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Aims Three Tesla (T) magnetic resonance imaging (MRI) provides critical imaging information for many conditions. Owing to po
tential interactions of the magnetic field, it is largely withheld from patients with cardiac implantable electronic devices 
(CIEDs). Therefore, we assessed the safety of 3T MRI in patients with ‘3T MRI-conditional’ and ‘non-3T MRI-conditional’ 
CIEDs.

Methods 
and results

We performed a retrospective single-centre analysis of clinically indicated 3T MRI examinations in patients with convention
al pacemakers, cardiac resynchronization devices, and implanted defibrillators from April 2020 to May 2022. All CIEDs were 
interrogated and programmed before and after scanning. Adverse events included all-cause death, arrhythmias, loss of cap
ture, inappropriate anti-tachycardia therapies, electrical reset, and lead or generator failure during or shortly after MRI. 
Changes in signal amplitude and lead impedance were systematically assessed. Statistics included median and interquartile 
range. A total of 132 MRI examinations were performed on a 3T scanner in 97 patients. Thirty-five examinations were per
formed in patients with ‘non-3T MRI-conditional’ CIEDs. Twenty-six scans were performed in pacemaker-dependent pa
tients. No adverse events occurred during or shortly after MRI. P-wave or R-wave reductions ≥ 50 and ≥ 25%, respectively, 
were noted after three (2.3%) scans, all in patients with ‘3T MRI-conditional’ CIEDs. Pacing and shock impedance changed by 
± 30% in one case (0.7%). Battery voltage and stimulation thresholds did not relevantly change after MRI.

Conclusion Pending verification in independent series, our data suggest that clinically indicated MRI scans at 3T field strength should not 
be withheld from patients with cardiac pacemakers or defibrillators.
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What’s new?

• In this study, we assessed the safety of 3T MRI in patients with car
diac pacemakers and defibrillators as 3T MRI instead of 1.5T MRI 
which is increasingly performed in clinical practice due to its higher 
diagnostic demand and excellent image quality.

• In patients with ‘3T MRI conditional’ and with ‘non-3T MRI condi
tional’ cardiac devices, stimulation thresholds and battery voltage 
did not significantly change after MRI. Although for both groups, 
changes of ≥50 Ω in stimulation impedance were noted after almost 
a quarter of MRI scans, only one case exceeded an alteration of ± 
30%.

• In this real-world cohort, we found that patients with cardiac pace
makers or defibrillators had a good safety profile and should not be 
denied access to clinically indicated 3T MRI in both ‘3T MRI condi
tional’ and ‘non-3T MRI conditional’ cardiac devices.

Introduction
Magnetic resonance imaging (MRI) is a fundamental diagnostic tool for 
assessing a multitude of diseases including tumours, musculoskeletal 
diseases, and neurological disorders. Each year, ∼120 MRI exams are 
performed per 10 000 inhabitants in Germany.1 Patients with cardiac 
implantable electronic devices (CIEDs) have been denied access to 
MRI for many years due to safety concerns.2 Effects of the static and 
gradient magnetic and radiofrequency field on CIEDs theoretically 
may lead to loss of capture, induction of arrhythmias, battery depletion 
or electrical reset.3 Ex vivo, several medical devices demonstrated po
tentially hazardous interactions not only with 1.5 Tesla (T) MRI but 

especially with 3T MRI.4 Therefore, generators and leads specifically 
for the magnetic resonance environment were designed and tested in 
trials in 1.5T MRI and 3T MRI without major adverse events.5,6 Many 
CIEDs now carry a ‘MRI-conditional’ label confirming their safety for 
use in MRI scanners. Growing evidence suggests that 1.5T MRI can 
be performed safely in patients with MRI-conditional CIEDs and with 
‘MRI-non-conditional’ CIEDs.7–9 MRI is increasingly performed at 3T 
to improve image quality.10 Data on the safety of MRI imaging at 3T 
in patients with CIEDs are scarce.11

Therefore, the aim of this study was to evaluate the safety of clinically 
indicated 3T MRI in patients with CIEDs.

Methods
Study design
We performed a retrospective single-centre analysis of consecutive pa
tients admitted to the University Medical Center Hamburg-Eppendorf in 
Germany from April 2020 to May 2022.

Eligible patients underwent clinically indicated 3T MRI scans of different 
thoracic and non-thoracic body regions. MRI was performed using scanners 
of two different manufacturers (Ingenia, Philips Medical Systems and 
MAGNETOM Vida, Siemens Healthineers). MRI was performed according 
to standard institutional protocols for the region of interest.

MRI-conditional labelling was determined for each device using manufac
turer approval information. If one component (lead or generator) of the 
CIED was not approved for 3T MRI or 1.5T MRI by the manufacturer, 
the CIED was considered ‘MRI non-conditional’. Written informed consent 
was obtained from all patients with an amendment for ‘MRI non- 
conditional’ and ‘1.5T MRI-conditional’ devices. All possible risks were 
discussed.
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Data were anonymized prior to analysis. The project is registered at the 
local Ethics committee (2022-300206-WF, State of Hamburg Chamber of 
Medical Practitioners). This analysis adheres to local regulations (§12 
HmbKHG) and to the Declaration of Helsinki.

MRI monitoring
During MRI, pulse oximetry and cardiac rhythm were continuously moni
tored with an MRI-compatible system, enabling the capture of short and 
asymptomatic arrhythmias. A physician trained in advanced cardiac life sup
port was onsite during MRI scans in patients with an ICD or in pacemaker- 
dependent patients with ‘non-3T MRI-conditional’ CIEDs.

Device programming
Devices were interrogated before and after MRI according to our standard 
protocol including measurements of battery power, P-wave and R-wave 
amplitudes, stimulation thresholds, and impedances. The recommended 
MRI mode according to the manufacturer’s recommendations was acti
vated for the duration of the MRI scan. Pacing was programmed to an 
MRI-safe mode during MRI, including deactivation of pacing in 
non-pacemaker-dependent patients or asynchronous pacing modes V00 
or D00 at 20–30 bpm above the intrinsic rhythm. Antitachycardia therapies 
were inactivated during MRI.

Statistical analysis and endpoints
Continuous parameters are reported as median and interquartile range 
(IQR). Device interrogation parameters were compared before and after 
MRI. Alterations of stimulating thresholds of ≥ 0,5V were considered rele
vant. Relevant changes concerning sensing were defined as ≥ 50% reduction 
in P-wave or ≥ 25% reduction in R-wave amplitude. Thresholds for relevant 
changes concerning stimulating impedance were set at ≥ 50 Ω, shock im
pedance at ≥ 3 Ω, in line with major publications.9,12 In addition, the num
ber of devices exceeding a relative change of ±30% in lead impedance 
was calculated.

Adverse events included all-cause death, arrhythmias, loss of capture, in
appropriate therapies, electrical reset and lead or generator failure.

Results
Study population
Ninety-seven patients [median age 72, (IQR: 63–79), n = 35 (36.1%) fe
male] underwent 132 MRI scans (Graphical Abstract, Figure 1). Baseline 
characteristics are presented in Table 1. Thirty-five (26.5%) 3T MRI 
scans were performed in patients with ‘non-3T MRI-conditional’ de
vices, and 97 (73.5%) scans in patients with ‘3T MRI-conditional’ devices 
(Figure 1, see Supplementary material online, Tables S1 and S2). Patients 
were pacemaker-dependent in 26 (19.7%) MRI scans, of which 11 
(8.3%) scans were conducted in patients with ‘non-3T 
MRI-conditional’ CIEDs. Patients with CIEDs underwent MRI of all 
body regions: scans of the head presented the majority followed by ab
domen and pelvis (Figure 2).

Adverse events
There were no deaths, arrhythmias, loss of capture, inappropriate anti- 
tachycardia therapies, electrical reset or lead or generator failure during 
or shortly after MRI scans (Graphical Abstract).

Generator and lead parameters before 
and after MRI
Device interrogation before and after MRI revealed several alterations 
in device R-wave and P-wave sensing as well as impedance (Table 2). 
Device programming was not adjusted in any patient due to these 
changes. Relevant P-wave and R-wave reduction of 50 and 25%, re
spectively, occurred in 3 (2.3%) cases, all in patients with ‘3T 
MRI-conditional’ CIEDs. After MRI in patients with ‘3T 
MRI-conditional’ CIEDs, right atrial lead impedance had changed by 
50 Ω or more in 12 (14.8%) devices, right ventricular lead impedance 
in nine (9.7%) devices. Eight cases of altered lead impedances were re
gistered among patients with ‘non-3T MRI-conditional’ CIEDs. 
High-voltage impedances demonstrated relevant alterations in 1 

35 MRI scans
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97 MRI scans
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132 MRI scans with CIEDs
(97 patients)

Transvenous Pacemaker
(23 scans/17 patients)
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(2 scan/1 patient)
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Non-3T con ditiona l CIEDs 3T conditiona l CIEDs

Figure 1 Three tesla (T) magnetic resonance imaging (MRI) in patients with non-3T MRI and 3T MRI conditional cardiac implantable electronic de
vices (CIEDs). Abbreviations: CIED, cardiac implantable devices; CRT-P/-D, cardiac resynchronization therapy pacemaker/defibrillator; ICD, implanta
ble cardioverter defibrillator; MRI, magnetic resonance imaging; T, Tesla.
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(12.5%) ‘non-3T MRI-conditional’ ICD and in 3 (33.3%) ‘3T 
MRI-conditional’ ICDs. Changes of at least 30% in lead impedance oc
curred only in one case: one atrial lead of a ‘non-3T MRI-conditional’ 
device demonstrated a drop of 312 Ω (45.7%) after MRI but was still 
within normal limits. Relevant changes in battery voltage were not 
noted. Stimulation thresholds did not exceed the predefined threshold 
of at least 0.5 V increase in any patient.

Discussion
In this consecutive series, 3T MRI scans were safe in patients with ‘3T 
MRI-conditional’ and ‘non-3T MRI-conditional’ CIEDs. Although 
changes in lead parameters were detected in approximately one of 
five cases, no adverse events occurred. To our knowledge, this is the 
largest series reporting safety of 3T MRI in patients with CIEDs.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Baseline characteristics

Non-3T MRI conditional 3T MRI conditional

Scans no. 35 97

Patients no. 26 71

Demographics

Age (years), mean IQR 72 (62, 79) 72 (63, 79)

Women no. (%) 9 (34.6) 26 (36.6)

BMI (kg/m2), mean IQR 24.9 (21.0, 30.6) 25.8 (22.5, 29.4)

Comorbidities

Arterial hypertension no. (%) 16 (36.0) 38 (55.1)

Diabetes Type 1 or Type 2 (%) 5 (22.0) 15 (22.1)

Coronary artery disease no. (%) 9 (36.0) 23 (34.3)

Heart failurea no. (%) 7 (41.0) 17 (25)

Device indications

Sick-sinus-syndrome no. (%) 8 (30.8) 32 (45.1)

Atrioventricular block no. (%) 11 (42.3) 23 (23.4)

Bradyarrhythmia absoluta no. (%) 0 (0) 4 (5.6)

Resynchronisation therapy only no. (%) 0 (0) 4 (85.6)

Primary prevention no. (%) 2 (7.7) 4 (5.6)

Secondary prevention no. (%) 5 (19.2) 4 (5.6)

Device characteristics

Pacemaker-dependent no. (%) 11 (31.4) 15 (15.5)

Pacemaker no. (%) 23 (65.7) 83 (85.6)

Leadless pacemaker no. (%) 0 (0) 1 (1)

CRT-P no. (%) 2 (5.71) 4 (4.1)

CRT-D no. (%) 1 (2.9) 0 (0)

ICD no. (%) 9 (25.7) 9 (9.3)

Generator manufacturer

Abbott/St. Jude Medical no. (%) 15 (42.9) 6 (6.3)

Biotronik no. (%) 9 (25.7) 17 (17.7)

Boston Scientific no. (%) 3 (8.6) 13 (13.5)

Medtronic no. (%) 8 (22.9) 60 (62.5)

Microport/ELA/Sorin no. (%) 0 0

Lead and generator characteristics

RA leads no. 26 84

RV leads no. 35 93

LV leads no. 3 4

Time since RA lead implantation (years) 2.38 2.96

Time since RV lead implantation (years) 2.96 2.62

Time since LV lead implantation (years) 0.67 0.73

Time since generator implantation (years) 2.57 2.41

aDiagnosis based 
Abbreviations: BMI, body mass index; CRT-D, cardiac resynchronization therapy defibrillator; CRT-P, cardiac resynchronization therapy pacemaker; ICD, implantable cardioverter 
defibrillator; IQR, interquartile range; LV, left ventricular; MRI, magnetic resonance imaging; RA, right atrial; RV, right ventricular; T, Tesla
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Figure 2 Number of MRI scans per body region. Patients with ‘non-3T MRI-conditional’ CIEDs underwent MRI scans of: head (65.7%, n = 23), ab
domen or pelvis (11.5%, n = 4), whole spine or aorta (5.7%, n = 2), lumbar spine (5.7%, n = 2), cervical spine (5.7%, n = 2), and heart (5.7%, n = 2). 
Patients with ‘3T MRI-conditional’ CIEDs underwent MRI scans of the head (55.6%, n = 54) followed by abdomen or pelvis (16.5%, n = 16), whole spine 
or aorta (11.3%, n = 11), lumbar spine (5.2%, n = 5), cervical spine (5.1%, n = 5), heart (2.1%, n = 2), thorax (2.1%, n = 2), extremity and joint (2.1%, n = 
2). Abbreviations: MRI, magnetic resonance imaging; T, Tesla.
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Table 2  Device parameter changes and numbers exceeding predefined thresholds after magnetic resonance imaging (MRI) scans

Prespecified threshold Non-3T MRI conditional 3T MRI conditional

no. (%) Median change (IQR) no. (%) Median change (IQR)

Amplitudes

P-Wave amplitude − 50% 0 (0) 0 (−9.3, 7.7) 1 (1.19) 0 (−3.1, 0)

R-Wave amplitude − 25% 0 (0) 0 (−1.0, 0) 2 (2.41) 0 (−2.7, 0)

Pacing lead thresholds

RA + 0.5 V 0 (0) 0 (0, 0) 0 (0) 0 (0, 0)

RV + 0.5 V 0 (0) 0 (0, 0) 0 (0) 0 (0, 0)

LV + 0.5 V 0 (0) 0 (0, 0) 0 (0) 0 (0, 0)

Pacing lead impedance

RA ± 50  Ω 2 (8.3) 0 (−10.0, 6.0) 12 (14.8) 0 (−7.5, 3.0)

RV ± 50 Ω 6 (17.6) 0 (−9.0, 1.5) 9 (9.7) 0 (−19, 0)

LV ± 50 Ω 0 (0) 0 (−21.5, 9.5) 0 (0) 0 (0, 9.5)

High voltage (HV) ± 3 Ω 1 (12.5) 0 (0, 0) 3 (33.3) 0 (−1.3, 0.3)

Battery

Battery voltage − 0.04 V 0 (0) 0 (0, 0) 0 (0) 0 (0, 0)

Abbreviations: HV, high voltage; IQR, interquartile range; LV, left ventricular; MRI, magnetic resonance imaging; RA, right atrial RV, right ventricular; T, Tesla.
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No adverse events during or after 3T MRI
This report extends the evidence on the safety of MRI scans in patients 
with implanted devices to 3T MRI scans. Our study included MRI scans 
of different body regions in patients with conventional pacemakers, a lead
less pacemaker, ICDs, and cardiac resynchronization therapy (CRT) de
vices. Importantly, adverse events were not only absent in patients with 
‘3T MRI-conditional’ CIEDs but also in those with ‘non-3T 
MRI-conditional’ CIEDs. A significant number of MRI scans were con
ducted in pacemaker-dependent patients. Recently, Bhuva et al.12 pro
posed magnetic resonance conditional labelling of all pacemaker and 
defibrillator lead and provided evidence for 1.5T MRI scans. Pushing the 
safety boundary, two hundred 1.5T MRI scans were safely performed 
even in patients with abandoned leads, which was considered an absolute 
contraindication for MRI before.13 Accordingly, two small studies from 
2008 with a total of only 67 mainly brain 3T MRI scans in patients with 
non-MRI conditional CIEDs found no relevant safety issues either.14,15 In 
line with these results, our data suggest that 3T MRI of various body regions 
might be safe in most patients with CIEDs without abandoned or epicardial 
leads if a strict protocol is followed. However, even patients with 
MRI-conditional CIEDs still experience significant barriers in obtaining 
MRI scans as data from English hospitals demonstrated.2 Therefore, our 
findings add important safety data possibly reducing the reluctance of pro
viders to offer 3T MRI scans to most CIED patients.

Impact of 3T MRI on functional CIED 
parameters
Changes in lead impedance, sensing, and thresholds after 1.5T MRI 
scans have been reported before in large registries and might be attrib
uted to heating of the generator and leads.7,9,16 In line, we documented 
a significant proportion of cases with altered functional parameters, al
though 3T instead of 1.5T MRIs were conducted. Importantly, function
al parameters did not relevantly differ between cases performed in 
patients with ‘3T MRI-conditional’ vs. ‘non-3T MRI-conditional’ 
CIEDs. Lead impedance was the parameter with the largest number 
of cases exceeding the predefined threshold of 50 Ω in 23% of cases. 
This number was doubled compared with results from a multicentre 
registry of 1.5T MRI scans including 1148 in both patients with 
MRI-conditional and non-MRI-conditional CIEDs: in approximately 
10% of cases relevantly altered lead impedance was reported.12 In 
the large MagnaSafe registry of 1.5T MRI scans in non-MRI conditional 
CIEDs only 3.3% of cases exceeded a change in impedance of at least 
50 Ω after MRI.9 Interestingly, the proportion of leads exceeding a 
change in impedance of 50 Ω did not relevantly differ between cases 
in patients with ‘3T MRI-conditional’ vs. ‘non-3T MRI-conditional’ 
CIEDs in our study. However, the clinical relevance of a 50 Ω change 
remains unclear, as e.g. normal lead impedance might vary by more 
than 100 Ω upon the usage of different pacing system analysers.17

Importantly, only one device exceeded the predefined threshold of ± 
30% change of lead or shock impedance.

Relevant changes in sensing thresholds after MRI occurred in 2.3% of 
cases and only in ‘3T MRI-conditional’ CIEDs. Accordingly, Bhuva et al. 
report rates between 1 and 5% of cases exceeding the same predefined 
thresholds but with a slightly higher rate of cases in non-MRI conditional 
CIEDs. Possible reasons for those deviations in sensing after MRI include 
direct impact of local 3T MRI-induced myocardial heating at the lead tips. 
Alternatively, and maybe the reason why relevant changes only occurred 
in ‘3T MRI-conditional’ CIEDs in our study, the findings might be coinci
dental as a result of e.g. premature ventricular or atrial contractions.

Accordingly, it remains unclear if the observed changes in our study 
may be a result of 3T MRI and might have been attenuated if a 1.5T MRI 
scan would have been conducted instead. In the MagnaSafe registry of 
1.5T MRI, most cases of altered device parameters returned to pre-MRI 
measurements at a 3-month follow-up.9 Therefore, although significant 

changes after 3T MRI scans were observed in some patients, these find
ings seem to be unlikely to translate into a negative clinical impact.

Limitations
Our study incorporates several limitations which have to be consid
ered. First of all, we report real-world data from only a single centre 
and a limited number of patients with heterogeneous devices and leads. 
Body regions examined by MRI demonstrated a high heterogeneity in
cluding only a very limited number of thoracic examinations. Data col
lection was conducted retrospectively. Follow-up data exceeding the 
time period immediately after the MRI scan were not available, although 
patients with repetitive scans were included. The MRI scanners used 
were from two different manufacturers possibly limiting the external 
validity of our results.

Conclusions
In this study, 132 examinations on a 3T MRI scanner were safely con
ducted in patients with ‘3T MRI-conditional’ and ‘non-3T MRI- condi
tional’ CIEDs. Lead impedance and sensing were relevantly altered in 
a significant number of patients after MRI. These alterations were irre
spective of being labelled as ‘3T MRI-conditional’ or ‘non-3T 
MRI-conditional’ by the manufacturer. However, no adverse events oc
curred. Therefore, warranting prospective validation in larger clinical 
cohorts, our data suggest that patients with cardiac pacemakers or de
fibrillators should not be denied access to clinically indicated 3T MRI.
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