was reported in two of the three studies in which it
was tested in vitro and in vivo after a single 3-T or even at a
lower 1.5-T MRI session, respectively [1, 10]. Lee et al. [1]
additionally followed unstable CAs using Giemsa staining
after a single 3-T MRI exposure in vitro and reported a significant increase in the frequency of chromatid breaks.
In the context of such conflicting results, we took the
unique opportunity to organise an ancillary and longitudinal study of young adults exposed to repetitive brain
3-T MRI scans. We searched for long-term chromosomal changes using the reliable technique of peptide
nucleic acid (PNA) fluorescence in situ hybridisation
(FISH) staining of telomeres and centromeres to improve the detection sensitivity of CAs.

Methods
Cohort selection

The objective of the IBC project (Individual Brain Charting, part of the Human Brain Project, https://www.

humanbrainproject.eu/) is to carry out a nearly exhaustive functional brain mapping, by performing 50 MRIs
over 5 years on 12 healthy adult volunteers (i.e., without
cognitive or neurological/psychiatric condition and without drug abuse), aged 27 to 40 years (mean age 33 years)
at the start of the study (Table 1). The IBC project received ethical approval IDF VII N°14-03 and ANSM
IDRCB 2014-A00563-44 and each volunteer provided
written consent (for a detailed project description, see
Pinho et al., 2018 [11]). The group was informed yearly
of the study progress and scant attrition was noted. Of
the 15 volunteers initially enrolled, two withdrew prior
to the first MRI, and one after ten MRIs. One subject
(S8) underwent eight conventional whole body computed tomography (CT) scans (with and without iodined
contrast injection) for a pelvic surgery with an approximate effective radiation dose of 20 mSv for each scan.
The mid-term results of the ancillary study dedicated to
the follow-up of possible genotoxic effects of MRI are
presented for 26 MRI scans as Supplementary table.

MRI sessions

Volunteers underwent MRI on a 3-T MRI machine (Trio
Siemens, Erlangen, Germany), with a 32-channel head
coil, at the NeuroSpin Research Center of the CEASaclay, France. This scanner is similar to those currently
in use in clinics. The use of multi-band sequences and/
or acceleration techniques allowed a resolution of 1.5
mm isotropic for an acquisition time of approximately 2
s per volume (total scan time 90 min). All subjects
underwent the same MRI acquisitions, but order and

Table 1 Description of the cohort of volunteers
Subject number

Sex

Age at the
1st MRI (years)

Months between
1st and 10th MRI

Months between
1st and 20th MRI

Months between
1st and 25th MRI

S1
S2

M

27

13

33

36

M

28

10

25

33

S3

M

38

11

28

35

S4

M

33

13

31

39

S5

F

38

11

28

39

S6

M

28

10

33

38

S7

M

39

21

34

48

S8

M

36

7

22

34

S9

M

30

7

18

23

S10

M

27

11

36

44

S11

M

41

7

23

32

S12

M

32

25

–

–

S13

F

36

14

–

–

Thirteen participants were selected for this study, which lasted 3 to 4 years, depending on the participant. They are all non-smokers and young adults. Ten were
included for the entire study, as they received 26 MRI exams but no radiation exposure. Subject number 8 (reported in bold characters) was exposed to repetitive
computed tomography exams and was excluded from the global analysis. The two volunteers (number 12 and number 13; in italics) have not yet finished the
study and were considered only for the analysis of the effects following the first MRI session. MRI Magnetic resonance imaging
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time interval varied due to personal availability and
scanning constraints.
In the first session, imaging acquisition was dedicated to
brain anatomy with three-dimensional (3D) T1-weighted
MPRAGE acquisition (1 mm3 isotropic, repetition time
2,300 ms, echo time 2.8 ms, flip angle 9°, matrix 256 × 256
× 176), 3D T2-weighted acquisition (repetition time 3,200
ms, echo time 419 ms, matrix 230 × 230 × 160, 0.9 mm3
isotropic, parallel imaging acceleration factor 2), and 3D
fluid-attenuated inversion recovery acquisition (repetition
time 5,000 ms, echo time 396 ms, matrix 230 × 230 × 160,
0.9 mm3 isotropic, parallel imaging acceleration factor 3).
Standard diffusion-weighted images were also acquired for
screening (b = 1,500 s/mm2, 20 directions, 2 mm3 isotropic, matrix 240 × 240 × 140, repetition time 9,000 ms,
echo time = 66 ms, parallel imaging acceleration factor 2).
Nearly all subsequent sessions were dedicated to multitask
axial functional MRI acquisitions with high spatial resolution, with a typical sequence protocol as follows:
gradient-echo echo-planar imaging, repetition time 2,000
ms (or less), echo time 27 ms, flip angle 74°, 1.5 mm3 isotropic, parallel imaging acceleration factor 2, MB = 3. To
comply with the aim of the IBC project of building a highdensity, individual anatomo-functional atlas of unprecedented precision, more than 200 cognitive functional contrasts were accumulated over the 90-min acquisition
sessions. In each session, acquisitions typically combined a
3D T1-weighted sequence and repeated functional
gradient-echo echo-planar imaging sequences. Sequences
are additionally detailed in Pinho et al., 2018 [11].
Blood collection and culture

Peripheral blood samples were obtained at baseline
(three samples each, 2 weeks apart, with each volunteer
serving as his own control). Subsequent samples were
obtained prior to the following MRI session and/or immediately after the session. The samples, collected in
heparin-lithium tubes, were processed by the company
Biomnis (Ivry-sur-Seine, France) in accordance with our
laboratory protocol and cultured (in duplicate) for 48 h
with bromodeoxyuridine and phytohemagglutinin. Metaphases were prepared using standard procedures [12].
After fixation, the cells were spread on five slides and
stored at -20 °C until shipment to our cytogenetic laboratory for staining, microscopic image acquisition, and
analysis. The remaining fixed cells were kept frozen at
-20 °C for biobanking.
Dicentric assay staining and acquisition

In the current protocol, the detection of chromosome
aberrations was improved upon compared to the Giemsa
technique by labeling the telomeres and centromeres
[13]. They were stained using the FISH technique with a
Cy-3-labeled PNA probe specific for TTAGGG for
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telomeres and a fluorescein isothiocyanate (FITC)-labeled PNA probe specific for centromere sequences
(Centro-FITC: FITC-AAACTAGACAGAAGCAT) (both
from Panagene, Daejon, South Korea), as described previously [13]. Images of the telomere/centromere (TC)stained metaphases were captured using the automated
acquisition module Autocapt software (MetaSystems,
version 3.12.7, Heidelberg, Germany) and analysed with
an IMAGEJ lab-developed plugin, CEA-Detector.
Dicentric assay and telomere and centromere staining
are described step by step in: https://www.youtube.com/
watch?v=ZG5ssFNI3Jc and https://www.youtube.com/
watch?v=RqI1ulPWD_E.

Metaphasis analysis

Only metaphases with 44 to 46 chromosomes were
scored on a minimum of two slides, one per culture. TC
staining allows scoring of various unstable aberrations:
dicentrics, rings, and different types of acentric fragments (Fig. S1). Acentric fragments are chromosomal
fragments without a centromere. They can possess two
telomeres at each extremity, resulting from the fusion of
two chromosomal fragments coming from two DSBs.
Acentric fragments with one telomere result from one
DSB caused by terminal deletion of a chromosome,
whereas acentric fragments without any telomere result
from two DSBs in the same chromosomal arm. Only the
acentric fragments in excess, i.e., those that did not result from dicentric (Dic) or centric rings formation, are
included in the final scoring (acentric fragments in excess = type E acentric). As metaphase chromosomes are
analysed, chromatids are duplicated and one telomere
gives two telomere signals, one on each chromatid, as
shown in Fig. S1. These CAs are all considered to be unstable with a decrease at each cell division, the most
documented being Dics with a 50% loss during each cell
division). Considering that the percentage of metaphases
in first or second generations can be subject to large variations (variability of the proliferation rate linked to the
different batches of culture medium used over the years
and to inter-individual variations), cells were only analysed in the first generation (identified by bromodeoxyuridine incorporation). Scoring the various unstable
aberrations allows the calculation of the total DSBs per
cell. Approximately 1,000 metaphases were analysed for
each time point (Table S1). Analysing the entire study,
we also scored 10 “rogue cells”, i.e., multi-aberrant cells
[14]. These cells were not considered for graphs, as they
are not considered to be radiation-induced, which could
happen after heavy ion irradiation, but which was not
the case here. As such, we performed parallel statistical
analysis either including or removing these data, and the
results and conclusions remained similar.
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Chromosome painting

The chromosome painting technique is used to identify
individual chromosomes and allows scoring of both unstable (dicentric) and stable (translocations) labeled
chromosomes. Staining was performed using MetaSystems chromosome painting probes for chromosomes 1
(TexasRed, TR), 4 (mix of TR and FITC probes), and 11
(FITC) on the same slides used for TC staining, following the manufacturer’s suggested protocol.
Statistical analysis

Statistical analysis was performed using generalised linear mixed models [15] for repeated measures, the number of DNA events per metaphase being assumed to
follow a binomial distribution. Hierarchical analysis was
performed to account for intra-individual and intrasample correlations. This methodology allowed modeling of the ratio between the number of events and the
number of metaphases studied per slide, considering the
fact that the slides are part of samples, which themselves
belong to the same individual. All analyses were adjusted
for sex and age at the time of sampling. The reported associations between MRI and the frequency of various
cytogenetic parameters were estimated assuming linear
dose-response. This option was chosen as the small
number of volunteers did not permit investigation into
the shape of the dose-response and log-linear assumption tests provided similar results. All analyses were performed with or without rogue cells (multi-aberrant cells)
and with or without volunteer S8, to test robustness.
The possibility for outliers skewing results was eliminated by performing sensitivity analysis and iterating
analyses excluding each volunteer, in turn.

Results
Cohort

At the time of this publication, 11 volunteers have completed the 20 first MRI sessions, including S8, who was analysed separately due to the performed CT scans for an
unrelated non-brain related condition (Table 1). Two volunteers (number 12 and number 13) have not yet completed
the 20 MRIs. While only the 10 volunteers who underwent
20 MRI sessions were included in the complete study, all 13
were considered for the study of the short-term changes associated with a single MRI. Data, including the number of
metaphases scored, as well as the number of damaged cells
for each time point and subject, are presented in Table S1
and the sampling table is shown in Fig. S2.
No chromosomal change after a single MRI scan

Accounting for intra-individual variations after a single
3 T brain MRI of 90 min, there was no significant increase in the frequency of damaged cells (cells with at
least one chromosome aberration), with a similar
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frequency of dicentric (1.7/1,000) and acentric fragments
(0.5/1,000) in all samples. The frequency of chromosomal breaks remained low and constant (Fig. 1), with
an initial average of approximately 4 breaks for 1,000
metaphases, corresponding to previously reported background frequency [13, 16, 17].
Repeated MRI exposure was associated with slight
chromosomal instability

Focus is initially on the first 20 MRI scans, as a lapsed
period of 2 years can be considered as the time necessary for the turnover of lymphocytes. Mid-term data
with the additional MRI exams 25 and 26 will be discussed subsequently.
Increased chromosomal instability characterised by
terminal deletions

We detected no significant correlation between the first 20
MRIs and the Dics plus ring frequency, which remained
stable (p = 0.604 F test) (Fig. 2). The lack of an increase in
the frequency of fused chromosome (p = 0.341, χ2 test) was
confirmed by analysing translocations by chromosome
painting of chromosomes 1, 4, and 11 for two volunteers
selected at random before any MRI versus after 16 MRI
scans (Fig. S3). However, repeating MRI sessions was associated with a significant increase in acentric fragments (Fig.
2b). The frequency of total acentric fragments increased, on
average, by 6.6% (95% confidence interval [CI] 4.3–8.9%)
per MRI (p < 0.001) (Fig. 2h), reaching a more than threefold increase in the frequency of type E acentric fragments
after 20 MRI exams. The total DNA breaks per metaphase
(Fig. 2c) did not significantly change after 20 MRI sessions
but showed a trend towards increasing (Fig. 2h, p = 0.054,
F test). The frequency of acentric fragments with two telomeres remained stable (p = 0.310), whereas those without
telomeres increased slightly after the repeated MRI sessions
(5.6%, 95% CI 0.7–10.5%, per MRI, p = 0.016) both being
due to two DSBs (Fig. 2e–g). The formation of acentric
fragments with one telomere (1 DSB) showed the highest
correlation with MRI (Fig. 2f–h). This increase was highly
significant, with a coefficient of 9.5% (95%CI 6.5–12.5%)
per MRI (p < 0.001). The increase in the frequency of terminal deletions was easily detectable in each volunteer
(Table S1).
Increased frequency of damaged cells

The total number of damaged cells increased by 3.2%
(95% CI 1.5–4.8%) per MRI (Fig. 2d–h) (p < 0.001); this
increase being higher during the first ten MRI sessions
than during the last ten ones (p for interaction = 0.016).
This result suggests an “early effect” of repetitive MRI
exposure with a limited accumulation of damaged cells.
The increase in damaged cells was related to the MRI
exams received during the previous 6 months (increase
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Fig. 1 One MRI session does not trigger any genotoxic effect. The dicentric chromosome assay was performed on blood cells of volunteers
sampled 30, 15, and 0 days before the exam to take into account the heterogeneity of the background (mean in black). The potential effect of
one MRI session was assessed the day of the first MRI and prior to the second MRI (mean in red). Unstable aberrations (Dic + Tric + ring) were
scored after telomere and centromere staining, as well as acentric fragments (type E acentrics, acentrics in excess), those resulting from Dics or
ring being excluded). Total breaks were calculated from these data. Ac, Acentric fragment; Dic, Dicentric chromosome; MRI, Magnetic resonance
imaging; n.s., No significant differences; Tric, Tricentric chromosome

6.9%, 95% CI 1.2–12.6%, per MRI) rather than to the
ones received earlier (increase 1.3%, 95 CI 0.0–2.6%,
per MRI), suggesting a transient and mid-term effect
of exposure. There was a significant association between the number of cells with a low amount of
damage (one or two breaks) and repeated MRI sessions, whereas there was no significant correlation between the frequency of cells with more extensive
damage (more than three breaks) and the number of
MRI sessions completed (Fig. 3).

CT scans induced much stronger chromosomal
destabilisation and chromosome fusions than MRI

The chromosomal changes reach a plateau after 20 MRI
sessions

Volunteer S8 underwent five whole body CT scans (ionising radiation exposure) between the 10th and 15th
MRI. The first CA analysis after the start of the scan sessions showed a jump in the frequency of Dics (Fig. 5), as
well as other parameters (frequency of acentric fragments/damaged cells/total DNA breaks) (data not
shown), between MRI sessions 10 and 15 interspersed
with the five CT scans over less than 1 year. Interestingly, the abrupt increase of CAs due to the CT sessions
was much higher than the increase due to the previous
ten MRI sessions and, in fact, higher than that following
20 MRI sessions.

We show that 20 repetitive MRI sessions, over 2 to 3
years, were associated with the doubling of the frequency
of damaged cells. The period of 2 to 3 years is a very
wide window for the detection of chromosome aberrations as adjustments are necessary after a period of 1
year to account for lymphocyte regeneration after a single exposure. As such, the evolution of the cytogenetic
parameters was verified after supplementary MRI sessions (Fig. 4). The frequency of damaged cells remained
stable between 20 and 25–26 MRI sessions (Fig. 4a), as
well as the frequency of various acentric fragments (Fig.
4b). After 20 MRI sessions, the CA frequency reached a
plateau and additional exposure with the same timing
did not show further changes.

Discussion
This study is the first to perform a follow-up of the
chromosomal integrity of volunteers exposed to repetitive 3-T MRI using the detection of CAs. While we do
not report any change after a single MRI session, repeated exposure was associated with an increase in the
frequency of chromosomal deletions. The study of Fatahi
et al. [5] is the only other one to have studied multiMRI exposure, as they quantified DSBs in subjects previously exposed to repetitive sessions of 7-T MRI. Their
results clearly showed no difference in γ-H2AX or
micronuclei frequency between the controls and the
MRI-exposed group. However, there was no data
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Fig. 2 Increasing chromosomal instability due to terminal deletions during the first 20 MRI sessions. Between 846 and 3,357 metaphases were
observed for each time point and participant after telomere/centromere staining. Various cytogenetic parameters were scored: dicentric
chromosomes and rings (a); total type E acentrics (excess acentric fragments) (b), total chromosomal breaks (c), damaged cells (d), 2-T acentric
fragments resulting from two chromosomal breaks and fusion (e), 1-T acentric fragments equivalent to a terminal deletion (f), and 0-T acentric
fragments resulting from two chromosomal breaks in the same chromosomal arm (g). h Table presenting the stratified statistical analysis
(correlation coefficients and p values). Ac, Acentric fragment; Dic, Dicentric chromosomes; MRI, Magnetic resonance imaging; T, Telomere

concerning the exposed group prior to exposure. As
such, the heterogeneity of the number of exposures and
their duration within the group, as well as the low sensitivity of the micronuclei assay could explain the absence
of a significant difference.
An aging effect could be evoked as 2 to 3 years have
passed during the course of our MRI study [18]. Indeed,
the level of evidence provided by a longitudinal study of
healthy volunteers at each exposure is very high. It is
higher than that of a study comparing one or more exposed groups to a control group at a single time point.

In the literature, the longitudinal follow-up of CAs in
similar but non-exposed subjects has not been reported
and the exact correlation between aging and the frequency of unstable CAs over such a short time period (2
to 3 years) is not defined.
Many genetic and environmental factors do contribute
to the increase of CAs with age, which could not all be
controlled in this study. Indeed, in absolute terms, the
longitudinal study of a non-MRI exposed control group
would help estimate more precisely the magnitude of
the MRI-related changes. A period of 3 to 5 years is a
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Fig. 3 Distribution of deoxyribonucleic acid breaks in damaged cells. a Only the data for damaged cells are shown and are clustered according
to the number of breaks scored. In this graph, all damaged cells are considered, including rogue cells. b Statistical analysis of the damaged-cell
phenotype. Cells with one or two breaks were separated from those with three or more breaks. The correlation between the number of MRI
sessions and the breaks was calculated for both groups. The statistical analysis shows a strong correlation between the number of MRI sessions
and the apparition of cells with few (one or two) breaks. However, there was no correlation between the number of MRI sessions and the
number of cells with three or more chromosome breaks. MRI, Magnetic resonance imaging

very short time period for an individual whose life expectancy is 80 years. As such, data from the literature
confirms that it is unrealistic to expect observed agerelated changes in this age group over such a short time
period. In the most complete aging study conducted on
a large population using the micronuclei technique,
Fenech et al. [19] reported an increase in micronuclei
frequency between 30 and 40 years of age of 1.06% for

men and 1.23% for women, whereas Ganguly et al. [20]
reported an increase in all types of damaged cells with
age, with an increase of 7.3% per year. In our study, the
increase in the frequency of cells containing at least one
break from the initial value was equal to a factor of 2.07
after 20 MRI sessions, corroborating that the frequency
of damaged cells doubled after 20 MRI sessions over a
period of 2 to 3 years. This factor is much higher than

Fig. 4 Stabilisation of cytogenetic parameters after 20 MRI sessions. Further analysis was conducted after six supplementary MRI sessions.
Evolution of damaged cells (a) and type E acentric fragments/1-T acentric fragments (b) between 20 and 25–26 MRI sessions. All parameters
remained stable. Ac, Acentric fragment; MRI, Magnetic resonance imaging; T, Telomere
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Fig. 5 Increase in the frequency of dicentric chromosomes after CT. The frequency of dicentric and ring chromosomes is presented up until 26
MRI sessions for the ten MRI-only volunteers and for the subject number 8, a volunteer exposed to computed tomography examinations (8
between the 10 and 25 MRI sessions) for an unexpected diagnostic assessment of a non-brain pathology during the originally planned MRI
sessions schedule. Dic, Dicentric chromosomes; MRI, Magnetic resonance imaging

the age-dependent factor, thus suggesting a genotoxic effect of MRI. Another study [21] predicted an increase
from 0.1162 to 0.1456 total acentric fragments for 100
cells between the ages of 30 and 40 years. In our study,
type E acentric fragments increased by a factor of 2.9
after 20 MRI sessions, equivalent to their tripling, very
low in comparison with CT scans.
Moreover, and interestingly, the profile of CA evolution in MRI-exposed volunteers was not the same as
those usually observed after CT scans [22–27], as we
mainly detected chromosomal deletions and no increase
in Dics, the hallmark of irradiation. We hypothesise that
the number of DSBs induced per cell by repeated MRIs
is too low to induce chromosomal fusion. Alternatively,
biodosimetry studies are generally performed above 100
mGy, and lower-dose studies are lacking. Very low dose
(i.e., a few mGy) could trigger a very low number of
DSBs, with a very low probability of having two misrepaired DSBs in the same cell. Indeed, it appears that
most DSBs are immediately repaired after irradiation,
leading either to recombination or restoration of
chromosomal integrity, the latter being undetectable
[28]. Complementary data concerning the induction of
acentric fragments after very low-dose exposure to ionising radiation would lend support to this hypothesis and
might be a prerequisite to perform a “dose-equivalent”
estimation of MRI effects.
The frequency of damaged cells, as well as that of
acentric fragments, appears to reach a plateau after 20
MRI sessions. In regard to lymphocyte turnover, these
observations suggest that acentric fragments are better
transmitted to daughter cells than Dics. Most studies in
the literature have compared the transmission of Dics,
that decrease by 50% at each cell division, versus

translocations that remain stable if there are no Dics or
rings in the same cell [17, 29, 30]. Acentric fragments,
although not as stable as those chromosomes that have
been translocated, appear to be more stable and transmissible than Dics and may last for a few cell divisions.
Indeed, Al-Achkar et al. [31] reported a detectable decrease in total acentric fragments after a minimum of
three cell divisions. These results are coherent with our
observations of an increase in the number of damaged
cells when 20 MRI sessions were completed, that is, 2 to
3 years after the first exposure. This time period corresponds to a sufficient number of divisions of the lymphocytes to lose the acentric fragments, which is
necessary to observe a plateau in the frequency of acentric fragments.
Further analysis is needed to validate the “semi-stable”
property of acentric fragments while increasing the number of events analysed. The cytokinesis-blocked micronucleus assay is frequently used with cytochalasin blockage
after 44 h (one or two cell divisions) or 68 h (one, two, or
three cell divisions) of cultivation depending on weekly logistic constraints. Most micronuclei contain acentric fragments. The relatively good stability of acentric fragments
during cell division and inter-individual variation could
partially explain the contradictory results published to
date. The cytokinesis-blocked micronucleus assay
upgraded with telomere and centromere staining might be
a good alternative for large screening and acentricfragment transmissibility investigations.
Various hypotheses need to be explored to explain the
exact cause of the increase of CAs following MRI, and
could include the perturbation of the DNA repair machinery, alteration of the mitotic processes, or the accumulation of oxidative stress. Additionally, better control
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of the multiple factors involved in the inter- and intraindividual variability of CAs would assist in estimating
more precisely the magnitude of MRI-related effects.
In summary, after one session, 3-T MRI (which corresponds to standard medical use) is a very safe imaging
technique with undetectable changes at the level of the
chromosome. Repetitive exposure (20 MRIs over 2–3
years) leads to an increase in the frequency of damaged
cells with one DSB that remains very small in comparison with CT scans. Efforts will now focus on validating
the transient increase in acentric fragments (2–3 years)
by continuing to follow the volunteers until the last exposure (50 MRIs).
Abbreviations
3D: Three-dimensional; CAs: Chromosomal aberrations; CI: Confidence
interval; CT: Computed tomography; Dic: Dicentric (fused chromosomes with
two centromeres); DNA: Deoxyribonucleic acid; DSB: Double-strand DNA
break; FISH: Fluorescence in situ hybridisation; FITC: Fluorescein
isothiocyanate; MRI: Magnetic resonance imaging; PNA: Peptide nucleic acid;
SSB: Single-strand DNA break; TC: Telomere/centromere; Tric: Tricentric (fused
chromosomes with three centromeres)
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Additional file 1: Figure S1. Technique of fluorescence in situ
hybridisation (FISH) of telomeres and centromeres on metaphases
obtained after the dicentric assay (DCA). The DCA was performed on
blood samples at various times before or after MRI. Then, FISH
staining of telomeres and centromeres was carried out to detect
chromosomal aberrations on a total of 143,872 metaphases up to 20
MRI sessions; 9 multi-aberrant cells (Rogue cells) were excluded. a.
FISH staining of telomeres and centromeres allows the visualisation
of centromeres in green and telomeres in red on each chromosome,
driving the scoring of DNA DSBs. b. An example of stained metaphases is shown with 46 chromosomes. c. A metaphase with multiple CAs is shown. Dicentric (Dic) and tricentric (Tric) chromosomes
are indicated, as well as rings. d. The table presents the various unstable aberrations detectable by FISH staining. The corresponding
number of DNA DSBs for each aberration is also indicated. Figure
S2. Planning of the MRI sessions and blood sampling for the 13 subjects. Eleven of the 13 subjects were exposed to 25 MRI exams over
three to four years. Three samplings and cytogenetics analysis were
performed before any MRI exposure (0 MRI) to check background
heterogeneity. Blood sampling was performed the day of the following MRI, just before the planned exam, to examine the mid-term effects of repetitive MRI exposure, except after the 1st and the 16th
MRI sessions, for which sampling was performed just after exposure.
Figure S3. No accumulation of transmissible chromosome rearrangements after chromosome painting. Chromosome painting of chromosomes 1, 4, and 11 was performed on S7 and S8 before MRI and
after 16 MRI sessions. The genome fraction painted is equivalent to
0.1921 of the total genome. a. The same metaphase is stained using
the FISH method for telomeres and centromeres and by the chromosome painting technique. b. The scoring of DNA DSBs is shown in
the table, as well as the total metaphases scored. Supplementary
table 1 a : Summary of abnormal metaphasis and terminal deletions
donors S1-S2-S3. Supplementary table 1 b : Summary of abnormal
metaphasis and terminal deletions donors S4-S5-S6. Supplementary
table 1 c : Summary of abnormal metaphasis and terminal deletions
donors S7-S8-S9. Supplementary table 1 d : Summary of abnormal
metaphasis and terminal deletions donors S10-S11-S12-S13

Page 9 of 10

Acknowledgements
We are in debt to the CEA-COPEC members and the former chair Dr. Gilles
Bloch for the initiation of this study and useful discussions and advice. We
are grateful to Dr. Roland Masse for the helpful advice. In addition, we are
grateful to the professionals at Biomnis for the chromosome preparations.
We gratefully thank William Hempel of Alex Edelman & Associates for his
valuable contribution to proof-reading and correction of the manuscript and
we thank Cecilia Garrec for both the scientific review of the text and the
English language corrections.
Authors’ contributions
CH and LS drafted the initial manuscript. LS, CH, MR, FDV, JRD, BT, and LHP
conceptualised the study, collected the data, and reviewed and revised the
manuscript. BM, LL, BT, and LHP performed the longitudinal follow-up of the
volunteers. PB, MR, and CH performed the cytogenetic analysis. FDV and CH
performed the statistical analysis. All authors read and approved the final
manuscript.
Funding
The European Joint Program CONCERT supported CH. This project received
funding from the European Union’s Horizon 2020 program under grant
agreement no 662287. This publication solely reflects the view of the
authors. Responsibility for the information and views expressed therein lies
entirely with the authors. The European Commission is not responsible for
any use that may be made of the information it contains.
Availability of data and materials
Most data generated or analysed during this study are included in this
published article (and its supplementary information files). Additional
datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
The project received the ethical agreements of the CPP IDF VII N°14-03 and
ANSM IDRCB 2014-A00563-44 and each volunteer provided written consent.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
PROCyTox, DRF, French Alternative Energies and Atomic Energy
Commission (CEA), Paris-Saclay University, Fontenay-aux-Roses, France.
2
National Institute for Health and Medical Research, Center for Research in
Epidemiology and Population Health (CESP), INSERM U1018, Radiation
Epidemiology Teams, Villejuif, France. 3Institute Gustave Roussy, Villejuif,
France. 4University Paris Saclay, Villejuif, France. 5CEA/DRF/IJ/Neurospin/
UNIACT, and UMR1141, Inserm, Paris University, Gif-sur-Yvette, France. 6CEA/
DRF/DIREI Research Infrastructures Europe and International Fundamental
Research Division, French Alternative Energies and Atomic Energy
Commission (CEA), Paris-Saclay University, Gif sur Yvette Cedex, France.
Received: 7 April 2021 Accepted: 14 January 2022

References
1. Lee JW, Kim MS, Kim YJ, Choi YJ, Lee Y, Chung HW (2011) Genotoxic effects
of 3 T magnetic resonance imaging in cultured human lymphocytes.
Bioelectromagnetics 32:535–542. https://doi.org/10.1002/bem.20664
2. Szerencsi Á, Kubinyi G, Váliczkó É, et al. (2013) DNA integrity of human
leukocytes after magnetic resonance imaging. Int J Radiat Biol 89:870–876.
https://doi.org/10.3109/09553002.2013.804962
3. Yildiz S, Cece H, Kaya I, et al. (2011) Impact of contrast enhanced MRI on
lymphocyte DNA damage and serum visfatin level. Clin Biochem 44:975–
979. https://doi.org/10.1016/j.clinbiochem.2011.05.005
4. Fasshauer M, Krüwel T, Zapf A, et al. (2018) Absence of DNA double-strand
breaks in human peripheral blood mononuclear cells after 3 Tesla magnetic

Herate et al. European Radiology Experimental

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

(2022) 6:12

resonance imaging assessed by γH2AX flow cytometry. Eur Radiol 28:1149–
1156. https://doi.org/10.1007/s00330-017-5056-9
Fatahi M, Reddig A, Vijayalaxmi null, et al (2016) DNA double-strand breaks
and micronuclei in human blood lymphocytes after repeated whole body
exposures to 7T magnetic resonance imaging. Neuroimage 133:288–293.
https://doi.org/10.1016/j.neuroimage.2016.03.023
Reddig A, Fatahi M, Friebe B, et al. (2015) Analysis of DNA double-strand
breaks and cytotoxicity after 7 tesla magnetic resonance imaging of isolated
human lymphocytes. PLoS One. 10:e0132702. https://doi.org/10.1371/journa
l.pone.0132702
Suntharalingam S, Mladenov E, Sarabhai T, et al. (2018) Abdominopelvic 1.5T and 3.0-T MR imaging in healthy volunteers: relationship to formation of
DNA double-strand breaks. Radiology 288:529–535. https://doi.org/10.1148/
radiol.2018172453
Fiechter M, Stehli J, Fuchs TA, Dougoud S, Gaemperli O, Kaufmann PA
(2013) Impact of cardiac magnetic resonance imaging on human
lymphocyte DNA integrity. Eur Heart J 34:2340–2345. https://doi.org/10.1
093/eurheartj/eht184
Lancellotti P, Nchimi A, Delierneux C, et al. (2015) Biological effects of
cardiac magnetic resonance on human blood cells. Circ Cardiovasc Imaging
8:e003697. https://doi.org/10.1161/CIRCIMAGING.115.003697
Simi S, Ballardin M, Casella M, et al. (2008) Is the genotoxic effect of
magnetic resonance negligible? Low persistence of micronucleus frequency
in lymphocytes of individuals after cardiac scan. Mutat Res 645:39–43.
https://doi.org/10.1016/j.mrfmmm.2008.08.011
Pinho AL, Amadon A, Ruest T, et al. (2018) Individual brain charting, a highresolution fMRI dataset for cognitive mapping. Sci Data 5:180105. https://
doi.org/10.1038/sdata.2018.105
Dutrillaux B, Viegas Pequignot E, Aurias A et al (1981) Tentative estimate of
the risk of chromosomal disease due to radiation-induced translocations in
man. Mutat Res 82:191–200. https://doi.org/10.1016/0027-5107(81)90149-4
M’kacher R, Maalouf EEL, Ricoul M, et al. (2014) New tool for biological
dosimetry: reevaluation and automation of the gold standard method
following telomere and centromere staining. Mutat Res 770:45–53. https://
doi.org/10.1016/j.mrfmmm.2014.09.007
Mustonen R, Lindholm C, Tawn EJ, Sabatier L, Salomaa S (1998) The
incidence of cytogenetically abnormal rogue cells in peripheral blood. Int J
Radiat Biol 74:781–785. https://doi.org/10.1080/095530098141069
Nelder JA, Wedderburn RWM (1972) Generalized linear models. J R Statist
Soc A. 135:370–384. https://doi.org/10.2307/2344614
Grégoire E, Gruel G, Martin C, et al. (2010) Impact des facteurs individuels et
environnementaux sur le taux d’aberrations chromosomiques de type
translocations Partie 1: âge, sexe, tabac, alcool. Radioprotection 45:153–169.
https://doi.org/10.1051/radiopro/2009034
Whitehouse CA, Edwards AA, Tawn EJ, et al. (2005) Translocation yields in
peripheral blood lymphocytes from control populations. Int J Radiat Biol 81:
139–145. https://doi.org/10.1080/09553000500103082
Pressl S, Edwards A, Stephan G (1999) The influence of age, sex and
smoking habits on the background level of fish-detected translocations.
Mutat Res 442:89–95. https://doi.org/10.1016/S1383-5718(99)00067-4
Fenech M, Bonassi S (2011) The effect of age, gender, diet and lifestyle on DNA
damage measured using micronucleus frequency in human peripheral blood
lymphocytes. Mutagenesis 26:43–49. https://doi.org/10.1093/mutage/geq050
Ganguly BB (1993) Cell division, chromosomal damage and micronucleus
formation in peripheral lymphocytes of healthy donors: related to donor’s
age. Mutat Res. 295:135–148. https://doi.org/10.1016/0921-8734(93)90015-U
Ramsey MJ, Moore DH, Briner JF et al (1995) The effects of age and lifestyle
factors on the accumulation of cytogenetic damage as measured by
chromosome painting. Mutat Res 338:95–106. https://doi.org/10.1016/09218734(95)00015-x
Abe Y, Miura T, Yoshida MA, et al. (2015) Increase in dicentric chromosome
formation after a single CT scan in adults. Sci Rep 5:13882. https://doi.org/1
0.1038/srep13882
Abe Y, Yoshida MA, Fujioka K, et al. (2018) Dose-response curves for
analyzing of dicentric chromosomes and chromosome translocations
following doses of 1000 mGy or less, based on irradiated peripheral blood
samples from five healthy individuals. J Radiat Res 59:35–42. https://doi.
org/10.1093/jrr/rrx052
Gomolka M, Oestreicher U, Rößler U, et al. (2018) Age-dependent
differences in DNA damage after in vitro CT exposure. Int J Radiat Biol 94:
272–281. https://doi.org/10.1080/09553002.2018.1419302

Page 10 of 10

25. Kanagaraj K, Abdul Syed Basheerudeen S, Tamizh Selvan G et al (2015)
Assessment of dose and DNA damages in individuals exposed to low dose
and low dose rate ionising radiations during computed tomography
imaging. Mutat Res Genet Toxicol Environ Mutagen 789–790:1–6. https://
doi.org/10.1016/j.mrgentox.2015.05.008
26. Oestreicher U, Endesfelder D, Gomolka M, et al. (2018) Automated scoring
of dicentric chromosomes differentiates increased radiation sensitivity of
young children after low dose CT exposure in vitro. Int J Radiat Biol 94:
1017–1026. https://doi.org/10.1080/09553002.2018.1503429
27. Stephan G, Schneider K, Panzer W, Walsh L, Oestreicher U (2007) Enhanced
yield of chromosome aberrations after CT examinations in paediatric
patients. Int J Radiat Biol 83:281–287. https://doi.org/10.1080/095530007012
83816
28. Ricoul M, Gnana Sekaran TS, Brochard P, Herate C, Sabatier L (2019) γ-H2AX
foci persistence at chromosome break suggests slow and faithful repair
phases restoring chromosome integrity. Cancers (Basel) 11. 11. https://doi.
org/10.3390/cancers11091397
29. Grégoire E, Roy L, Buard V, et al. (2018) Twenty years of FISH-based
translocation analysis for retrospective ionising radiation biodosimetry.
Int J Radiat Biol 94:248–258. https://doi.org/10.1080/09553002.2018.142
7903
30. Herate C, Sabatier L (2019) Retrospective biodosimetry techniques: focus on
cytogenetics assays for individuals exposed to ionising radiation. Mutat Res
Rev Mutat Res. 108287. https://doi.org/10.1016/j.mrrev.2019.108287
31. Al-Achkar W, Sabatier L, Dutrillaux B (1988) Transmission of radiationinduced rearrangements through cell divisions. Mutat Res 198:191–198.
https://doi.org/10.1016/0027-5107(88)90054-1, 1

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

