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Technical Note

Prosthetic Heart Valves: Evaluation of Magnetic
Field Interactions, Heating, and Artifacts at 1.5 T

Maria-Benedicta Edwards, MPhil,* Kenneth M. Taylor, FRCS,' and

Frank G. Shellock, PhD?"

The purpose of this study was to use ex vivo testing tech-
niques to determine the magnetic resonance imaging
(MRI) safety aspects for 32 different heart valve prostheses
that had not been evaluated previously in association with
the 1.5-T MR environment. Ex vivo testing was performed
using previously described techniques for the evaluation
of magnetic field interactions (deflection angle and
torque), heating [gel-filled phantom and fluoroptic ther-
mometry; 15 minutes of MRI at a specific absorption rate
(SAR) of 1.1 W/kg], and artifacts (using gradient echo and
T1-weighted spin-echo pulse sequences). Thirteen heart
valve prostheses displayed interactions with the magnetic
field. However, these magnetic field interactions were con-
sidered relatively minor. Heating was =0.8°C for these im-
plants. Artifacts varied from mild to severe depending on
the amount and type of metal used to make the particular
heart valve prosthesis. For these 32 different heart valve
prostheses, the relative lack of substantial magnetic field
interactions and negligible heating indicate that MR pro-
cedures may be conducted safely in individuals with these
implants using MR systems with static magnetic fields of
1.5 T or less. J. Magn. Reson. Imaging 2000;12:363-369.
© 2000 Wiley-Liss, Inc.
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MRI of patients with biomedical implants continues to
be a major concern for MR health care workers. Nota-
bly, MRI may be contraindicated for patients with fer-
romagnetic bioimplants because of the relative risks
related to the possible dislodgment of the implant or
substantial heating of the device in association with an
MR procedure (1-30). The induction of an electrical
current may also present possible hazards, but this
does not appear to be problematic for passive implants
(ie, those that do not operate by means of electrical
power) (5,6,8). Despite these concerns, research has
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shown that many metallic implants are generally safe
for patients undergoing MR procedures if they are non-
ferromagnetic or, if the magnetic attraction of the im-
plant is less than the force applied compared with the in
vivo application of the implant (2,6-27,29,30).

There are many different types of heart valve prosthe-
ses used in patients today. However, relatively little
published information exists regarding MRI safety for
many of the heart valves currently used in patients
throughout the world (26-31). Therefore, the main ob-
jective of this research study was to determine the MRI
safety for 32 different heart valve prostheses using ex
vivo techniques to assess magnetic field interactions
and heating. Additionally, artifacts were characterized
for these implants.

MATERIALS AND METHODS
Heart Valve Prostheses

Thirty-two different heart valve prostheses were evalu-
ated for MR safety. These implants were primarily se-
lected for evaluation because of the lack of safety infor-
mation relative to the 1.5-T MR environment. In
addition, inclusion based on registration of the heart
valve prosthesis in the comprehensive listing of the UK
Heart Valve Registry database and the volume of re-
quests received by the Registry for information on MRI
safety for the specific heart valve prostheses (31). De-
tails for the prosthetic heart valve prostheses evaluated
in the study are shown in Table 1.

Assessment of Magnetic Field Interactions

An assessment of magnetic field translational attraction
was performed on each heart valve prosthesis. This test
was conducted using a standardized procedure indicated
as the deflection angle test (2,15,24,29,32,33). Each heart
valve was suspended by a 30-cm-long piece of light-
weight thread that was attached to the estimated center of
the device. The thread was then attached to a sturdy
plastic protractor so that the angle of deflection from the
vertical could be measured. The accuracy of this measur-
ing device is £0.5° based on the ability to read the pro-
tractor in the MR system. Deflection angles were deter-
mined three times for each implant and averaged.
Notably, the deflection angle test was conducted at
the position in the shielded 1.5-T MR system where the
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Table 1

List of Heart Valve Prostheses Evaluated for MR Safety at 1.5 T

Edwards et al.

No Prosthesis, manufacturer® Type Site Model Size (mm) Materials Additional materials
1 AorTech Single leaflet Aortic 3800 23 Pyrolitic carbon Grade A-70 titanium with knitted
Teflon
2 AorTech Single leaflet Mitral 4800 25
Aortech Ltd., Caledonian House,
Phoenix Crescent, Strathclyde
Strathclyde, UK
3 Beall Caged disc Mitral Unknown 29 Pyrolitic carbon Pyrolitic carbon with Dacron
Coratomic Inc., Indianapolis, IN
4 Biocor Animal Aortic H3636 23 Porcine tissue Celon with Dacron
tissue
St. Jude Medical Inc.,
St. Paul, MN
5 BS Pyrolitic Carbon Conical Disc Single leaflet Mitral MBUP 21 Pyrolitic carbon Chromium cobalt alloy with Teflon
6 BS Pyrolitic Carbon Conical Disc Single leaflet Mitral MBRP 21
Pfizer, Inc., Cincinnati, OH
7 BS Monostrut Single leaflet Mitral MBUM 25 Pyrolitic carbon Chromium cobalt alloy with Teflon
8 BS Monostrut Single leaflet Aortic ABMS 17
9 BS Shiley Monostrut Single leaflet Mitral MBRMS 23
Pfizer, Inc., Cincinnati, OH
10 Jyros Bileaflet Mitral JIM 30 Pyrolitic carbon Carbon
11 Jyros Bileaflet Aortic J1A 26 Impregnated with
boron carbide
Axion Medical Ltd.
12 Hancock Pericardial Animal Mitral T410 25 Bovine tissue Haynes alloy with polyester fabric
tissue
Medtronic Inc., Minneapolis, MN
13 Intact Animal Aortic A805 19 Porcine tissue Acetyl copolymer covered with Dacron
tissue polyester fabric
14 Intact Animal Mitral M705 25
tissue
Medtronic Inc., Minneapolis, MN
15 Liotta Animal Aortic MA783 23 Porcine tissue Acetalic resin frame; Delrin, low profile
tissue stent with Dacron cloth
St. Jude Medical Inc.,
St. Paul, MN
16 Mitroflow Animal Aortic 11A 25 Bovine tissue Delrin (polyacetal homopolymer),
tissue Dacron fabric with flexible tungsten
loaded silicone
17 Mitroflow Animal Mitral 11M 29
tissue
18 Mitroflow Animal Aortic 14A 25
tissue
Sulzer CarboMedics, UK
19 Smelloff Cutter Caged ball Aortic Unknown 21 Silicone rubber Titanium with bar metal with polyester
Sorin Biomedica, Italy
20 Sorin Pericarbon (stented) Animal Mitral SM 33 Bovine tissue Pyrolitic carbon coated with Carbofilm
tissue
Sorin Biomedica, Italy
21 Tascon Animal Aortic Unknown Unknown Porcine tissue Elgiloy with polyester
Medtronic Inc., tissue
Minneapolis, MN
22 Wessex Animal Aortic WAV10 31 Porcine tissue Acetal polymer with cloth reinforced
tissue with silicone rubber
23 Wessex Animal Mitral WMV20 25
tissue
Sorin Biomedica, Italy
24 Xenofic Animal Aortic AP80 23 Bovine tissue Teflon with stainless steel marker
tissue
Unknown
25 ATS Medical Open Pivot Bileaflet Mitral 500DM29 29 Pyrolytic carbon Teflon
ATS Medical Inc.,
Minneapolis, MN
26 ATS Medical Open Pivot Bileaflet Aortic 501DA18 18 Pyrolytic carbon Teflon
ATS Medical Inc.,
Minneapolis, MN
27 SJM Reagent Valve Bileaflet Aortic 25AGN- 25 Polyester
751-
IDE
Mechanical Heart Valve
St. Jude Medical Inc.,
St. Paul, MN
28 St. Jude Medical Mechanical Bileaflet Aortic 25AJ- 25 Polyester
Heart valve 501

St. Jude Medical Inc.,
St. Paul, MN
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Table 1
(Continued)
No Prosthesis, manufacturer® Type Site Model Size (mm) Materials Additional materials
29 Toronto SPV Valve Animal tissue  Aortic  SPA- 25 Porcine tissue
101-
25
St. Jude Medical Inc.,
St. Paul, MN
30 Durafic Human tissue Aortic  AD 33 Human tissue
Unknown
31 Durafic Human tissue  Mitral  MD N/A Human tissue
Unknown
32 Sorin Allcarbon, AS Bileaflet Mitral  MTR- 29 Pyrolytic carbon Teflon-coated Carbofilm
29AS

Sorin Biomedica Cardio S.p.A.,
Saluggia, Italy

2BS = Bjork Shiley.

spatial gradient of the magnetic field was previously
determined to be at a maximum (35 cm inside the bore
of the MR magnet) to assess the magnetic field transla-
tional attraction with regard to an extreme condition, as
previously described (21-25,33). The highest spatial
gradient for the shielded 1.5-T MR system used for this
evaluation is 450 gauss/cm and occurs at an off-axis
position in the bore of the MR system, according to the
survey conducted on the magnetic field using a gauss
meter (21-25,33).

Further assessment of magnetic field interactions
was conducted to determine qualitatively the presence
of magnetic field-induced torque (16,17,24,33). Each
heart valve was positioned in the center of the MR sys-
tem, where the effect of torque from the 1.5-T static
magnetic field is known to be the greatest. The heart
valve was directly observed for any type of possible
movement with respect to alignment or rotation to the
magnetic field. The observation process was facilitated
by having the investigator inside the bore of the magnet
during the test procedure. The heart valve was rotated
in 45° increments during this test procedure to observe
the effects of torque. This process was repeated to en-
compass a full 360° rotation of positions for the heart
valve prostheses.

The following qualitative scale of torque was applied
to the results, as previously described (21,22,23,24): 0,
no torque; +1, mild torque (the device changed orien-
tation slightly but did not align to the magnetic field);
+2, moderate torque (the device aligned gradually to
the magnetic field); +3, strong torque (the device
showed rapid and forceful alignment to the magnetic
field); and +4, very strong torque (the device showed
very rapid and very forceful alignment to the magnetic
field).

Assessment of Heating

Each heart valve prosthesis was assessed for heating
during MRI that was conducted using a relatively high
level of exposure to RF radiation. A 1.5-T/64-MHz MR
system (General Electric Medical Systems, Milwaukee,
WI) was used for this experiment along with the body
coil to send and receive RF energy. An experiment using
a relatively high level of exposure to RF power was
conducted with the heart valve prosthesis positioned in
a special phantom filled with a semisolid gel (35).

In order to utilize a relatively high exposure to radio
frequency (RF) power, the following pulse sequence was
used: T1-weighted spin-echo, as follows: total imaging
time 15 minutes; axial plane; TR/TE 134/25 msec; field
of view (FOV) 48 cm; imaging matrix 256 X 128; section
thickness 20 mm; number of section locations 5; num-
ber of excitations 54; number of echos 4; phasing di-
rection anterior to posterior; transmitter gain 200. This
pulse sequence produced a whole-body averaged spe-
cific absorption rate (SAR) of 1.1 W/kg. This level of
exposure to RF energy exceeds that typically used for
MR imaging of patients and is similar to that used by
other researchers to examine heating for implants in
association with MRI (23,24,34). Since there is no blood
flow associated with this experimental procedure, it
further simulates an extreme condition for MRI-related
heating.

A plastic phantom was used that was 28 cm deep, 54
cm long, and 30 cm wide (to approximate the size of the
human thorax). This phantom was filled with a semi-
solid gel to provide a highly conductive medium to sur-
round the heart valve prosthesis for the heating exper-
iment. A plastic frame (ie, with holes 5 mm spaced 5
mm apart) was used to position the heart valve pros-
thesis within the phantom such that it was placed in a
position close to the bore of the MR system (where RF
heating would be greatest).

The semisolid gel was prepared to simulate human
tissue. This was accomplished using a gelling agent
[hydroxyetheyl-cellulose (HEC)] in an aqueous solution
(91.58% water) along with 0.12% NaCl to create a di-
electric constant of approximately 80 and a conductiv-
ity of 0.8 S/m at 64 MHz. This is an acceptable dielec-
tric constant and an acceptable conductivity for
evaluation of MRI-related heating of an implant (35).

A Luxtron model 3100 fluoroptic thermometry sys-
tem (Santa Clara, CA) was used to measure temper-
atures before and during MRI. The thermometry
probe was placed on the exposed metallic portion of
the heart valve prosthesis (ie, for those with exposed
metal) or the ring portion of the heart valve prosthesis
(ie, for the valves that were predominantly tissue).
Additionally, a thermometry probe was placed in the
gel at the opposite side of the phantom to record a
reference temperature (ie, remote from the heart valve
prosthesis).
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The room and bore temperatures were stable and
recorded to be 21.1°C for the heating experiments. The
MR system fan was not on during the procedures. Base-
line temperatures were recorded for 5 minutes at
1-minute intervals, after which MRI was performed for
15 minutes with temperatures recorded at 20-second
intervals. The highest temperature changes are re-
ported for the heart valve prostheses and the reference
temperatures.

Assessment of Artifacts

While artifacts are not a primary safety concern for
implants, the presence of an artifact is typically of in-
terest to MR health care workers. Thus, artifacts asso-
ciated with MRI were determined for these heart valve
prostheses. A rectangular gel-filled phantom was used
for this test. The T1 and T2 values for this gel were
similar to those for muscle tissue. MRI was performed
using a 1.5-T MR system and a send-receive body coil.
The following pulse sequences were used:

1. Gradient-recalled echo in the steady-state pulse
sequence; TR/TE 100/15 msec; flip angle 30°;
bandwidth 16 kHz; matrix size 256 X 256; section
thickness 10 mm; FOV 38 cm; number of excita-
tions 2.

2. T1-weighted spin-echo pulse sequence; TR/TE
300/20 msec; bandwidth 16 kHz; matrix size
256 X 256; section thickness 10 mm; FOV 38 cm;
number of excitations 2.0.

A plastic frame (ie, with holes 5 mm spaced 5 mm apart)
was used to position the heart valve prostheses 12 at a
time (ie, numbers 1-12 were scanned, and then num-
bers 13-24). The imaging planes were oriented at a
parallel position relative to the centermost part of the
heart valves. The frequency-encoding direction was
parallel to the plane of imaging. Note that MR imaging
artifacts that result from other pulse sequences or from
other positions of the imaging plane relative to the heart
valves or with regard to the particular orientation of the
clips to the main magnetic field of the MR system may
be slightly more or less than that observed under the
experimental conditions used in the above-indicated
test for artifact assessment (14,15,18,19,21-24).

Furthermore, the artifact size will vary depending on
the TE used for the fast multiplanar spoiled gradient-
echo pulse sequence (ie, the artifact size is greater for a
higher TE). Nevertheless, the specific MR technique
used to assess artifacts is the same as that used before
and published in the peer-reviewed literature
(14-16,18,19,21-24).

Artifact size was graded according to the following
scheme: neg., no artifact; +1, artifact less than the size
of the device; +2, artifact same as the size of the device;
+3, artifact slightly larger than the size of the device;
+4, artifact larger than twice the size of the device. This
particular technique of artifact assessment has been
used in several prior publications and therefore serves
as an appropriate comparison (14-16,18,19). All image
display parameters (ie, window and level settings, mag-
nification, etc.) were carefully selected and used in a
consistent manner to facilitate a valid determination of
artifact size.

Edwards et al.

RESULTS

A summary of the test results for ferromagnetism, heat-
ing, and artifacts associated with heart valve prosthe-
ses is presented in Table 2. The deflection angles for
these 32 different heart valve prostheses exposed to the
1.5-T MR system ranged from O to 5°. The torque for the
heart valve prostheses ranged from O to +2 (Table 2).
These findings suggest that the type of materials used
for these prostheses were either nonferromagnetic or
only weakly ferromagnetic relative to the 1.5-T MR en-
vironment.

In the assessment of RF heating associated with MRI,
the highest temperature changes recorded for the 32
different valve prostheses ranged +0.5 to +0.8°C. The
highest reference temperature changes ranged from
+0.4 to +0.5°C.

The sizes of the artifacts ranged from mild (+2) to
severe (+4) and appeared as localized signal voids, eas-
ily recognizable on the image. In general, the gradient-
echo pulse sequence produced a larger artifact than the
T1-weighted pulse sequence for these heart valve pros-
theses. Additionally, artifacts were directly proportional
to the amount of metal present for a given heart valve
prosthesis. Figure 1 shows MR images that display rep-
resentative artifact findings for the various heart valve
prostheses using the gradient-echo pulse sequence.

DISCUSSION

Despite its relatively short history, there has been a
rapid increase in the development of MRI techniques as
well as substantial advances in clinical applications. As
a consequence, there has been a proliferation in MRI
procedures together with a concomitant increase in the
number of patients undergoing MRI. MRI is an impor-
tant diagnostic tool for virtually every clinical speciality.

In general, MRI is considered one of the safest non-
invasive imaging modalities (5,6,8). MR health care
workers are nevertheless concerned about the possible
interaction between heart valve prostheses and the
magnetic field of the MR system. Of particular concern
are the possible effects of magnet-related translation
and torque interactions on the prosthesis (1,2,6,7). No-
tably, in this study, few heart valve prostheses dis-
played measurable degrees of deflection and/or torque
(Table 1). Those that did are considered to have minor
magnetic field interactions relative to the force exerted
by the beating heart (26,27,29).

The deflection angles measured for the heart valve
prostheses ranged from O to 5°. According to the Amer-
ican Society for Testing and Materials (ASTM), the op-
erational definition of a nonferromagnetic implant (the
ASTM document actually referred to an aneurysm clip)
is met if the deflection angle is less than 45° (32). Ac-
cordingly, these heart valves prostheses would be
deemed safe for individuals in a 1.5-T or less MR envi-
ronment.

While the torque ranged from O to +2 (ie, moderate
torque, the device aligned gradually to the magnetic
field), these qualitative findings are not believed to
present a hazard or risk for these heart valve prosthe-
ses. Moreover, during in the in vivo application of these
heart valve prostheses, the implants are maintained in
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Table 2
Results of MR Safety Tests for Prosthetic Heart VValves
No Prosthetic heart valve® DEﬂeCtI?n Torque Temp. o Artifact grade
angle (°) change (°) T1-SE GRE
1 AorTech 0 +1 0.6 +2 +3
2 AorTech 0 +1 0.6 +2 +3
3 Beall 0 +1 0.6 +3 +4
4 Biocor 0 0 0.5 +2 +2
5 BS Pyrolitic Carbon Conical Disc 0 0 0.5 +3 +3
6 BS Pyrolitic Carbon Conical Disc 0.5 +1 0.7 +3 +4
7 BS Monostrut 0.5 +1 0.6 +3 +4
8 BS Monostrut 0 0 0.5 +3 +3
9 BS Monostrut 0 0 0.5 +3 +3
10 Jyros 0 0 0.6 +4 +4
11 Jyros 0 0 0.5 +3 +3
12 Hancock Pericardial 0 0 0.6 +2 +3
13 Intact 0 0 0.5 +3 +4
14 Intact 0 0 0.6 +2 +2
15 Liotta 0 0 0.5 +2 +2
16 Mitroflow 0 0 0.5 +3 +4
17 Mitroflow 0 0 0.5 +2 +2
18 Mitroflow 0 0 0.5 +3 +3
10 Smelloff Cutter 3.0 +2 0.7 +2 +3
20 Sorin Pericarbon (stented) 0 0 0.5 +2 +3
21 Tascon 0 0 0.6 +2 +2
22 Wessex 0 0 0.5 +2 +2
23 Wessex 0 0 0.5 +2 +2
24 Xenofic 0 0 0.5 +2 +2
25 ATS Medical Open Pivot, 29 0 +1 0.7 +3 +4
26 ATS Medical Open Pivot, 18 0 +1 0.5 +3 +4
27 SJM Reagent Valve 0 +1 0.7 +2 +4
28 St. Jude Medical Mechanical 0 +1 0.6 +2 +4
Heart Valve
29 Toronto SPV Valve 0 0 0.5 +2 +2
30 Durafic, Aortic 5.0 +2 0.8 +3 +4
31 Durafic, Mitral 2.0 +2 0.7 +3 +4
32 Sorin Allcarbon, AS 0 +1 0.6 +3 +4

2BS = Bjork Shiley.

position by multiple sutures and eventual tissue in
growth. These important aspects must be carefully con-
sidered as they serve as retentive forces to maintain the
heart valve prostheses in place during exposure to the
MR environment (ie, even for the heart valve prostheses
that displayed +2 torque).

The overall findings for magnetic field interactions are
similar to those of other investigators that assessed
magnetic qualities of heart valve prostheses in associ-
ation with MR systems (2,26-30). Thus, a patient with
any heart valve prosthesis listed in Table 1 undergoing
an MRI procedure using an MR system operating at 1.5
T or less would not be at risk with regard to movement
or dislodgement of the implant.

Additional concerns about the safety of heart valve
prostheses and other implants relate to the potential
heating of the implant. Temperature elevations during
MRI procedures have been studied using ex vivo tech-
niques for many different types of bioimplants, includ-
ing heart valve prostheses (4,9,11,14,16,19-24,29,33-
36). The temperature elevations exhibited in this study,
although only minor, are nonetheless marginally higher
than those recorded by other researchers evaluating
the effects of RF heating in heart valve prostheses
(26,28,29). This may be explained by the fact that the

experimental procedure utilized a semisolid gel while
the other studies typically used a saline bath. Never-
theless, these marginally higher temperature increases
during MRI are still believed to be safe for patients
undergoing MR procedures, in consideration of the ex-
posure to the relatively high level of RF energy (ie, a
whole-body averaged SAR of 1.1 W/kg).

While MRI related artifacts are not a primary safety
issue for implants, the presence of an artifact may affect
the diagnostic imaging quality of an MRI examination if
the area of interest is in the exact same position where
the heart valve prosthesis is located. Artifacts were
characterized for the 32 different heart valve prostheses
using a previously published grading scheme. While
there are obviously more sophisticated techniques to
assess artifacts for implants, this was not a primary
objective of the present study, nor do these techniques
tend to provide clinical relevant data. Nevertheless, the
artifact findings are deemed useful using the qualitative
grading technique insofar as it can readily be appreci-
ated that certain heart valve prostheses (eg, heart valve
prostheses numbers 3, 6, 7, 10, 13, and 16) would
probably impair the diagnostic aspects of the MRI ex-
amination if in the area of interest. However, artifact
size may be minimized for metallic implants with the
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Figure 1. MR images of heart valve prostheses obtained using
a gradient-echo pulse sequence (coronal plane, TR/TE 100/15
msec, flip angle, 30° FOV, 38 cm) showing examples of arti-
facts. Note the differences in artifacts size, primarily related to
the amount of metal in the heart valve prosthesis (Note: an
average-sized almond was placed in the left corner as a refer-
ence object). A: Heart valve prostheses numbers 1-12. B: Heart
valve prostheses numbers 13-24. The numbers correspond to
the scheme in Table 1 (note that MR images are not provided
for valves 25-32).

selection of imaging parameters (eg, use of a fast spin-
echo in comparison with a conventional spin-echo
pulse sequence) and by other means.

SUMMARY AND CONCLUSIONS

MRI safety was determined for 32 different heart valve
prostheses using ex vivo test procedures in association

Edwards et al.

with a 1.5-T MR system. All prosthetic heart valves were
tested for magnetic field interactions, heating, and arti-
facts. The data revealed only minor magnetic field inter-
actions with temperature changes that were substantially
below that known to pose a hazard to human subjects.
Artifacts were characterized as mild to severe in size.

Based on this information, these heart valve prosthe-
ses should not present a hazard with respect to move-
ment or dislodgement in MRI environments of 1.5 T or
less. Additionally, RF energy-induced heating associ-
ated with a whole-body averaged SAR of 1.1 W/kg will
not pose a risk to a patient with one of these heart valve
prostheses. Accordingly, these heart valve prostheses
should be considered “MR safe” according to the spe-
cific conditions used for testing.!
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