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Background—Cardiac magnetic resonance (CMR) is increasingly used for the diagnosis and management of cardiac
diseases. Recent studies have reported immediate post-CMR DNA double-strand breaks in T lymphocytes. We sought to
evaluate CMR-induced DNA damage in lymphocytes, alterations of blood cells, and their temporal persistence.

Methods and Results—In 20 prospectively enrolled healthy men (31.4+7.9 years), blood was drawn before and after (1-2
hours, 2 days, 1 month, and 1 year) unenhanced 1.5T CMR. Blood cell counts, cell death, and activation status of
lymphocytes, monocytes, neutrophils, and platelets were evaluated. The first 2-hour post-CMR were characterized by a
small increase of lymphocyte B and neutrophil counts and a transient drop of total lymphocytes because of a decrease
in natural killer cells. Among blood cells, only neutrophils and monocytes displayed slight and transient activation.
DNA double-strand breaks in lymphocytes were quantified through flow cytometric analysis of H2AX phosphorylation
(y-H2AX). v-H2AX intensity in T lymphocytes did not change early after CMR but increased significantly at day 2 <1
month before returning to baseline levels of 1-year post-CMR.

Conclusions—Unenhanced CMR is associated with minor but significant immediate blood cell alterations or activations
figuring inflammatory response, as well as DNA damage in T lymphocytes observed from day 2 until the first month
but disappearing at 1-year follow-up. Although further studies are required to definitely state whether CMR can be used
safely, our findings already call for caution when it comes to repeat this examination within a month. (Circ Cardiovasc
Imaging. 2015;8:¢003697. DOI: 10.1161/CIRCIMAGING.115.003697.)
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maging is pivotal to modern health care and is an essential

component of many patients’ diagnostic scenarios.' In recent
decades, the use of nonionizing techniques in cardiovascular
imaging has grown considerably, mainly because of the increased
use of ultrasound and magnetic resonance imaging (MRI).?
Cardiac magnetic resonance (CMR) imaging offers expanding
potential in research and diagnosis, with tissue discrimination
unequalled by any other imaging technique.® MRI uses a power-
ful electromagnetic field to induce a resonance effect of some
atomic nuclei in the body.* MRI is thought to have no long-term
side effects, conversely to ionizing radiation-based imaging
techniques (x-ray angiography, coronary computed tomographic
angiography, and nuclear imaging), which can induce cell death
or persistent DNA damage, resulting in mutagenesis, carcino-
genesis, and genomic instability.”® However, genotoxic con-
cerns have been recently raised.”!® Several studies reported an
immediate post-MRI increase of histone H2AX phosphoryla-
tion (y-H2AX) in lymphocytes, a marker of DNA double-strand
breaks, in a magnitude comparable with damages produced by

low-dose ionizing radiation.!™> Whether MRI-induced DNA
damage can persist or evolve over time is unknown. In this study,
we sought to evaluate the early and late biological responses of
blood cells (DNA double-strand breaks, cell count, cell death,
and cell activation) to CMR in normal subjects.

See Editorial by Kaufmann
See Clinical Perspective

Methods

Population

The study was approved by the local Institutional Human Research
Committee and conducted according to the ethical guidelines and
principles of the international Helsinki declaration. After informed
consent, 20 healthy male subjects 220 years (31.4+7.9 years) with
normal physical cardiac examination (with no systolic nor diastolic
murmur), normal ECG, without history of any cardiovascular disease
or history of current smoking, no chronic excessive alcohol consump-
tion, not currently on medical therapy with cardio-active drugs were
prospectively recruited. Every volunteer was asked not to practice
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intense sport, not to use sunlamps, or tanning bed the week before the
first blood drawing. They did not travel by plane during the time of
the study. A negative control group of 5 age-matched male subjects
responding to the same inclusion criteria but who did not undergo
CMR examination was also included.

CMR Protocol

Twenty subjects underwent unenhanced CMR examination using a
1.5 T system (Aera, Siemens Medical Systems, Erlangen, Germany),
equipped with a 45 mT/m maximum gradient and 200 T/m per sec-
ond slew rate. Subjects were placed supine and examinations were
performed using a 6-channel body coil placed on subject’s chest. All
sequences were acquired using electrocardiographic synchroniza-
tion/triggering, at deep breath hold using integrated parallel imag-
ing to accelerate image acquisition by a factor of 2. In this imaging
protocol, the sequences performed usually for most heart diseases
included: heart scouting; short-axis dark-blood T2 weighted and T1
weighted, multiplanar ventricular and valve cine, T1 mapping using
inversion-recovery Look-Locker sequence (variable inversion time),
bidimensional dynamic saturation prepared, and tridimensional in-
version-recovery T1-weighted sequences (Table 1). Imaging field-of-
views were adapted to the subject’s size. Tissue-specific absorption
rates were recorded and the total absorbed energy was calculated as
the sum of the specific absorption rate of each set of sequences mul-
tiplied by the subject’s body weight.

Blood Sample Collection and Flow Cytometry

Anticoagulated blood samples were collected by venipuncture from
the volunteers before and after (1-2 hours, 2 days, 1 month, and 1
year) CMR examination. Blood cell count was determined in EDTA
blood samples using a Cell-Dyn 3700 hemocytometer (Abbott
Laboratories). Heparinized blood was used to study differential
counts of leukocyte subsets and assess their activation by flow cy-
tometry according to standard procedures (FACS Verse, BD). Data
analyses were performed using the BD FACSuite software. Subset-
specific antibody panels are depicted in Table 2. Platelet activation
and the presence of platelet—-monocyte and platelet—neutrophil aggre-
gates were analyzed in citrated blood. Platelet activation was assessed
in flow cytometry by measuring the expression of P-selectin, a marker
of degranulation, and fibrinogen binding, as a result of integrin o 3,
activation, on cell surface. Activated platelets are positive for both
the markers. All the antibodies were purchased from BD biosciences
except for the antihuman CD11b-Activated Antibody (CBRM1/5;
eBioscience) and the polyclonal antifibrinogen antibody (Dako).

Levels of y-H2AX in T-lymphocyte subsets and in natural killer
(NK) cells were determined by flow cytometry by incubating whole
blood with a mixture of the following antibodies: CD45-V500
(HI30), CD3-FITC (SK7), CD4-PercP (SK3), CD8-APC-H7 (SK1),
and CD56-PE CY7 (B159). After fixation, cells were permeabilized
in 0.5% Triton-X100, before adding the primary anti—y-H2AX rab-
bit monoclonal antibody (Cell Signaling) and Alexa Fluor 647 con-
jugated secondary anti-rabbit IgG (H+L), F(ab’)2 Fragment (Cell
Signaling).

Apoptosis of T lymphocytes was analyzed by flow cytometry
using the Annexin V apoptosis detection kit (BD biosciences),
or a combination of the CellEvent Caspase 3/7 Green Detection
Reagent and the SYTOX AADvanced Dead Cell Stain (Life
Technologies).

Statistical Analysis

Statistical analysis was performed with GraphPad-Prism (GraphPad
Software, Inc). All data are presented as mean+SD. The Wilcoxon
signed-rank test was used to assess significant differences between
the analyzed variables before and after CMR examination. Values of
P<0.05 were considered significant.

Results

CMR Examination

The unenhanced CMR examination was completed using the
same protocol in all patients within a range of 35 to 40 min-
utes. The total specific absorption rate was 518.4+71.6 J/kg
and the total energy absorbed was 44+6 kJ. The cardiac struc-
ture and function appeared normal in all subjects.

Lymphocyte DNA Double-Strand Breaks

Flow cytometric analysis of y-H2AX levels indicated that
CMR did not cause significant DNA damage in T lympho-
cytes when assessed 1 or 2 hours after the examination
(Figure 1). However, a follow-up of the volunteers 2 days
and 1 month after CMR revealed a significant increase of the
mean of y-H2AX median fluorescence of intensity (arbitrary
units) when compared with values measured before CMR
(396.9+214.5 [95% confidence interval {CI}, 286.7-507.2]
after 2 days, and 529.1+424.1 [95% CI, 294.2-763.9] after

Table 1. Cardiac Magnetic Resonance Imaging Protocol Parameters
Echo Inversion/ Slice In-Plane
Slice Repetition time, Saturation Thickness,  Resolution, Frames Mean
Sequence No. Readout  Time, ms ms Flip Angle, ° Time, ms mm mm? Quantity No. SAR, J/kg
Scouting 24-50 SSFP 289-330 1.12 80 NA 8 1.6x1.6 1 NA 50.4+24.9
Short-axis dark 8 TSE 800 52 180 170 (Slice- 5 1.3x1.3 1 NA 63.6+16.5
bloodT2 IR selective)
Cine heart 14 SSFP 34.97 1.16 80 NA 6 2x2 1 25 220+81.7
Short-axis dark 8 TSE 700 24 180 NA 5 1.3x1.3 1 NA 117.8+84.4
bloodT1
Modified look- 4 SSFP 325 1.12 35 129-209 8 1.4x1.4 2 NA 5.2+1.3
locker
SP dynamic T1 4-5 GRE 162.25 1.10 12 100 10 24x2.4 1 50 17.8+£2.2
(Nonselective)
Cine valves 1 GRE 49.21 3.28 15 NA 8 1.3x1.3 34 25 40.6+35.3
3DT1IR 12 GRE 848 1.65 10 Variable 4 1.6x1.6 3 NA 15.6+4.7
(Nonselective)

GRE indicates gradient echo; IR, inversion recovery; NA, not applicable; SAR, specific absorption rate; SP, saturation prepared; SSFP, Steady-state free precession;

and TSE, turbo spin echo.
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Table 2. Cell Type-Specific Antibody Panels, Activation,

and Apoptosis Markers

T lymphocytes

NK

NKT
T-lymphocyte activation marker
B lymphocytes

B-lymphocyte activation marker
Treg

Monocyte subsets

Monocyte activation marker

Neutrophils

Neutrophil activation markers

Platelet-leukocyte aggregates

Monocyte and neutrophil activation marker

Platelet activation markers

Apoptosis markers

Necrosis markers

CD45-V500 (HI30)
CD3-FITC (SK7)
CD4-PercP (SK3)
CD8-APC-H7 (SK1)
CD56-PE-Cy 7 (B159)
CD62L-APC (DREG-56)
CD45-V500

CD3-FITC

CD19-PE Cy7 (SJ25C1)
CD25-PE (2A3)
CD45-V500

CD3-FITC

CD25-PE (2A3)
CD127-AF647 (HIL-7RM21)
CD45-V500
CD14-V450 (MpP9)
CD16-AF647 (3G8)
CD163-PE (GHI/61)
CD45-V500

SSC high

CD64 PE Cy7 (10.1)
CD62L-APC

CD11b-PE (D12)
CD11c-FITC (B-ly6)
CD45-V500
CD61-PercP (RUUPL7F12)
CD15-PE (HI98)
CD14-APC

CD45-V500

CD15-PE (HI98)
CD14-APC
CD11b*-FITC (CBRM1/5)
CD61-PercP
CD62P-PE (AC1.2)
Anti-fibrinogen-FITC
Annexin V

Active Caspase-3/-7
Propidium iodide

SYTOX AADvanced Dead
Cell Stain

NK cells indicates natural killer cells.

1 month versus 238.4+88.2 [95% CI, 194.6-282.3] before
CMR; P<0.02; Table 3).

To verify that this increase of y-H2AX intensity was
because of CMR and not to magnetic field unrelated factors, we
assessed the extent of y-H2AX changes over 2 days in blood
samples drawn from 5 distinct healthy volunteers who did
not undergo CMR examination. In these samples, we did not
observe any significant changes in lymphocyte y-H2AX levels
(mean median intensity of fluorescence: TO day 240.1+72.5,

[95% CI, 150.1-330.2] versus T2 days 282.3+107.3, [95% CI,
149.1-415.5]; P=0.31;Figure in the Data Supplement).

Further evidence supporting a causal relationship between
v-H2AX intensity changes and CMR is provided by a strong
correlation between the augmentation of y-H2AX levels
at 1 month and individual-specific absorption rate (r=0.79;
P=0.0005; Figure 2). The analysis was repeated after 1 year
on blood samples from the same study volunteers (obtained
in 12 subjects; Figure 1). None of them displayed persistent
T-lymphocyte DNA damage 1 year after CMR.

To further characterize CMR effect on lymphocyte
DNA damage, we compared y-H2AX levels in 5 CD3+
T-lymphocyte subsets as well as in NK cells (Figure 3;
Table 3). We did not detect significant increase of y-H2AX
levels in any T-lymphocyte subset when the analysis was per-
formed 1 or 2 hours after CMR. In contrast, a slight y-H2AX
increase was observed at 2 hours for NK CD56 mid cells, the
most abundant NK cell population in blood, which persisted
after 2 days (Figure 3C). At this time, y-H2AX was similarly
elevated in CD4+ T-helper cells and in CD8+ T-cytotoxic cells.
A significant increase was also observed in NKT CD3-CD56+
cells. To address the biological effect of this phenomenon,
we investigated whether the augmentation of y-H2AX levels
was associated with cell death. We did not detect apoptosis or
necrosis in any T-lymphocyte subset throughout the follow-
up period. The percentage of Annexin V+ T lymphocytes
(Table 4) or those expressing active caspase-3/7 (not shown)
never exceeded the levels measured before CMR.

Blood Cell Counts
Changes in blood cell counts were assessed during follow-
up using a routine hemocytometer and flow cytometry. A

A T lymphocytes
*

y-H2AX MFI
(arbitrary units)
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Figure 1. A, Amount of DNA double-strand breaks in peripheral
T lymphocytes before and 1 hour, 2 hours, 2 days, 1 month, and
1 year after cardiac magnetic resonance (CMR) scan assessed
by flow cytometry analysis of y-H2AX median fluorescence of
intensity. Data represent the mean+SD (*P<0.05). B, Individual
values are interconnected with a line. MFI indicates median fluo-
rescence intensity.
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Table 3. Serial Measurements of y-H2AX Intensity in Blood Lymphocyte Subsets Before and After CMR

v-H2AX
(Median Intensity
of Fluorescence;

mean=SD [95% Cl)  Pre-CMR (n=20) 1H (1=20) 2 H (1=20) 2D (n=19) 1 Mo (n=15) 1Y (n=12)
T Lymphocytes (CD3+)  238.4:88.2 274.6+113.8 282.0+155.2 396.9+214.5* 529.1+424.1° 250.1+129.4
[194.6-282.3] [219.7-329.4] P=0.48 [207.2-356.8] P=0.31 [286.7-507.2] P=0.019 [294.2-763.9] P=0.021 [167.9-332.3] P=0.97
CD4+ Th cells 218.8+87.4 242.5+79.7 246.7+91.7 423.6+272.7* 423.1+210.6
[145.8-291.9] [181.3-303.7] P=0.84 [176.2-317.2] P=0.38 [171.4-675.8] P=0.047 [87.96-758.2] P=0.12
CD8+ Tc cells 236+81.8 248.1+82.9 249.9+92.5 496.1+392.9 463.9+203.6
[167.6-304.4] [184.4-311.8] P=0.74 [178.8-321] P=0.84 [132.7-859.4] P=0.08  [211-716.7] P=0.06
CD4+CD8™ 338.8+123.3 432.7+136.4 383.2+108.3 549.2+359.9 557.9+230.1
[224.7-452.8] (327.8-537.5] P=0.22 (299.9-466.5] P=0.3 (171.5-926.9] P=0.44 (272.2-843.7] P=0.25
CD4™CD8+ 296.9+108 381.1=+184 342+125.2 478.2+276.5 (188— 568.5+243
(206.6-387.1] (239.6-522.6] P=0.64 (245.7-438.2] P=0.31 768.4] P=0.16  (266.8-870.1] P=0.06
NKT cells 263.2+95.5 300.1+99.2 297.5+108.2 507.6+340.4* 593.4+309.2
[183.4-343]  [223.9-376.3] P=0.95 [214.4-380.7] P=0.15 [192.8-822.4] P=0.047 [209.5-977.3] P=0.06
NK cells 297.6+131.3 356.5+148.2 382.9+177.3* 650.4+587.1* 582.2+272.6

[187.8-407.3] [242.7-470.4] P=0.38 [246.6-519.2] P=0.039 [107.4-1193] P=0.047 [243.7-920.6] P=0.06

Cl indicates confidence interval; CMR, cardiac magnetic resonance; and NK cells, natural killer cells.

*Significantly different when compared with pre-CMR values.

slight transient drop of total lymphocytes occurred 1 hour
after CMR, which we found to be because of a decrease of
absolute counts of NK and NKT cells (Table 5). Lympho-
cyte B and neutrophil counts were transiently augmented 2
hours after CMR. Although total monocyte counts were not
affected, detailed analysis of the 3 monocyte subsets (classi-
cal CD14++CD16—-, intermediate CD14++CD16+, and non-
classical CD14+CD16++; Ziegler—Heitbrock and Hofer Front
Immunol 2013) revealed a slight but significant increase of
intermediate monocyte absolute counts (Figure 4B). Nei-
ther platelet counts nor platelet-leukocyte aggregates were
affected by CMR (data not shown).

Blood Cell Activation

We conducted flow cytometric analysis of cell surface acti-
vation markers (Table 2). We found that CMR increased the
expression levels of the monocytic CD163 marker 1 and 2
hours after the examination, which persisted after 1 month
(Figure 4A). The levels of neutrophil and monocyte Mac-1
integrin in its active conformation were augmented after 2
days on CMR (Figure 4A and 4B). We did not find any evi-
dence of lymphocyte activation, based on CD62L cell surface
expression. Absolute counts of regulatory T cells were not
modified either. Platelets were only slightly activated after 2
days, as assessed by P-selectin exposure on platelet surface
(Figure 4C). However, the ability of platelets to bind fibrino-
gen never exceeded pre-CMR basal levels.

Discussion
The main finding of this present study is that 1.5T CMR
induces DNA double-strand breaks (increased y-H2AX inten-
sity) in T lymphocytes and in NK cells, in the absence of
any contrast agent. In these conditions: (1) blood cell count
changes were the initial (1-2 hours) responses, consisting in
early transient drop of NK and NKT cells along with slight
rises in neutrophils and B cells, meanwhile neutrophils and

monocytes displayed moderate and transient activation
marker expression; (2) the increase in y-H2AX intensity in
T lymphocytes was detectable only 2 days after CMR and
persisted after 1 month but not at 1-year follow-up; (3) the
different T lymphocyte subsets exhibited equal sensitivity to
CMR-induced DNA damage; (4) the levels of DNA damage
were low and did not result in T-lymphocyte apoptosis or lym-
phocyte activation.

CMR Scanning and DNA Damage of Circulating
Lymphocytes

Our results confirmed and extended previous results showing
an increase in DNA double-strand breaks (increased y-H2AX
foci/levels or micronuclei) in circulating T lymphocytes after
standard CMR exposure.""'* We showed that y-H2AX inten-
sity in NK cells could be a more sensitive marker than T
lymphocytes to evaluate early CMR-induced DNA damage.
We also reported, for the first time, the dynamic evolution of
DNA damage over long-time periods (<1 month). Fiechter et
al.'" showed significant DNA damage in patient T lympho-
cytes as soon as 1 or 2 hours post contrast enhanced CMR.

6=

r=0.79

P =0.0005

y-H2AX intensity
fold increase

300 400 500 600 700
Specific absorption rate
Figure 2. Significant correlation between specific absorption

rates and increases of y-H2AX intensity in CD3+ lymphocytes at
1-month post cardiac magnetic resonance.
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Figure 3. Flow cytometric analysis of DNA double-strand breaks in peripheral T-lymphocyte subsets and natural killer (NK) cells before
and 1 hour, 2 hours, 2 days, and 1 month after cardiac magnetic resonance (CMR). A, Representative dot plots showing the gating strat-
egy used to differentiate T-lymphocytes subset based on side scattered light (SSC), forward scattered light (FSC), and on anti-CD3, CD4,
and CD8 antibodies. B, y-H2AX median fluorescence of intensity in CD4+ T-helper cells, CD8+ T-cytotoxic cells, CD4+CD8mid and in
CD8+CD4mid cells. Data represent the mean+SD (*P<0.05). C, y-H2AX intensity analyzed in NK and NKT cells. Representative dot plots
showing the gating strategy used to differentiate CD56high- and CD56mid-NK cells and CD3+CD56+ NKT cells (left). Data representing
the mean+SD (*P<0.05) are shown (right). MFI indicates median fluorescence intensity.

By keeping lymphocytes from 8 healthy subjects in culture
for <120 hours, Simi et al'? reported that such DNA changes
are dose-dependent and quickly returned to normal within 48
hours, suggesting a transient effect when the exposure was
within diagnostic range of energy absorption. The timeframe
and lasting effects of low-frequency electromagnetic fields
on DNA depend on several factors, such as the cell type, the

efficacy of DNA repair (consistent with H2AX dephosphor-
ylation), the mode of exposure, the type of magnetic waves
(static magnetic field, radiofrequency pulses, and gradient
magnetic fields), the intensity and duration of exposure, and
the use of contrast agent.'>?!

During CMR, all these factors can contribute at differ-
ent degrees to DNA damage. Iron-mediated reactive oxygen

Table 4. Serial Measurements of Early Apoptosis in Blood T Lymphocytes Before and After CMR

Annexin V+ (%; mean+SD

[95% Cl]) Pre-CMR (n=20) 1 H (1=20) 2 H (n=20) 2D (n=19) 1Mo (n=15)

CD4+ Th cells 1.011£0.58 [0.73-1.29]  1.08+0.73[0.73-1.43]  1.06+0.66 [0.74-1.38]  0.99+0.61 [0.69-1.28]  0.91=0.44 [0.68-1.15]
P=0.95 P=0.86 P=0.43 P=0.84

CD8+ Tc cells 1.89+1.33[1.25-2.53]  2.23+1.84[1.34-3.11]  1.91+1.48 [1.2-2.62]  1.63+1.14[1.075-2.18]  1.83=1.3[1.16-2.5]
P=0.54 P=0.93 P=0.21 P=0.77

Cl indicates confidence interval; and CMR, cardiac magnetic resonance.
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Table 5. Serial Blood Cell Counts Before and After CMR

Blood Cell Counts
(Cells/pL; mean+SD

[95% CI)) Pre-CMR (n=20) 1 H (n=20) 2 H (n=20) 2D (n=19) 1 Mo (n=15)
Total lymphocytes 1994+615.6 [1697-2291] 1846+562.7* 1948+505.3 1903+526.1 2014+555.4 [1729-2300]
[1575-2117] P=0.045 [1705-2192] P=0.636 [1649-2156] P=0.31 P=0.806
CD4+ Th cells 823.2+298.8 [679.2-967.2) 770.9+271.3 826.8+266.1 801.3+281.9 809.6+231.5
[640.2-901.7] P=0.072  [698.6-955.1] P=0.912  [665.5-937.2] P=0.382  [690.5-928.6] P=0.804
CD8+ Tc cells 574.5+243.6 [457.1-691.9] 543.4+240 552.1+£213.4 517.8+£177.8 564.6+210.1
[427.7-659] P=0.119 [449.2-655] P=0.36 [432.1-603.5] P=0.202  [456.6—672.6] P=0.627
Treg cells 55.6+25.6 [43.3—-67.9] 51.2+22 52.1+20.8 56.1+25.1 54.4+19.2 [44.5-64.2)
[40.6-61.8] P=0.101 [42.1-62.1] P=0.553 [43.9-68.2] P=0.58 P=0.878
NKT cells 86+43.8 [62.6-109.4] 72.6+31.3* 74.2+29.9 79.9+43.6 85.1+£51.3 [65.5-114.7]
[55.9-89.3] P=0.024 [58.3-90.2] P=0.22 [56.6—-103.1] P=0.846 P=1.0
NK cells 274.6+114.2 [219.6-329.7] 214.2+89.9* 215.9+99.3* 262.5+109.6 307.5+181.2
[170.8-257.5] P=0.002  [168-263.7] P=0.0045 [209.7-315.4] P=0.665 [214.4-400.7] P=0.662
B lymphocytes 204+72.3 [169.1-238.9] 198.6+60.9 228.4+70.1* 196.7+67.9 199.2+70.5
[169.2-227.9] P=0.992  [194.7-262.2] P=0.0292 [163.9-229.4] P=0.786 [163-235.5] P=0.485
Neutrophils 3119+1002 [2636—-3602] 3074+999.6 3363+1042* 3434+1436 3415+1268 [2763-4067]
[2592-3555] P=0.52 [2860-3865] P=0.014  [2742-4126] P=0.247 P=0.4
Total monocytes 463.2+130.3 [400.3-526] 467.9+142.4 501.6+177.2 450+139.8 488.8+140.6
[399.2-536.5] P=0.97 [416.2-587] P=0.26 [382.6-517.4] P=0.86 [416.5-561.1] P=0.44
Classical monocytes 320.9+93.6 [275.7-366] 320.8+123.3 341.2+149.1 302.3+104.4 292.1+98.6
[261.4-380.2] P=0.55 [269.4-413.1] P=0.55 [252-352.7] P=0.28 [241.4-342.8] P=0.25
Intermediate monocytes 41.1x23 [29.7-52.6] 48+24 [36-59.9] P=0.29  47.2+29.9 [32.3-62] 50.6+31.1 55.9+35.1*
P=0.5 [35.6-65.6] P=0.08 [37.8-73.9] P=0.014
Nonclassical monocytes 69.1+46.9 [46.5-91.8] 65.3+52 [40.3-90.4] 65.7+47.5 [41.8-95.1] 68.4+55.2 86.6+52.4
P=0.32 P=0.75 [41.8-95.1] P=0.47 [59.6-113.5] P=0.087

Cl indicates confidence interval; CMR, cardiac magnetic resonance; and NK cells, natural killer cells.

*Significant variation as compared with pre-CMR values.

species might be involved in CMR-induced DNA lesions.?*?
In the study of Fiechter et al,'" the potentially higher absorbed
energy and the concomitant use of gadolinium could partici-
pate and potentiate the early onset of DNA strand breaks."!
The dose-dependent genotoxic effect of gadolinium admin-
istration during CMR scanning has been recently high-
lighted in a few in vitro studies.® So it could be that the
joint administration of the contrast agent would accelerate
the DNA damage processes. We extend the data of Fiechter
et al'' by showing that CMR is able to induce DNA lesion
by itself, at similar level when analyses are performed after
2 days (2-fold increase in y-H2AX intensity as in Fiechter
et al’s'! study).

The persistence of induced DNA damage is a key issue
when assessing residual genotoxic risk.?* It depends on the
efficacy of DNA repair, which relates to the amount of DNA
breaks.” This might explain the important interindividual
variation in the time course of y-H2AX decline after CMR.
In our study, unexpectedly, the level of y-H2AX continued to
increase in half of our subjects 1 month after CMR examina-
tion. These findings are compatible with the fact that most
of the lymphocytes reside in the thymus, lymph nodes, ton-
sils, intestine, spleen, and bone marrow, whereas only 2% are
present in the peripheral blood. Knowing that 80% of all lym-
phocytes migrate between tissues and the peripheral blood,
with an overall recirculation time of =12 hours, we assume
that blood samples taken >12 hours after CMR will reflect its
average effect on whole lymphocyte pool. It is thus likely that

CMR causes more DNA damage in tissue lymphocytes than
in blood cells, what we actually measure when we analyze
blood lymphocytes after 2 days. The persistence of elevated
v-H2AX levels in blood lymphocytes 1 month after CMR
may thus represent unrepaired DNA breaks or delayed mobi-
lization of lymphocyte pools from other tissues. Interestingly,
areturn to basal y-H2AX intensity levels was observed in all
cases examined back at 1-year post CMR examination, sug-
gesting complete DNA repair and the absence of persisting
deleterious DNA damage.

CMR and Blood Cell Counts/Activation
Hitherto, no studies have reported the in vivo effects of CMR
on the broad spectrum of human white blood cells and plate-
lets. Intriguingly, after CMR examination, we noticed a slight
quickly reversible drop of NK and NKT cell numbers and
a mild elevation of lymphocyte B cells. Interestingly, CMR
did not induce apoptosis of blood T lymphocytes, which is
in agreement with the weak induction of y-H2AX in these
cells. Indeed, apoptosis only seems to occur when cellular
v-H2AX levels reach specific threshold values.'®!7!® Other
intracellular abnormalities have been shown to occur during
static magnetic fields with changes in erythrocyte membrane
permeability, membrane elasticity, and erythrocyte sedimen-
tation rate.'>?!

Neutrophils and monocytes displayed transient expres-
sion of activation markers. These findings that CMR elic-
its a slight inflammatory response suggest that magnetic
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Figure 4. Flow cytometric analysis of cell surface activation markers on monocytes (A), neutrophils (B), and platelets (C) after cardiac
magnetic resonance (CMR). Data represent the mean+SD (*P<0.05, **P<0.01, ***P<0.001). MFI indicates median fluorescence intensity.

fields can affect immune cell function. Accordingly, it has
been reported that exposure of mouse macrophages to 25
to 150 mT static magnetic fields altered their phagocytic
capacity; likewise, mitogenic responses of spleen lympho-
cytes were decreased.'* Further studies are thus required to
address the impact of CMR in immune-related pathologi-
cal conditions.

Clinical Implications

CMR has largely been considered a safe technology. However,
a body of evidence is swiftly accumulating showing similar
risk of DNA damage, which could represent a serious health
hazard for patients because their persistence can potentially
be carcinogenic.”” The dynamic increase in y-H2AX inten-
sity over the first month of follow-up in half of our cases
can reflect (1) the nontransient nature of these anomalies,
(2) individual tissue/cell vulnerabilities to magnetic field, (3)
variable DNA repair capacities, and (4) delayed recirculation
of injured T lymphocyte pools. These temporal changes are
not predicted by the y-H2AX intensity in the early phases
post CMR, suggesting that testing DNA damage soon after
scanning does not reflect the magnitude of the phenomenon.
Our findings, however, also support the conclusion of limited

harmfulness of the DNA damage after CMR. Indeed, the low
level of DNA lesions (absolute amount) is insufficient to pro-
duce long-term genetic instability, cell death, lymphocyte
activation or persistent changes in blood lymphocyte subset
proportions. Although the little effect on neutrophil and the
absence of platelet activation is also reassuring, the mean-
ing of the increase in pathological intermediate monocytes
at 1-month follow-up remains unclear. Moreover, whether a
cumulative DNA injury effect may be caused by repeating
CMR examinations is currently unknown. Therefore, until a
more exhaustive monitoring of the potential risk of diagnostic
CMR is available, our data could suggest restricting CMR rep-
etition during the months after a first examination. Of course,
similar caution and restrictions already apply to the use of car-
diac x-ray—based and nuclear imaging techniques.

Limitations

Our data pertain only to CMR and cannot be extrapolated
to other MRI examination, that is, different field strength
(1.5T, 3T, and 7T) and protocols (contrast administration
and duration of exposure). Although similar effects on cir-
culating blood cells could be expected, the changes reported
here could be dependent on the strength of the magnetic field
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and the energy absorbed. Also, the impact of MRI, if any, on
other tissues, such as the brain and abdominal organs can-
not be extrapolated from our data. Because of evident ethi-
cal reasons, no attempt was made to compare the effects of
different imaging approaches in our population. However,
this information would be crucial to identify the cumula-
tive effects on DNA damage (genetic instability) secondary
to these imaging techniques. Such an analysis is more suit-
able in an animal model. The extent of DNA repair might
have been underestimated because only 12 subjects had a
1-year blood control. However, y-H2AX returned to baseline
levels in all. Although we proved the association between
CMR and DNA damage, with only 20 subjects and 1-year
follow-up, our study cannot answer the question as to know
whether CMR-induced DNA damage would be associated
with cancer risk. The cellular damage induced by CMR was
quantified by assessing the amounts of DNA double-strand
breaks in T lymphocytes and NK cells through flow cyto-
metric analysis of histone H2AX phosphorylation levels in
whole blood samples. Because of its simplicity, this method
can easily be available in clinical laboratories. However, it
is known that the flow cytometry method is less sensitive
compared with counting y-H2AX foci in single cells by
immunofluorescence microscopy. This could have led to an
underestimation of the extent of early post-CMR DNA dam-
age. We show that measuring y-H2AX intensity in NK cells
could be more sensitive than in T lymphocytes. However,
the short half-life of these cells (=2 weeks) do not allow the
assessment of persistent DNA damage over time, in contrast
to the long-lived T lymphocytes.?® Because of the potential
impacts of aging on the susceptibility of lymphocytes DNA
damage and repair, our results might not be translated to
older subjects.?*3° Despite our data support our conclusions,
we acknowledge that a concurrently studied control group
of similar size as our study population with blinded blood
samples being processed in the same analysis set could have
strengthened our findings further by eliminating any pos-
sible methodological issues. Finally, from a statistical point
of view, the slight changes in blood cell counts or activation
markers should be viewed with caution. Because a lot of sta-
tistical testing has been done on a relatively small sample of
subjects, the P values were indeed not adjusted for multiple
comparisons.

Conclusions

Our study proved the association between CMR scanning and
DNA double-strand breaks in T lymphocytes independently
of contrast administration. Such DNA damage appeared to
evolve during the first month of examination, but completely
disappeared at 1-year follow-up. They are not associated with
T-lymphocytes apoptosi or activation. Early responses to
CMR slightly affect other blood cells, but transiently. Despite
clear benefit of CMR for diagnosis of cardiovascular diseases
and patient outcome improvement, our findings may call for
caution when it comes to repeat CMR examination within
a month. This warning could be even more important when
using intravenous contrast agents. We can, however, not make
any firm statement yet, and therefore, there is an urgent need
for more in depth studies on safety.
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CLINICAL PERSPECTIVE

Cardiac magnetic resonance (CMR) has largely been considered a safe technology. However, a body of evidence is swiftly
accumulating showing risk of DNA damage, which could represent a serious health hazard for patients because their per-
sistence can potentially be carcinogenic. Our study proved the association between CMR scanning and DNA double-strand
breaks in T lymphocytes independently of contrast administration. Such DNA damage appeared to evolve during the first
month after examination, but completely disappeared at 1-year follow-up. These temporal changes are not predicted by
the y-H2AX intensity measured during the first hours post-CMR, indicating that testing DNA damage soon after scanning
does not reflect the magnitude of the phenomenon. CMR-induced DNA damage is also not associated with T-lymphocytes
apoptosis or activation. Early responses to CMR slightly affect blood cell count and their activation, but transiently. Despite
clear benefit of CMR for diagnosis of cardiovascular diseases and patient outcome improvement, our findings may call for
caution when it comes to repeat CMR examination within a month. This warning could be even more important when using
intravenous contrast agents. Of course, similar caution and restrictions already apply to the use of cardiac x-ray—based and
nuclear imaging techniques. We can, however, not make any firm statement yet, and therefore, there is an urgent need for
more in depth studies on safety.
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SUPPLEMENTAL MATERIAL
Supplemental Figure. Assessment of time-dependent variation of the amount of DNA

double strand breaks in blood T lymphocytes (CD3+) from five healthy individuals (flow

cytometry analysis of y-H2AX median fluorescence of intensity). Individual values are
connected with a line.
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