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ACKGROUND The determinants of low-frequency–induced cur-
ent by magnetic resonance imaging (MRI) gradient fields in a
acemaker lead system are largely unknown.

BJECTIVE The purpose of this study was to determine the mag-
itude of MRI low-frequency–induced current in an implanted
acemaker lead system and to investigate in vivo determinants of
ow-frequency–induced current in an animal model.

ETHODS Six mongrel dogs underwent conventional single-
hamber pacemaker implantation with a current recorder con-
ected in series. Pulse generator (PG) was programmed to VOO 120
pm with subthreshold output. MRI was performed in a 1.5-T
canner. Low-frequency–induced current was recorded during
nipolar pacing, bipolar pacing, and bipolar pacing with the PG
ase electrically isolated from the pocket. In each mode, low-
requency–induced current was recorded with and without a large
oop of additional lead connected in series.

ESULTS With a conventional implant, low-frequency–induced
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oops, the magnitude of low-frequency–induced current increased
o �30 mA, with consistent myocardial capture in unipolar and
ipolar pacing. However, in bipolar pacing with the PG electrically
solated from the pocket, low-frequency–induced current de-
reased to �0.5 mA with no myocardial capture even with addi-
ional looped leads.

ONCLUSION Under conventional implant conditions, the mag-
itude of low-frequency–induced current is �0.5 mA and is un-
ikely to cause myocardial capture; however, arrhythmia induction
annot be excluded. With sufficient increase in effective loop area
additional looped leads), direct myocardial capture by the low-
requency–induced current is possible. In this study, breaking the
eturn pathway by electrically isolating the PG case from the
ircuit abolished low-frequency–induced current.

EYWORDS Pacemaker; Magnetic resonance imaging; Induced cur-
ent; Interaction; Determinants

Heart Rhythm 2008;5:462–468) © 2008 Heart Rhythm Society. All

urrent was �0.5 mA in all three pacing modes. With five external rights reserved.
ntroduction
agnetic resonance imaging (MRI) has emerged as an

mportant diagnostic tool with an increasing number of
linical applications. The majority of patients can safely
ndergo MRI and reap the benefits; however, MRI is con-
raindicated in patients with implantable devices such as
acemakers and defibrillators.1–3 Studies have addressed
oncerns about device displacement and lead heating, and a
umber of patients with implanted devices have success-
ully undergone MRI without serious consequences.4–7

ontaine et al8 reported a case of rapid cardiac pacing
ccurring in a patient during MRI and raised the possibility
f MRI-related induction of currents in the pacemaker leads.
RI systems use three types of magnetic fields to generate

mages: (1) a strong static magnetic field, (2) a radiofre-

.R. Wedan is a consultant for Boston Scientific. T. Lloyd currently is
mployed by Imricor Medical Systems. Address reprint requests and
orrespondence: Dr. Harikrishna Tandri, Johns Hopkins University
chool of Medicine, Carnegie 568, 600 North Wolfe Street, Baltimore,
aryland 21287. E-mail address: htandri1@jhmi.edu. (Received August
uency (RF) time-varying magnetic field, and (3) a time-
arying gradient magnetic field. According to the laws of
hysics (i.e., Maxwell’s equations), the time-varying mag-
etic fields can generate time-varying electric fields. For a
.5 T-MRI system, the RF resonance frequency for hydro-
en is 64 MHz. This high-frequency (RF) time-varying
lectromagnetic field potentially can transfer energy into
mplanted electronic devices and cause thermal injury to
issue near the tissue– electrode interface.9 –12 MRI gradient
elds, on the other hand, have a much lower frequency
1–10 kHz) and are used to provide spatial information. The
nteraction between the time-varying MRI gradient field and
he conductive loop formed by the pacemaker-lead system
an be considered an instance of electromagnetic induction,
er Faraday’s law. Whether the gradient fields can induce
ufficient electromotive force and current in the implanted
ystem to result in undesired cardiac stimulation is un-
nown. The purpose of this study was twofold: (1) to de-
ermine the magnitude of MRI low-frequency (gradient
eld)–induced current in an implanted pacemaker-lead sys-

em and (2) to investigate the in vivo determinants of low-

requency–induced current in an animal model.

. doi:10.1016/j.hrthm.2007.12.022

mail to:htandri1@jhmi.edu
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ethods
n vitro experiments
radient fields present small transient increments or decre-
ents in the main magnetic field. The magnitude of these

ransients varies as a function of location in the scanner, but
he gradient fields have a vector orientation along the z-axis
main axis of the magnet cylinder). To demonstrate the
-directed component of the x gradient, we mapped the x
radient using a custom-made current recorder. The current
ecorder was a battery-operated MRI-compatible data ac-
uisition unit, which digitized current waveforms and
treamed them out of the MRI environment via fiberoptic
ables to an external storage computer. The sampling rate
as 40 kHz, with a digital bandwidth of 20 kHz and analog
andwidth of 8 kHz. The minimum measurable low-fre-
uency–induced current waveform was approximately 0.5
A peak to peak, with a maximum measurable limit of 30
A. A small loop of conductive wire (diameter � 2 cm)
as attached to the current recording device and placed in

he center of the MRI scanner, with the loop oriented in the
-y plane, that is, perpendicular to the B field (Figure 1). The
-gradient and z-gradient coils were manually turned off by
rogramming the magnitude to a zero value. MRI was
erformed with clinical scanning protocols and included
ast spin echo and gradient echo imaging using the body
oil. The position of the loop in the magnet was moved in
0-cm increments away from the center of the magnet, both
utside toward the opening of the magnet in the z direction
nd from side to side in the x direction. The scan sequence
as repeated in each location, and the current induced in the

oop was recorded throughout the MRI scan. Following this
tep, the loop was oriented in the x-z plane and the exper-
ment repeated.

n vivo experiments
fter anesthesia was induced, a pacemaker system (Insignia
ltra, Guidant, Boston Scientic, Boston, MA) was im-
lanted in each of six adult mongrel dogs (weight 30–35
g). Anesthesia was induced with sodium thiopental 15–20

igure 1 Current recorder within the
RI scanner with the loop of wire (diam-

ter � 2cm) oriented in the x–y plane.
: Schematic diagram of the current re-

order seen through the opening near the
ead or foot end of the bore. B: Schematic
iagram of the current recorder as seen
rom the side of the magnet.
g/kg IV and maintained with 1% to 1.5% isoflurane on an w
nesthesia ventilator throughout the MRI scan. An arterial
ine was placed in the right femoral artery for hemodynamic
onitoring. Under fluoroscopic guidance and sterile condi-

ions, an active fixation ventricular lead (Fineline II, Boston
cientific, Boston, MA) was inserted through the right jug-
lar vein to the right ventricular apex. The proximal part of
he lead was tunneled subcutaneously and connected to the
acemaker, which was inserted in a pocket created in the
ubcutaneous tissues of the upper left thorax. A custom-
ade current recorder was connected in series to the pace-
aker lead system (Figure 2A). In addition, intracardiac

lectrograms were recorded by a 6Fr bipolar electrophysi-
logic recording (Biosense Webster, Diamond Bar, CA,
SA) catheter placed via the left external carotid artery and
assively positioned in the left ventricular apex. The left
entricular recording catheter provided continuous indepen-
ent recording of ventricular depolarization during the en-
ire experiment. Following this step, the animal was ad-
anced to the scanning position, with the heart at the center
f the magnet, and MRI scanning was implemented. Re-
ordings of lead current (low-frequency–induced current)
ere made after the animal was placed on the MRI table

hrough the time it advanced to the imaging position, during
he scanning period, and as the animal was removed from
he scanner. The MR gradient fields were measured by a
mall loop of lead attached to a second current recorder that
as placed in the MRI magnet close to the other current

ecorder perpendicular to the B field. Surface ECG was
ecorded continuously using a four-lead General Electric
CG monitoring system (Boston Scientific, Boston, MA).

RI protocol
he animals underwent MRI scanning in a 1.5-T scanner

GE Healthcare, Waukesha, WI, USA). The protocol was
imilar to clinical cardiac imaging protocols and included a
ocalizing sequence followed by fast spin echo and echo
lanar imaging. Nongated fast spin echo (FSE) sequences
ere performed in the axial plane with double-inversion

ecovery blood suppression pulses. TR was 300 ms, and TE

as 10 ms. Slice thickness was 5 mm. Matrix and field of
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iew were 512 � 512 and 24 cm, respectively. The number
f excitations was increased to yield a scan time of approx-
mately 2.5 minutes. Gradient echo sequences were per-
ormed in the axial plane using steady-state free precession
maging. Flip angle was 40°, and TE was set to minimum.
or cine imaging, slice thickness was 8 mm. Matrix and
eld of view were 256 � 256 and 36 cm, respectively. No

mages were acquired during this study, therefore no receiv-
ng coils other than the MRI body coil was used.

acemaker programming
ow-frequency–induced current in the PG lead circuit dur-

ng MRI scanning was recorded in three pacing configura-
ions: (1) unipolar pacing mode, (2) bipolar pacing mode,
nd (3) bipolar pacing with the pulse generator electrically
solated from the animal inside the pocket by wrapping it in
onconductive material (Figure 2B). All three protocols
ere performed in all six animals. In each of these three

igure 2 A: Schematic diagram of normal implant with the current
ecorder (CR) connected in series to the pulse generator (PG) and the right
entricular bipolar lead. An additional bipolar left ventricular recording
atheter (LV) is also seen. A second current recorder with a small loop of
ead attached to it was placed close to the first recorder on the chest wall
s shown. The output from the current recorders and the left ventricular
atheter were recorded by fiberoptic cables. B: Schematic diagram of
mplant with additional looped leads (diameter � 20 cm) connected in
eries to the PG lead system. The PG electrically isolated from the animal
y wrapping the PG in nonconductive material also is shown.
onfigurations, low-frequency–induced current was re- p
orded with and without a large loop of lead (diameter � 20
m) connected to the pacemaker lead system in series and
he loop was oriented in the x–y plane perpendicular to the

field axis during MRI scanning. Up to five additional lead
oops were connected in series to simulate a worst case
cenario (Figure 2B).

The pacemaker was interrogated, and the myocardial
apture threshold via the right ventricular lead was deter-
ined. The pacemaker was programmed to VOO mode, the

ate was set to 20 beats above the animal intrinsic heart rate,
nd the output was set to 0.1 V at 0.5 ms to perform
ubthreshold pacing (capture threshold �0.5 V at 0.5 ms for
ll animals). The reason for the subthreshold pacing is as
ollows. The impedance of the PG lead circuit varied during
ach pacing cycle; hence, low-frequency–induced current
as recorded throughout the pacing cycle to investigate the

ffect of changing impedance on the magnitude of low-
requency–induced current. The pacer output waveform was
ecorded simultaneously to determine the timing of induced
urrent to the “pacing window.” The pacing window is
efined as the time in which a switch in the pacemaker
nternal circuitry closes to deliver a pacing pulse between
he cathode and anode. Further, myocardial capture (paced
RS complex) on surface ECG was an indirect assay of

ow-frequency–induced current. Finally, in VOO mode the
acer output amplitude was set to threshold value, and the
bility of low-frequency–induced current to cause loss of
yocardial capture was evaluated.
In all animals, low-frequency–induced current from the

evice lead system, the MR gradient field, the electrical
ecording from the left ventricular catheter, and the surface
CG were obtained simultaneously with careful recording
f MRI pulse sequence. Surface ECG was recorded by a
agnitude MRI monitor (In Vivo Research Inc, Orlando,

lorida), and then the animal was removed from the MRI
canner table. After reinterrogation of the pacemaker, the
nimal was euthanized.

esults
n vitro experiments
igure 4 shows the mapped x gradient field as a function of

ts position in the x and z planes. The maximum low-
requency–induced current recorded was �5 mA with the
oop of wire in the x–z plane (Figure 3A) as the loop’s
ross-sectional area is minimally exposed to a z-directed
B/dt. However, low-frequency–induced current for a loop
f wire in the x–y plane varied with position along the x-axis
Figure 3B). In this situation, the loop’s cross-sectional area
as maximally oriented to a z-directed dB/dt. There was a

inear increase in magnitude of low-frequency–induced cur-
ent with �50 mA recorded closer to the edge of the bore of
he magnet in either direction from the center (x � 0), which
orresponded to the increase in magnitude of the x gradient.

n vivo experiments
ll six mongrel dogs underwent successful pacemaker im-

lantation followed by MRI scanning without any compli-
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465Tandri et al MRI Low-Frequency–Induced Current in Pacemaker Lead System
ations. After device implantation, none of the dogs exhib-
ted any ventricular or atrial premature beats prior to MRI
can. All devices could be successfully interrogated follow-
ng the MRI scans. No differences in the lead parameters
ere noted before and after the MRI experiment.
The maximum low-frequency–induced currents re-

orded in the three configurations with and without ad-
itional looped leads are shown in Figure 4. Maximum
ow-frequency–induced current measured through the
urrent recorder connected to the pacemaker lead system
as �0.5 mA in all animals in both unipolar and bipolar

ead configuration. When an external loop (diameter �
0 cm) was added in series with the right ventricular lead
nd placed perpendicular to the z-directed dB/dt (aligned
ith the bore, offset from the isocenter, and near the end
f the bore), a maximum low-frequency–induced current
9.0 mA was recorded in the unipolar configuration.
ith an external additional loop, compared to bipolar

onfiguration, the maximum low-frequency–induced cur-

igure 3 A: Graph showing mapped x gradient field in half of the MRI
canner with the large loop of lead oriented in the x–z plane. B: Graph
howing mapped x gradient field in half of the MRI scanner with the large
oop of lead oriented in the x–y plane.
ent was greater in unipolar configuration (�1.5 mA vs g
9.0 mA). Maximum low-frequency–induced current in-
reased to �30 mA (upper limit of current recorder) with
ve additional loops in both unipolar and bipolar config-
rations.

ffect of pulse generator on
ow-frequency–induced current

ith the pacemaker programmed to VOO at 120 bpm and
acing amplitude set to a minimum value (0.1 V at 0.5 ms),
ecordings of the low-frequency–induced current were ob-
ained in bipolar configuration. Low-frequency–induced
urrent recorded by the current recorder was consistently
0.5 mA with infrequent ventricular capture beats. How-

ver, with the addition of five lead loops in series, a max-
mum low-frequency–induced current �30 mA was re-
orded and consistent myocardial capture beats were
bserved (Figure 5). When the PG was removed from the
ocket and electrically isolated from tissue (infinite imped-
nce), all low-frequency–induced current vanished, with no
yocardial capture. Replacing the PG in the pocket consis-

ently led to low-frequency–induced current induction and
ubsequent myocardial capture beats. Similar results were
btained in the unipolar lead configuration.

iming of low-frequency–induced current to the
acing cycle
imultaneous recordings of the gradient field from the second
urrent recorder and the low-frequency–induced current from
he current recorder connected to the PG lead system in series
re shown in the upper part of Figure 6. Although continuous
radient activity is observed during MRI scanning, low-fre-
uency–induced current is recorded intermittently. Analysis of
he pacing cycle and the generated low-frequency–induced
urrent revealed that the timing of the low-frequency–induced
urrent corresponded to the pacing window (minimal imped-
nce), and no low-frequency–induced current was recorded
utside the pacing window (maximal impedance). The low

igure 4 Maximum low-frequency–induced current recorded in unipo-
ar, bipolar, and bipolar configuration with electrical isolation of the pulse

enerator (PG). See text for details.
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mpedance pacing window extends for 10 to 15 ms after delivery
f the pacing pulse, accounting for the low-frequency–induced
urrent recorded during this window period.

nduced distortion of pacer output waveform
nfrequent myocardial capture beats were observed only dur-
ng the MRI pulse sequence when the PG was programmed to
OO and the output set to subthreshold value (0.1 V at 0.5
s). Figure 7 shows recordings of the low-frequency–induced

urrent and the surface ECG, with the pacemaker in a unipolar
ode, programmed VOO to pace 20 beats above the intrinsic

eart rate and the output set to subthreshold value. No myo-
ardial capture beats are noted prior to MRI scanning. Low-
requency–induced current generated in the PG lead circuit
auses distortion of the pacing pulse, which we termed induced
istortion. Induced distortion by the low-frequency–induced
urrent constructively added to the waveform of the pacing
ulse, leading to myocardial capture when it was not intended
subthreshold pacing).

Induced distortion also led to loss of capture. The PG
as programmed to pace asynchronously in VOO mode,
ith the pacing amplitude set to the threshold value and the

ate to 20 beats above the animal’s heart rate. Consistent
yocardial capture was noted prior to MRI scanning. In-

ermittent loss of capture was noted during MRI scanning
ue to the destructive interference of the low-frequency–

nduced current on the pacer output waveform. p
iscussion
his study investigated the determinants of low-frequency–

nduced current in a pacemaker lead system in an MRI
nvironment, with several interesting findings. Based on
esults of the in vivo experiments, it can be concluded that
he return pathway for low-frequency–induced current gen-
rated in a pacemaker lead system due to MRI gradient
elds under normal implant conditions is PG case–lead–

issue–PG case. The impedance path from the PG case
nternally to the lead is critical in controlling the magnitude
f low-frequency–induced current. Under normal implant
onditions, the low-frequency–induced current is maximum
ithin the pace window and is minimum outside the pace
indow. The magnitude of low-frequency–induced current
enerated under normal implant conditions is �0.5 mA and
s unlikely to cause myocardial stimulation. With sufficient
ncrease in effective loop area (additional looped leads),
irect myocardial capture by the low-frequency–induced
urrent is possible. Low-frequency–induced current can dis-
ort the pacing pulse, leading to undesired myocardial stim-
lation or loss of capture. Low-frequency–induced current
lso interferes with sensing function. Low-frequency–in-
uced current was abolished in this study by breaking the
nipolar return pathway by electrically isolating the PG case
rom the circuit.

Fontaine et al8 reported the occurrence of rapid cardiac

Figure 5 Low-frequency–induced cur-
rent (LFIC) during MRI scanning in a
pacemaker (PG) lead system with addi-
tional looped leads connected in series.
A: Baseline ECG prior to MRI scanning
shows the animal’s intrinsic sinus rhythm
with a narrow QRS complex. B: PG was
programmed to pace VOO 120 bpm with a
subthreshold output. No paced beats are
seen during subthreshold pacing prior to
MRI scanning. C: MRI scanning during
subthreshold pacing results in low-fre-
quency–induced current with consistent
myocardial capture. D: Simultaneous re-
cording of low-frequency–induced current
that resulted in consistent myocardial cap-
ture. Lower impedance within the pacing
window resulted in a periodic increase in
the magnitude of the low-frequency–in-
duced current. E: QRS morphology during
VOO pacing 20 beats above the animal’s
intrinsic heart rate is shown for compari-
son. Note that the QRS morphology with
myocardial capture by a low-frequency–
induced current is similar to paced QRS.
acing during MR cerebral angiography in a patient with a
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ual-chamber pacemaker (Medtronic Inc., Minneapolis,
N, USA). In this case, the PG was programmed to VVI
ode at a rate of 30 bpm, and the pacing amplitude and

ulse width were programmed to subthreshold (0.5 V at
.03 ms). Despite these setting, rapid pacing above the
agnet rate occurred during scanning, without any change

n the programmed parameters. The reason for rapid pacing
n this case can be explained by the findings of our study.
irst, this case involved MR angiography of the brain with

he head at the isocenter, so the pacemaker system was
loser to the worst case location (offset in z-, x-, and y-axes).
he pacemaker was programmed to VVI mode; hence,
acing would have been unpredictable during MRI scanning
ue to ineffective sensing. The higher dB/dt of MR angiog-
aphy coupled with the worst case location of the PG lead
ircuit may have resulted in significant low-frequency–in-
uced current leading to direct myocardial stimulation.

Low-frequency–induced current can be abolished by

igure 6 Above two tracings are simultaneous recordings of gradient
ctivity by the second current recorder and low-frequency–induced current
LFIC) by the current recorder connected in series to the pacemaker (PG)
ead circuit. Note that even though the gradient activity is continuous,
ow-frequency–induced current is recorded intermittently. A higher mag-
ification of low-frequency–induced current LFIC shows the waveform of
he induced current on the right. Analysis of the pacing cycle reveals that
he timing of low-frequency–induced current corresponds to the pacing
indow, wherein a switch in the PG internal circuitry closes to deliver a
acing pulse. The switch remains closed for 10 to 20 ms after delivery of
he pacing pulse, making low-frequency–induced current possible within
he window period.
lectrically isolating the PG case from the PG–lead–tis- d
ue–PG circuit, thereby rendering unipolar pacing impossi-
le. However, this is not synonymous with programming
he PG to bipolar pacing, as even in a bipolar configuration
nintended unipolar loop can result if sufficient electromo-
ive force is generated. This is due to the noninfinite im-
edance characteristics of switches and the other internal
acemaker circuitry that result in an unintended unipolar
oop formation with low-frequency–induced currents simi-
ar to unipolar lead configuration.

Low-frequency–induced current is more likely to occur
ithin the pace window due to lower impedance of the

ircuit. Internal circuitry within the PG provides a current
ath between the distal lead electrode and the outer can of
he device, not only during delivery of the pacing pulse but
lso extending up to 20 ms after the pacing pulse (termed
ace and recharge window). This internal path is present
ven when the PG is programmed to bipolar pacing, result-
ng in generation of low-frequency–induced current during
ormal implant conditions.

Our study is the first to demonstrate induced distortion,
he mechanism by which the pacing pulse is altered by the
ow-frequency–induced current. Low-frequency–induced
urrent will add to or subtract from the voltage present
etween the pacemaker’s anode and cathode, distorting the
esired ideal pacing pulse. Induced distortion levels up to
.5 V have been measured during in vitro tests performed in
RI. This level of induced distortion is significant and can

esult in loss of capture or unintended myocardial capture.

tudy limitations
o attempt was made to define the minimum loop area
eyond which myocardial stimulation is possible. The mag-
itude of low-frequency–induced current and the chance of
yocardial stimulation are a function of the loop area and

he maximum dB/dt through the loop. Significant differ-
nces exist between MRI manufacturers with regard to the
ocation of the maximum dB/dt due to variations in coil
esign. Furthermore, for the same loop size, the effective
oop area may vary depending on the location of the loop
ithin the scanner due to nonideal characteristics of the
radient coils as limited by coil design. This study evaluated
ne particular model of pacemaker. PG circuitry is similar
mong the different vendors, so the results of our study may
e applicable to other pacemakers; however, the amplitude
f low-frequency–induced current may vary depending on
he impedance characteristics of the individual components.

aximum low-frequency–induced current during normal
mplant conditions was determined in mongrel dogs and
ay not reflect the values in a human implant due to the

eometry of the chest wall. The small number of animals
tudied is a limitation; however, the results were consistent
n all animals.

Finally, this study investigated pacemaker and MRI in-
eraction in a closed MRI system where the B field is z
irected. In an open MRI scanner, the B field is y directed.
or a normal implant, the maximum low-frequency–in-

uced current may be much greater in an open MRI scanner
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here most of the loop area is oriented in the x–z plane.
owever, this was not investigated in our study.

linical implications
ur study has several important clinical applications. Al-

hough rare, low-frequency–induced current has the poten-
ial to cause undesired myocardial capture due to induced
istortion despite programming the PG to a low pacing rate
nd output level. The effective loop area for a normal pace-
aker implant can vary depending on patient geometry,

can plane, and patient’s position in the scanner. Program-
ing the lead to bipolar decreases but does not eliminate the

hance of low-frequency–induced current. Low-frequency–
nduced current can be abolished by electrically isolating
he PG case. This step cannot be achieved in current-
eneration pacemakers due to constraints in the existing PG
ircuitry design, and programming the PG to bipolar pacing
oes not solve the problem. Pacemakers should be designed
o create infinite impedance during bipolar pacing, specifi-
ally addressing this issue to prevent unintended unipolar
oop. Until such time, low-frequency–induced current and
ubsequent induction of cardiac arrhythmias are possible.
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Figure 7 Surface ECG and low-fre-
quency–induced current before and during
MRI scanning in a pacemaker (PG) lead
system with an additional looped lead con-
nected in series. PG is programmed to
unipolar mode, VOO 120 bpm (20 beats
above intrinsic rate), and output is set to a
subthreshold value. Myocardial capture
occurs due to constructive interference of
the low-frequency–induced current on the
pacing pulse coinciding with onset of MRI
scanning. Region A: Intrinsic beats at 100
bpm. Region B: MRI prescan, paced beats
at 120 bpm due to induced distortion. Re-
gion C: MRI paused, return to intrinsic
beats. Region D: MRI scanning, paced
beats at 120 bpm due to induced distortion.
physiol 2001;24:199–205.
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