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Purpose: To determine the impact of different magnetic field 
strengths (1, 1.5, 3, and 7 T) and the effect of contrast 
agent on DNA double-strand–break (DSB) formation in 
patients undergoing magnetic resonance (MR) imaging.

Materials and 
Methods:

This in vivo study was approved by the local ethics com-
mittee, and written informed consent was obtained from 
each patient. To analyze the level of DNA DSBs, peripheral 
blood mononuclear cells were isolated from blood sam-
ples drawn directly before, as well as 5 minutes and 30 
minutes after MR imaging examination. After performing 
gH2AX immunofluorescence staining, DSBs were quan-
tified with automated digital microscopy. MR group con-
sisted of 43 patients (22 women, 21 men; mean age, 46.1 
years; range, 20–77 years) and was further subdivided ac-
cording to the applied field strength and administration of 
contrast agent. Additionally, 10 patients undergoing either 
unenhanced or contrast material–enhanced computed to-
mography (CT) served as positive control subjects. Statis-
tical analysis was performed with Friedman test.

Results: Whereas DSBs in lymphocytes increased after CT expo-
sure (before MR imaging: 0.14 foci per cell 6 0.05; 5 
minutes after: 0.26 foci per cell 6 0.07; 30 minutes after: 
0.24 foci per cell 6 0.07; P  .05), no alterations were 
observed in patients examined with MR imaging (before 
MR imaging: 0.13 foci per cell 6 0.02; 5 minutes after: 
0.12 foci per cell 6 0.02; 30 minutes after: 0.11 foci per 
cell 6 0.02; P . .05). Differentiated analysis of MR im-
aging subgroups again revealed no significant changes in 
gH2AX level.

Conclusion: Analysis of gH2AX foci showed no evidence of DSB in-
duction after MR examination, independent of the applied 
field strength and administration of gadolinium-based con-
trast agent.
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system, currently only allowed for re-
search purposes, were included for 
in vivo genotoxicity analysis. Patients 
undergoing x-ray–based CT served as 
positive control subjects. Patients were 
assigned to nine groups according to 
the imaging procedure they underwent: 
1-T MR imaging without contrast agent 
(n = 5), 1-T MR imaging with contrast 
agent (n = 5), 1.5-T MR imaging with-
out contrast agent (n = 5), 1.5-T MR 
imaging with contrast agent (n = 5), 
3-T MR imaging without contrast agent 
(n = 5), 3-T MR imaging with contrast 
agent (n = 5), 7-T MR imaging with-
out contrast agent (n = 13), CT with-
out contrast agent (n = 5), and CT with 
contrast agent (n = 5). Diagnostic MR 
imaging was conducted with imagers 
differing in their SMF strength, with 
use of 1-T (Panorama; Philips Health-
care, Best, the Netherlands), 1.5-T (In-
tera; Philips Healthcare), 3-T (Achieva; 
Philips Healthcare), and 7-T (Siemens 
Healthcare, Erlangen, Germany) MR 
systems. Besides unenhanced routine 
MR imaging, subgroups additionally re-
ceived 0.1 mmol per kilogram of body 
weight of the GBCA gadobutrol (Gd-
DO3A-butrol, Gadovist; Bayer Health-
care, Leverkusen, Germany) during 
1–3 T MR imaging. As positive control 
subjects for ionizing radiation–induced 

histone protein rapidly phosphorylated 
after DSB formation (3,4). Immunoflu-
orescence staining allows visualization 
of individual DSBs as single nuclear 
gH2AX foci (5).

The aim of our in vivo study was 
to investigate the impact of different 
magnetic field strengths and the effect 
of gadolinium-based contrast agent 
(GBCA) gadobutrol on gH2AX foci 
formation in peripheral blood mononu-
clear cells of patients undergoing MR 
imaging.

Materials and Methods

Study Design and Participants
All patients who agreed to participate 
in this study provided written informed 
consent. The study was performed in 
accordance with the Declaration of 
Helsinki and was approved by the local 
ethics committee (RAD244 DSB-MRT).

Patients undergoing either MR im-
aging (n = 43) or CT (n = 10) were 
recruited for this study between April 
2014 and October 2015. Eligible partic-
ipants were adults aged 18–80 years. 
Scheduled patients were excluded if they 
had undergone x-ray–based or nuclear 
imaging within the past 3 days, had 
undergone radiation therapy or chemo-
therapy, or if they were previously di-
agnosed with lymphoma or leukemia. 
Further, subjects examined with con-
trast material–enhanced MR imaging 
were only included when gadobutrol was 
administered.

Procedures
Different MR imagers covering the 
most common SMFs used in clinics 
(1 T, 1.5 T, 3 T) and for the first time 
a 7-T ultra-high-field-strength MR 
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Advances in Knowledge

nn There is no evidence (P . .05) of 
DNA double-strand–break induc-
tion with unenhanced clinical  
(1 T, 1.5 T, 3 T) MR imaging 
(before: 0.11 foci per cell 6 0.02; 
5 and 30 minutes after: 0.10 foci 
per cell 6 0.02) or with gadolin-
ium-based contrast-enhanced 
(gadobutrol) clinical MR imaging 
(before: 0.15 foci per cell 6 
0.04; 5 and 30 minutes after: 
0.13 foci per cell 6 0.04).

nn Lymphocytes of patients under-
going unenhanced 7-T ultra-
high-field-strength MR imaging 
showed no significant changes in 
gH2AX level before and after 
examination (before: 0.12 foci 
per cell 6 0.04; 5 and 30 minutes 
after: 0.11 foci per cell 6 0.04).

Implication for Patient Care

nn In contrast to CT, high-field-
strength and ultra-high-field-
strength MR imaging, as well as 
administration of contrast agent 
gadobutrol, did not induce de-
tectable alterations in gH2AX 
level, confirming MR imaging as 
safe imaging technique.

I t is well known that ionizing radi-
ation used in x-ray–based imaging, 
such as computed tomography (CT), 

can lead to potential carcinogenic dam-
age in human cells and the as low as 
reasonably achievable, or ALARA, prin-
ciple is widely accepted (1). Today, the 
debate is shifting toward magnetic res-
onance (MR) imaging, which has tradi-
tionally been used in children and preg-
nant women to avoid the use of ionizing 
radiation. MR imaging is considered 
to be a safe and powerful diagnostic 
tool, but the knowledge about possible 
long-term biologic effects on humans is 
limited.

In 2013, Fiechter et al reported an 
induction of DNA double-strand breaks 
(DSBs) by means of 1.5-T cardiac MR 
imaging and raised awareness not only 
in the MR imaging community (2). Con-
tradictory results concerning the geno-
toxic potential of MR imaging, as well 
as the development of ultra-high-field-
strength MR imagers exceeding a static 
magnetic field (SMF) of 3 T, demand 
research that answers whether the 
growing population of subjects annually 
examined with clinical or research MR 
imaging is at any increased mutagenic 
risk.

One of the most sensitive biomarkers 
for radiation biodosimetry is gH2AX, a 
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64.6 years [range, 48–80 years]; three 
women with a mean age 63.0 years 
[range, 51–77 years] and seven men 
with a mean age of 65.3 years [range, 
48–80 years]) served as positive con-
trol subjects. Dependent on the addi-
tional injection of iodinated contrast 
agent, patients undergoing CT were 
also classified into unenhanced and 
enhanced group (two thorax and three 
abdominal CT examinations per CT 
subgroup).

The mean level of initial gH2AX foci 
(before examination) in lymphocytes 
from all 53 patients was 0.13 foci per 
cell 6 0.02. No significant difference 
(P = .699) in basal DSB level was ob-
served between male and female sub-
jects. Combined results of all 43 subjects 
within the MR groups revealed a mean 
baseline level of 0.13 foci per cell 6 
0.02 (before MR imaging). No signifi-
cant changes were determined after MR 
exposure (5 minutes after: 0.12 foci per 
cell 6 0.02; 30 minutes after: 0.11 foci 
per cell 6 0.02), as shown in Figure 1a.  
In contrast, CT examination led to a 
significant induction of DNA DSBs, in-
creasing from a mean gH2AX baseline 
level of 0.14 foci per cell 6 0.05 to 0.26 
foci per cell 6 0.07 5 minutes after CT 
and 0.24 foci per cell 6 0.07 30 minutes 
after CT.

Unlike studies where only healthy 
volunteers were enrolled (6,9), het-
erogeneity of initial gH2AX values in-
creased in our in vivo study, ranging 
from 0.01 to 0.58 foci per cell. This 
spread in individual baseline DSBs led 
to high standard deviations. To account 
for individual differences and not to 
underestimate personal risk, we nor-
malized the results obtained 5 and 30 
minutes after examination to the indi-
vidual DSB values at baseline (Fig 1b). 
Thereby the coefficient of variation for 
the MR group was reduced by more 
than 50%. Again, relative results re-
vealed no changes within the MR group 
(before MR imaging: 1.00; 5 minutes: 
0.94 6 0.07; 30 minutes: 0.96 6 0.06), 
whereas gH2AX foci increased signifi-
cantly (P  .05) after CT examination 
(5 minutes: 4.00 6 1.13; 30 minutes: 
2.52 6 0.49). In comparison to abso-
lute values, CT results exhibited even 

digital microscopy system (AKLIDES; 
Medipan) (6,7).

Statistical Analysis
Statistical analysis was performed by 
using GraphPad Prism software, ver-
sion 5.01 (Graph Pad Software, La Jol-
la, Calif), and data in text and figures 
are displayed as mean 6 standard error 
of the mean. Significance levels were 
calculated by means of Friedman tests 
with 95% confidence interval (a = .05) 
followed by Dunns posthoc tests. Com-
parison was only performed within the 
same group between initial values and 
corresponding values at different times 
after exposure. No mathematical cor-
rection for multiple comparisons was  
made, increasing the probability to falsely 
detect a DSB-inducing effect that is not 
present. To compare differences be-
tween MR and CT exposure, normalized 
data were analyzed by a Mann-Whitney 
test at 5 minutes and 30 minutes after 
exposure. Minimal detectable effect size 
was calculated according to Cohen (8) 
by performing a power analysis for non-
parametric tests for the given a of .05, 
standard deviation, number of patients, 
and power of 0.8 by using XLSTAT for 
MS Excel (version 2015, Microsoft, Red-
mond, Wash). Significance was defined 
as P  .05.

Results

In this study, 43 patients (mean age, 
46.1 years [range, 20–77 years]; 22 
women with mean age of 44.5 years 
[range: 26–71 years] and 21 men with 
mean age of 47.7 years [range: 20–77 
years]) were examined with MR im-
aging. Demographic characteristics of 
the patients assigned to the different 
MR imaging subgroups, the type of 
imaging, and the mean radiofrequen-
cy field exposure are displayed in the 
Table. For estimation and quantifica-
tion of the exposed radiofrequency 
field in different MR protocols, the 
mean applied whole-body SAR for 
each protocol used is listed, as well as 
a standardized energy dose in joules 
per kilogram (whole-body SAR multi-
plied by total exposure time). Further, 
10 patients examined at CT (mean age, 

gH2AX foci, patients undergoing ei-
ther unenhanced or iodine-based con-
trast-enhanced (80–120 mL Imeron 
300; Bracco Imaging, Milan, Italy)  
CT (Aquilion Prime, Toshiba Medical 
Systems, Tustin, Calif; or Somatom 
Definition AS, Siemens Healthcare, Er-
langen, Germany, respectively) were 
enrolled.

Venous peripheral blood was drawn 
from each patient into heparinized 
vacuum tubes directly before imaging 
as well as 5 minutes and 30 minutes 
after examination. Each sample was 
processed immediately after with-
drawal, and peripheral blood mononu-
clear cells were isolated by means of 
density-gradient centrifugation. Sep-
arated cells were stored on ice at a 
density of 1 3 106 cells/mL until cells 
from the remaining time points were 
purified. Afterward, gH2AX staining 
was performed as described in de-
tail previously (6). In brief, peripheral 
blood mononuclear cells were washed 
in Dulbecco’s phosphate buffered sa-
line (Biochrom, Berlin, Germany),  
pipetted onto silanized glass slides (Me-
dipan, Berlin/Dahlewitz, Germany), 
fixed in 1% paraformaldehyde, and sub-
sequently permeabilized in 0.2% Triton 
X-100 (Sigma-Aldrich, Taufkirchen, 
Germany). After blocking (phosphate 
buffered saline containing 1% bovine 
serum albumin, 30 minutes), anti-phos-
pho-histone H2AX mouse monoclonal 
immunoglobulin G primary antibody 
(clone JBW301; Millipore, Schwalbach, 
Germany) at a 1:2000 dilution was 
added for 1 hour at room temperature. 
Following a washing cycle in block-
ing buffer, cells were incubated for 1 
hour with a polyclonal goat antimouse 
immunoglobulin G antibody (Alexa 
Fluor 488 conjugate; Lifetechnologies, 
Darmstadt, Germany, catalog number 
A11001) at a 1:2000 dilution. To reduce 
operator bias, we applied automated 
digital microscopy analysis for gH2AX 
foci quantification. Stained slides were 
covered with 4’,6-diamidino-2-phenyl-
indole–containing mounting medium 
(Medipan, Berlin/Dahlewitz, Germa-
ny), and gH2AX analysis of 200–300 
cells per sample was performed within 
24 hours by using a fully automated 
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group, the level of DSBs increased 
from initially 0.18 foci per cell 6 0.08 
to 0.21 foci per cell 6 0.10 (5 minutes 
after) and 0.27 foci per cell 6 0.12 (P 
 .05) (30 minutes after) and after CT 
examination combined with iodinated 
contrast agent from initially 0.10 foci 
per cell 6 0.05 (before imaging) to 
0.32 foci per cell 6 0.10 (P  .05) (5 
minutes after) and 0.21 foci per cell 6 
0.08 (30 minutes after).

Diagrams displaying the normalized 
data (Fig 2b) again revealed no changes 
in relative DSB levels after MR imaging, 
but an increase after unenhanced CT 
(5 minutes after: 2.22 6 0.88; 30 mi-
nutes after: 2.27 6 0.51, P  .05) and 
contrast-enhanced CT (5 minutes after: 
5.79 6 1.83, P  .05; 30 minutes after: 
2.77 6 0.88).

To exclude heterogeneity among 
different MR imaging groups, stratified 
analyses of normalized data were con-
ducted. The results showed that neither 
the applied field strength (P = .392) nor 
administration of GBCA (P = .317) af-
fected significantly the gH2AX value de-
termined 5 minutes and 30 minutes af-
ter imaging. Although the total number 
of subjects is high, each subgroup for 
this analysis contained only five pa-
tients, potentially limiting the sensitivity 
of the study. Comparison of normalized 
data between the MR imaging and CT 
group revealed significant differences in 
the level of induced gH2AX foci at 5 
minutes (P , .0001) and 30 minutes (P 
= .0002) after exposure (Fig 1b).

Since no significant changes in 
gH2AX foci values after MR imaging 
were found, we additionally performed 
a reverse power analysis to state how 
high a potentially undetected effect of 
induced gH2AX foci may be. Reverse 
power analysis from all normalized MR 
data revealed a minimal detectable ef-
fect size of 0.396 and changes of more 
than 39.6% should have been detected. 
This equals a change of more than 0.05 
foci referred to the mean baseline level.

Discussion

The results of our in vivo study indicate 
that neither MR examination alone (1 
T, 1.5 T, 3 T, or 7 T) nor addition of 

minutes after: 0.10 foci per cell 6 0.02; 
30 minutes after: 0.10 foci per cell 6 
0.02), there was no evidence that GB-
CA-enhanced high-field-strength MR 
imaging (before imaging: 0.15 foci per 
cell 6 0.04; 5 minutes after: 0.13 foci 
per cell 6 0.04; 30 minutes after: 0.13 
foci per cell 6 0.04) or unenhanced 
ultra-high-field-strength 7-T MR imag-
ing (before imaging: 0.12 foci per cell 
6 0.04; 5 minutes after: 0.11 foci per 
cell 6 0.04; 30 minutes after: 0.11 foci 
per cell 6 0.04) led to an increase of 
gH2AX foci. In the unenhanced CT 

stronger differences in relative gH2AX 
level due to the high range of individual 
baseline levels.

Differentiated analysis of sub-
groups, classified according to the 
applied SMF and the administration 
of GBCA, also showed no significant 
change in the amounts of DSBs before 
and after MR examination (Fig 2a). In 
each group, a minimum of five subjects 
(7 T: n = 13) were analyzed. Compared 
with unenhanced high-field-strength 
(1-, 1.5-, 3-T) MR imaging (before 
imaging: 0.11 foci per cell 6 0.02; 5 

Estimated Absorbed Energy according to Different MR Protocols and Patient 
Demographics

Protocol

Mean  
Whole-Body  
SAR (w/kg)

Exposure 
Time (sec) SED (J/kg)

No. of  
Patients

No. of  
Women

No. of  
Men Age (y)*

1-T MR imaging without  
  contrast agent

  Shoulder 0.4 2070 828 5 3 2 32.8 6 11.7
1-T MR imaging with  

  contrast agent
  Cardiac 0.3 605 182 5 3 2 39.8 6 17.2
1.5-T MR imaging  

  without contrast agent
  Abdominal 1.4 755 1057 3 3 0 46.7 6 7.0
  Knee 2.1 1345 2825 1 1 0 55
  Thorax 2.4 679 1630 1 1 0 26
1.5-T MR imaging with  

  contrast agent
  Lumbar spine 2.6 1656 4306 1 0 1 45
  Lung 2.0 679 1358 1 0 1 70
  Pancreas 2.0 1409 2818 2 0 2 64.5 6 17.7
  Pelvis 1.4 761 1065 1 1 0 28
3-T MR imaging without  

  contrast agent
  Ankle 0.9 1439 1295 1 1 0 60
  Cervical spine 1.3 2038 2649 1 1 0 37
  Knee 1.1 1227 1350 3 1 2 43.0 6 2.0
3-T MR imaging with  

  contrast agent
  Lumbar spine 1.3 1188 1544 1 0 1 77
  Pelvis 1.1 1673 1840 2 0 2 60.0 6 14.1
  Prostate 1.2 1432 1718 1 0 1 71
  Rectum 1.2 1861 2233 1 1 0 72
7-T MR imaging without  

  contrast agent
  Knee 0.2 1982 396 13 6 7 43.2 6 13.5

Note.—SAR = specific absorption rate, SED = standardized energy dose (SED = mean whole-body SAR 3 exposure time).

* Where applicable, data are means 6 standard deviation.
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GBCA lead to a detectable induction of 
DNA DSBs in peripheral blood mono-
nuclear cells. For standardized assess-
ment of gH2AX foci, nuclei were evalu-
ated by automated image analysis.

Whereas different studies consis-
tently reported influences of (ultra)-
high-field-strength MR imaging on 
sensory perception of patients, such 
as vertigo or metallic taste (10,11), no 
clear conclusion about genotoxic ef-
fects can be drawn so far. Within the 
past years, different in vitro and in vivo 
studies analyzed the impact of MR im-
aging on DNA integrity in human lym-
phocytes but reported contradictory 
results. Some observed an increase in 
comet formation by performing alka-
line single-cell gel electrophoresis, an 
enhanced number of micronuclei or an 
increase in DNA DSBs detected with 

Figure 1

Figure 1:  (a) Bar graph shows the mean with standard error of the mean of gH2AX foci per cell assessed 
in lymphocytes before (t

1 
) and 5 minutes (t

2 
) and 30 minutes (t

3 
) after in vivo MR imaging (43 subjects) or CT 

(10 subjects) exposure. (b) Bar graph shows the mean with standard error of the mean of normalized gH2AX 
values, depicting the relative increase in mean gH2AX foci per cell after MR or CT examination in relation to 
the individual baseline value before the imaging. ∗∗ 5 P  .01, ∗ 5 P  .05.

Figure 2

Figure 2:  Bar graphs show gH2AX foci per cell assessed in lymphocytes before (t
1 
) and 5 minutes (t

2 
) and 30 minutes (t

3 
) after in vivo MR imaging or CT exposure. 

Combined data of MR and CT groups shown in Figure 1 were further subdivided according to SMF of the MR imager (1 T, 1.5 T, 3 T, and 7 T ) and administration of 
contrast agent (CA). The mean with standard error of the mean of five patients per condition (7 T: n = 13) is displayed for each time point. Graphs show (a) the abso-
lute number of gH2AX foci per cell and (b) the relative increase in gH2AX level, normalized to the individual baseline value before the imaging. ∗ 5 P  .05.
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enhancement. For combined MR group, 
a minimal detectable effect size of 0.396 
(6 39.6%) was calculated with reverse 
power analysis. In comparison, Fiech-
ter et al reported a significant change 
in quantified gH2AX foci from initially 
0.066 to 0.190 foci per cell (median 
values) after MR imaging, displaying an 
increase of 0.124 foci (188%) (2).

Whereas there seems to be a causal 
link between enhanced DNA lesions and 
administration of iodinated contrast 
agent during CT (23,24), little is known 
about the genotoxic impact of GBCAs 
in MR imaging. An in vitro study by 
Cho et al indicated a dose- and time-
dependent genotoxic effect in gadolin-
ium (III)-treated (GdCl3) lymphocytes, 
which increased when combined with 
extremely low frequency electromag-
netic field (25). Previous studies also 
demonstrated cytotoxic effects caused 
by free gadolinium (26). To evade high 
toxicity of free Gd3+ ions, gadolinium is 
administered in MR imaging contrast 
agents as chelated compound. How-
ever, dechelation of one commercially 
available MR imaging contrast agent 
(gadodiamide [Omniscan]; Amersham 
Health, Oslo, Norway) under simulated 
in vivo conditions was described by Ro-
bic et al (27). An in vivo study by Yildiz 
et al (17), which analyzed lymphocytes 
of 28 subjects after 1.5-T hypophysial 
MR imaging, reported a slight increase 
in DNA damage by alkaline comet assay 
after noncontrast-enhanced MR imag-
ing, which significantly increased after 
GBCA (Omniscan) was used. A differ-
ent contrast medium was administered 
in cardiac MR imaging studies by Fiech-
ter et al (2) (gadobutrol) and Brand et 
al (gadobutrol or gadoterate meglumine 
[Dotarem]; Guerbet, Roissy, France) 
(16). Gadobutrol was also injected dur-
ing contrast-enhanced MR imaging in 
our in vivo study. Here, comparison of 
the unenhanced and contrast-enhanced 
groups indicated no induction of DSBs 
in any MR group when related to initial 
values. As a limitation, one has to take 
into account that in our study gadobu-
trol (Gadovist) was used only to keep 
the groups as homogeneous as possible. 
Potential effects caused by other GBCAs 
cannot be excluded. Only large-scale 

exposure and the initial SAR is intrigu-
ing but cannot be extrapolated, for ex-
ample, to no exposure, where a nega-
tive number of gH2AX is predicted. 
Further, sufficient control subjects were 
not included, and thus it is difficult to 
judge whether the observed increase in 
gH2AX fluorescence intensity reflects a 
specific MR-related effect (21). Long-
term or delayed effects of MR imaging 
exposure were not explicitly investi-
gated in our study. A recent publication 
by Fatahi et al (9) compared a control 
group with frequently exposed partic-
ipants, who were exposed to 7-T MR 
imaging for up to 175 hours within 1 
year. That study revealed no differences 
in DNA integrity (gH2AX foci, micro-
nuclei), supporting the hypothesis that 
no long-term or delayed effects are in-
duced (9).

In our in vivo study, we investigated 
different MR examinations and their im-
pact on DNA DSB formation. Thereby, 
we attempted to reveal a potential haz-
ardous effect of GBCA and the impact 
of the electromagnetic fields applied in 
MR imaging on subjects in daily routine 
or research. Radiofrequency field en-
ergy deposition can be determined by 
SAR. Higher SMF usually requires the 
use of more powerful radiofrequency 
fields and therefore increased SAR, 
which always has to stay within the 
strict regulatory guidelines of the Inter-
national Electrotechnical Commission 
(IEC) (22). According to the IEC guide-
lines, the whole-body SAR must not 
exceed 4 W/kg in first-level operation 
mode averaged over 15 minutes. With 
adjustment of methods and sequence 
parameters, SAR is thus often similar, 
regardless of the field strength. Because 
of this fact, MR groups were not clas-
sified according to specific SAR and/or 
standardized energy dose but according 
to the SMF within our study. Of notice 
is the fact that at higher field strengths, 
whole-body SAR can even be lower than 
at lower field strengths since the local 
SAR limit is usually reached earlier than 
the whole-body SAR limit and because 
local transmit coils are used.

Our results revealed no induction 
of DSBs by MR imaging irrespective of 
the field strength and contrast material 

gH2AX analysis (2,12–14). In contrast, 
different studies did not find such ef-
fects induced by MR imaging (6,15,16) 
or observed an enhanced DNA damage 
only when a contrast agent was admin-
istered (17). Due to variations in the ex-
perimental settings, induced energy de-
posits, and/or applied analysis methods, 
direct comparison of these studies and 
their outcomes is difficult. The results 
published between 2007 and 2013 are 
discussed in a recent review (18). Espe-
cially the study by Fiechter et al raised 
attention (2). The authors reported an 
increase in DNA DSBs using gH2AX mi-
croscopy and flow cytometry analysis of 
lymphocytes isolated from 20 patients 
before and after contrast-enhanced 1.5-
T cardiac MR imaging. Findings and 
limitations of this study were controver-
sially discussed by others (19,20), also 
resulting in similar investigations and 
repetitions (6,14,16).

In 2015 two additional reports were 
published, again evaluating gH2AX 
formation in lymphocytes isolated be-
fore and after 1.5 T cardiac MR imag-
ing. Brand et al (16) investigated the 
effects of three different cardiac MR 
imaging protocols, all combined with 
GBCA. Microscopy analysis of lympho-
cytes from 45 patients showed no sig-
nificant changes in DSB levels before 
(mean, 0.116 foci per cell 6 0.019) and 
5 minutes after (mean, 0.117 foci per 
cell 6 0.019) MR imaging. Lancellotti 
et al (14), enrolling 20 healthy male 
participants for noncontrast-enhanced 
cardiac MR imaging, studied the DSB 
induction, as well as blood cell counts 
and activation. Whereas flow cytomet-
ric measurements of different T-cell 
subsets and the whole T-cell population 
showed no changes in gH2AX level 1 
and 2 hours after MR exposure, the 
authors stated a significant increase in 
the amount of DSBs within the whole 
T-cell population 2 days and 1 month  
after cardiac MR imaging. However, 
the described increase in gH2AX level 
2 days after cardiac MR imaging only 
occurred in a few subjects, and a high 
interindividual variation was observed 
in subjects 1 month after cardiac MR 
imaging. The reported correlation be-
tween the gH2AX values 1 month after 
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rescence. Cytometry A 2013;83(11):1017–
1026.

	 8.	 Cohen J. Statistical power analysis. Curr 
Dir Psychol Sci 1992;1(3):98–101.

	 9.	 Fatahi M, Reddig A, Vijayalaxmi, et al. DNA 
double-strand breaks and micronuclei in hu-
man blood lymphocytes after repeated whole 
body exposures to 7T magnetic resonance 
imaging. Neuroimage 2016;133:288–293.

	10.	 Friebe B, Wollrab A, Thormann M, et al. Sen-
sory perceptions of individuals exposed to 
the static field of a 7T MRI: a controlled blind-
ed study. J Magn Reson Imaging 2015;41(6): 
1675–1681.

	11.	 Heinrich A, Szostek A, Meyer P, et al. Cog-
nition and sensation in very high static mag-
netic fields: a randomized case-crossover 
study with different field strengths. Radiol-
ogy 2013;266(1):236–245.

	12.	 Simi S, Ballardin M, Casella M, et al. Is 
the genotoxic effect of magnetic resonance 
negligible? low persistence of micronucleus 
frequency in lymphocytes of individuals af-
ter cardiac scan. Mutat Res 2008;645(1-2): 
39–43.

	13.	 Lee JW, Kim MS, Kim YJ, Choi YJ, Lee Y, 
Chung HW. Genotoxic effects of 3 T magnetic 
resonance imaging in cultured human lym-
phocytes. Bioelectromagnetics 2011;32(7): 
535–542.

	14.	 Lancellotti P, Nchimi A, Delierneux C, et al. 
Biological effects of cardiac magnetic reso-
nance on human blood cells. Circ Cardio-
vasc Imaging 2015;8(9):e003697.

	15.	 Schwenzer NF, Bantleon R, Maurer B, et 
al. Detection of DNA double-strand breaks 
using gammaH2AX after MRI exposure at 3 
Tesla: an in vitro study. J Magn Reson Imag-
ing 2007;26(5):1308–1314.

	16.	 Brand M, Ellmann S, Sommer M, et al. 
Influence of cardiac MR imaging on DNA 
double-strand breaks in human blood lym-
phocytes. Radiology 2015;277(2):406–412.

	17.	 Yildiz S, Cece H, Kaya I, et al. Impact of 
contrast enhanced MRI on lymphocyte DNA 
damage and serum visfatin level. Clin Bio-
chem 2011;44(12):975–979.

	18.	 Vijayalaxmi FM, Fatahi M, Speck O. Mag-
netic resonance imaging (MRI): a review of 
genetic damage investigations. Mutat Res 
Rev Mutat Res 2015;764:51–63.

	19.	Knuuti J, Saraste A, Kallio M, Minn H. Is 
cardiac magnetic resonance imaging causing 
DNA damage? Eur Heart J 2013;34(30): 
2337–2339.

	20.	 Berrington de Gonzalez A, Kleinerman RA, 
McAreavey D, Rajaraman P. Cardiac MR 

tool. However, future studies will have 
to include broader analysis methods 
that search for different genotoxicity 
and cytotoxicity markers to exclude po-
tential hazardous biologic effects of MR 
imaging in even larger cohorts. Until 
then, according to the precautionary 
principle, an appropriate use of MR 
imaging techniques should be ensured.
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