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Purpose:A gravitational valve (GV)may be used to treat hydrocephalus, offering possible advantages that include
avoidance of over drainage and long-term complications. Because a GV is made from metal, there are potential
safety and other problems related to the use of MRI. The objective of this investigation was to evaluate MRI-
related issues (i.e., magnetic field interactions, heating, and artifacts) for a newly developed, metallic GV.
Methods: Tests were performed on the GV (GAV 2.0) using well-accepted techniques to assess magnetic field in-
teractions (translational attraction and torque, 3-Tesla), MRI-related heating (1.5-T/64-MH and 3-T/128-MHz,
whole body averaged SAR, 2.7-W/kg and 2.9-W/kg, respectively), artifacts (3-Tesla; gradient echo and T1-
weighted, spin echo sequences), and possible functional changes related to exposures to differentMRI conditions
(exposing six samples each to eight different pulse sequences at 1.5-T/64-MHz and 3-T/128-MHz).
Results:Magnetic field interactions were not substantial (deflection angle 2°, no torque) and heating was minor
(highest temperature rise, ≥1.9 °C, highest background temperature rise, ≥1.7 °C). Artifacts on the gradient echo
pulse sequence extended approximately 10 mm from the size and shape of the GV. The different exposures to
1.5-T/64-MHz and 3-T/128-MHz conditions did not alter or damage the operational aspects of the GV samples.
Conclusions: The findings demonstrated that MRI can be safely used in patients with this GV and, thus, this me-
tallic implant is deemed acceptable or “MR Conditional” (i.e., using current labeling terminology), according to
the conditions used in this study.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Currently, the implantation of cerebral spinal fluid (CSF) shunt is the
most frequently used therapy for hydrocephalus [1]. The clinical picture
of hydrocephalus comprises a disturbed balance between CSF produc-
tion and resorption caused by various reasons, including obstructions
between the different CSF-filled compartments and pathologic CSF pro-
duction [1]. As a result, this imbalance leads to an overpressure in the
ventricles.

The implantation of a shunt serves to drain excess CSF from the ven-
tricles of the brain to other body compartments, such as the peritoneal
cavity, that are suited for resorption [1,2]. The shunt is implanted subcu-
taneously and essentially consists of at least one differential pressure
valve (DPV) or unit, a reservoir for CSF extraction and fluid control,
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and various flexible silicone catheters [1,2]. The DPV is technically char-
acterized by its opening pressure and serves to keep the intra-
ventricular pressure on a defined physiological level, to regulate the
CSF flow rate, and the flow direction [3]. Additionally, an anti-siphon
device, such as a gravitational unit, is part of the shunt, which prevents
the dangerous over drainage when the patient is in a standing position
[4–7].

Many different types of shunt devices exist which differ in size, func-
tional principal, operational features, and in materials [3]. In addition to
a simple DPV that has afixed opening pressure, there is also a “program-
mable valve” in which the opening pressure can be adjusted non-
invasively by means of magnetic forces using an externally applied
programmer. In all cases, the shunt valve type and the required opening
pressure are carefully selected by an experienced neurosurgeon de-
pending on the individual needs of the patient.

Nearly all modern-day valves contain para- and/or ferromagnetic
material or, in case of programmable (i.e., adjustable) valves, smallmag-
nets that are able to interact with an externally applied magnetic field.

For some types of programmable valves that incorporate magnets, it
is well known that relatively weak external magnetic fields (e.g., toy-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.mri.2017.07.018&domain=pdf
http://dx.doi.org/10.1016/j.mri.2017.07.018
mailto:frank.shellock@mrisafety.com
http://dx.doi.org/10.1016/j.mri.2017.07.018
http://www.sciencedirect.com/science/journal/0730725X
www.mrijournal.com


Fig. 1. a. Photograph of the GV (GAV 2.0) that underwent MRI testing. b. Basic diagram
showing the GV (GAV 2.0). Note the dimensions of this implant.
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related magnets or those in headphones) can unintentionally change
their opening pressure settings and, in certain cases, the function of
the valve can be damaged [3,8–14]. Not surprisingly, the power static
magnetic fields used by clinical magnetic resonance imaging (MRI) sys-
tems may create deleterious effects on these programmable valves and,
as such, patients that present with these implants must be identified
during the screening process in order to ensure their safety relative to
the use of MRI technology [15–17]. For example, magnetic field interac-
tions, exerting translational attraction and torque, could move or rotate
the implanted programmable shunt valve and/or act on the movable,
internal parts and adversely affect its function. In some cases, the
small magnets inside of programmable CSF shunt valves can either be
permanently damaged or have reversed polarity related to exposure
to the powerful static magnetic fields associated with MRI systems.
Other potential issues also exist including MRI-related heating of the
metallic components and the substantial signal loss and distortion arti-
facts caused by the high magnetic susceptibility associated with the
small magnets of the programmable valve [17]. The latter problem
may pose special risks for the patient because the diagnostically critical
details can be diminished or completely obliterated on the MR images
[15,16].

A gravitational valve (GV) is a viable alternative to the use of a sim-
ple programmable valve for certain patients [1,5–7]. Basically, a GV con-
sists of two valves in one housing - one is posture-independent and the
other is sensitive to the patient's postural changes. Recently, a new GV
(GAV 2.0) was developed that is made frommetallic materials. Consid-
ering the afore-mentioned concerns associated with MRI, the objective
of this investigation was to evaluate magnetic field interactions (trans-
lational attraction and torque),MRI-related heating, artifacts, and possi-
ble functional changes for this neurological implant.

2. Materials and methods

2.1. Gravitational valve

A newly developed, gravitational valve (GV) (GAV 2.0, Miethke
GmbH & Co. KG, Potsdam, Germany, www.miethke.com) underwent
MRI testing in this investigation. This unique GV is primarily a combina-
tion of a differential pressure unit (i.e., ball-in-cone technology with a
fixed opening pressure) and a gravitational unit (i.e., ball-in-cone tech-
nology responding to positional changes, variable opening pressure)
whose function depends on its inclination angle, thus, allowing it to re-
spond to the patient's postural changes (Fig. 1a and b). The gravitational
unit functions as an “anti-siphon-device” for effective protection and
prevention against over drainage when the patient is in a standing
position. The GV also has a pressure coding segment in which different
geometrical forms are located that can easily be recognized and distin-
guished on X-ray, and are specific to a given opening pressure combina-
tion for the patient's lying and upright postures (Fig. 2a and b). All
components are integrated in a single tubular housing made from tita-
nium alloy (TiAl6V4).

From an operational consideration, with the GV in the “lying” posi-
tion (Fig. 2a), the tantalumball is positioned such that there is no impact
on the other parts. The overall opening pressure is only determined by
the differential pressure unit with the GV in this position. In the
“upright” position (Fig. 3), themobile tantalumball pushes another sap-
phire ball, effectively increasing the opening pressure as the gravitation-
al unit is activated, automatically adjusting the opening pressure
according to the patient's posture.

2.2. MRI systems

For the MRI tests performed on the GV, the following MRI systems
were used: 1.5-Tesla/64-MHz (Magnetom, software version Numaris/4,
Version Syngo MR 2002B DHHS, Siemens Medical Solutions, Malvern,
PA) and 3-T/128-MHz MR system (Excite HDx, software version
14×.M5, GE Healthcare, Milwaukee, WI).

2.3. Magnetic field interactions

Testing for magnetic field interactions involved assessments of
translational attraction and torque for the GV at 3-Tesla.

2.3.1. Translational attraction
The deflection anglemeasurement techniquewas used to determine

translational attraction for the GV, as previously described [18–21].
Using this method, the GV was suspended from a 20-cm length of
light-weight string (b10% of the weight of the implant) that was at-
tached at the 0-degree position on a protractor that was fixed on a
test apparatus [18–21]. The test apparatus was positioned in the MR
system at the point of the highest “patient accessible” spatial gradient
magnetic field [22] which was 466-gauss/cm, as determined using a
gauss meter (Extech 480,823 Electromagnetic Field and Extremely
Low Frequency Meter; Extech, Nashua, NH). The deflection angle from
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Fig. 2. a. Detailed schematic of the GV (GAV 2.0). Note the various parts including the differential pressure unit, gravitational unit, and the pressure coding segment. The internal
components include a micro-spiral spring, two sapphire balls, one tantalum ball (which is heavier than the sapphire balls), and the coding form that varies according to an opening
pressure combination for the patient's lying and upright postures. Also, note the positions of the internal components as they would be oriented with the patient in a lying position. b.
The different geometrical forms located in the pressure coding segment of the GV (top) that can easily be recognized and distinguished on x-ray (bottom). Each coding form varies
according to an opening pressure combination for the patient's lying and upright postures.
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the vertical position to the nearest 1-degree was measured three times
and a mean value was calculated [18–21].

2.3.2. Torque
Magnetic-field induced torque was evaluated for the GV using a

previously described technique [18–21]. The test consisted of placing
the GV along its long axis on a near-frictionless, flat plastic plate with
millimeter markings at a 45-degree orientation relative to the direction
(i.e., horizontal) MR system's static magnetic field [18–21]. The plate
with the GV was then placed at the center of the scanner, where the
effect of torque acting on metallic object is known to predominate
[17–21]. Rotation (i.e., alignment) of the GV to the static magnetic
field was carefully observed with the investigator inside of the bore of
the MR system. This procedure was repeated to encompass a full 360-
degrees of rotation for the GV. Torque was characterized for the GV, ac-
cording to the following scale [18–21]: 0, no torque; +1: mild or low
torque, the implant moved slightly but did not align to the magnetic
field; +2: moderate torque, the occlusion balloon eventually aligned
to the magnetic field; +3: strong torque, the occlusion balloon aligned
rapidly to the magnetic field; +4: very strong torque, the implant
shows very rapid and forceful alignment to the magnetic field.
2.4. MRI-related heating

Because MRI-related heating for a metallic implant is different de-
pending on the transmitted RF frequency [17], the GV underwent eval-
uation at both 1.5-T/64-MHz and a 3-T/128-MHz in accordancewith the
recommendations of the American Society of Testing and Materials
(ASTM) International and based on prior reports [18–20,23,24]. The
GV was placed into the ASTM International phantom that was filled to
a depth of 10 cmwith gelled saline (0.8 g/L NaCl plus 5.85 g/L polacrylic
acid in distilled water) [18–20,23,24]. Notably, the GV was in a position
within the phantom that would result in possible substantial MRI-
related heating because of the high, uniform electric field that exists
tangential to the implant. This ensured extreme radiofrequency heating
conditions for this experimental setup that was based on an analysis of
the ASTM International phantom and the MRI conditions used for this
assessment [18–20,23,24]. Temperature measurements were obtained
using a fluoroptic thermometry system (Model 3100, LumaSense Tech-
nologies, Santa Clara, CA)with temperature probes placed on either end
and in the middle of the GV [18–20,23,24].

MRI was conducted at 1.5-Tesla/64-MHz and 3-T/128-MHz using
the transmit body radiofrequency (RF) coil and parameters that would



Fig. 3.With the patient in a standing position (i.e., “upright” position for the GV), the tan-
talum ball within the gravitational unit moves against the sapphire ball, increasing the ef-
fective opening pressure, thus, counteracting the related high hydrostatic suction, creating
an anti-siphoning effect.
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generate a relatively high MR system-reported, whole body averaged
specific absorption rate (SAR) in each case (1.5-T/64-MHz, whole
body average SAR, 2.7-W/kg; 3-T/128-MHz, whole body average SAR,
2.9-W/kg) for a total imaging time of 15 min [18–24]. The land-
marking position (i.e., the center position or anatomic region for MRI)
and section locations were selected to encompass the entire area of
the GV.

2.4.1. Experimental protocol
TheGVwas positioned in the phantom, as previously-described. The

fluoroptic thermometry system was calibrated and the fluoroptic ther-
mometry probes were applied to the implant. The head/torso phantom
was filled with the gelled-saline and allowed to equilibrate to the envi-
ronmental temperature for N24 h, in each MRI environment (i.e., 1.5-T/
64-MHz and 3-T/128-MHz). The room and MR system bore tempera-
tures were at constant levels throughout the experimental sessions.
After recording baseline temperatures (5 min), MRI was conducted for
15 min with temperatures recorded at 5-s intervals. The MRI-related
heating tests were performed on separate days at 1.5-Tesla/64-MHz
and 3-Tesla/128-MHz. The highest temperature changes recorded by
the fluoroptic thermometry probes are reported for the GV for each
MRI condition.

In addition, background temperatures (i.e., without the GV present
in the phantom) were recorded in the gelled-saline-filled ASTM Inter-
national phantom my measuring temperatures under the same condi-
tions with the temperature probes positioned in the same positions as
those used with the GV present in the phantom [18–20,23,24].

2.5. Assessment of artifacts

Artifacts were assessed for the GV at 3-Tesla according to a
previously-described protocol [18–20,24]. MRI was performed with
the implant attached to a plastic frame that was placed inside of the
gadolinium-doped, saline-filled, plastic phantom. A transmit send/re-
ceive RF head coil (i.e., for increased signal-to-noise) and the following
pulse sequences were used: T1-weighted, spin echo; repetition time,
500msec; echo time, 20msec;matrix size, 256× 256; section thickness,
5 mm; field of view, 24 cm; number of excitations, 2; bandwidth;
16 kHz; and gradient echo pulse sequence (GRE); repetition time,
100 msec; echo time, 15 msec; flip angle 30°; matrix size, 256 × 256;
section thickness, 5 mm; field of view, 24 cm; number of excitations,
2; bandwidth, 16 kHz [18–20,24]. The imaging planes were positioned
to include the long and short axes of the GV and selected image loca-
tions were obtained through the implant after inspection of multiple
“scout” MR images to represent the largest or worst-case artifact size.
This ensured that the sizes of the artifacts were not underestimated.
The image display parameters (i.e., window and level settings, magnifi-
cation, etc.) were selected and applied in a consistent manner to ensure
accurate measurements. Planimetry software provided with the MR
system was utilized to measure (accuracy and resolution ±10%) the
cross-sectional areas of the largest artifact size for the GV, for each
pulse sequence and imaging plane associated [18–20,24]. This well-
accepted methodology of characterizing artifacts has been applied in
previous investigations, and thus, provides an acceptablemeans of com-
parison to other implants [18–20,24].

2.6. Assessment of exposures to 1.5-Tesla/64-MHz and 3-Tesla/128-MHz
MRI conditions

To determine if the GV sustains a change in function or is damaged,
experiments were performed to assess the effects of exposing multiple
samples of this implant to 1.5-Tesla/64-MHz and 3-Tesla/128-MHz
MRI conditions, according to a previously methodology [18–20,24]. A
total of 12 samples of the GV underwent comprehensive evaluations in-
volving a range of tests that were designed and performed by the man-
ufacturer (Miethke GmbH& Co. KG, Potsdam, Germany) to characterize
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the functional aspects of these implants before and after exposing them
to the MRI conditions. Six different samples of the GV oriented in or-
thogonal planes (2, axial; 2 sagittal; 2, coronal) were subjected to
eight different pulse sequences selected to be representative of typical
clinical imaging techniques in order to cover a range of possible scenar-
ios with regard to having a patient with this implant undergoingMRI at
1.5-Tesla/64-MHz or 3-Tesla/128-MR systems (Table 1) [18–20,24].

The samples of the GV were attached to a fluid-filled, cylinder-
shaped phantom using porous paper tape (i.e., two samples each
positioned in each of the three orthogonal orientations). The cylinder-
shaped phantomwith the samples was then placed into a larger plastic
phantom (length, 40 cm; width, 30 cm; height, 22 cm) filled with ap-
proximately 5 l of normal saline to provide a conductive medium
around the implants and to “load” the transmit/receive RF body coil
for each respective MR system [18–20,24].

After performing the pre-MRI functional test procedures, MRI was
then conducted on the cylinder-shaped phantom with the six different
samples of the GV after it was placed inside of the water-filled box-
shaped phantom using the 1.5-Tesla/64-MHz and 3-Tesla/128-MHz
MR systems. The land-marking position (i.e., the center position or ana-
tomic region for the MRI) and multiple section locations were selected
to encompass every GV sample to ensure thorough and complete expo-
sures to theMRI conditions. After the respective exposures, eachGVwas
carefully removed, returned to the manufacturer, and post-MRI func-
tional testing was conducted.
3. Results

Themean deflection angle for the GVwas 2± 0° and the torquewas
0, no torque. The highest temperature rise for the GV at 1.5-Tesla/64-
MHz was 1.6 °C (highest background temperature rise, 1.4 °C) and at
3-Tesla/128-MHz it was 1.9 °C (highest background temperature rise,
1.7 °C).

The artifact size results for the GV are presented in Table 2. Artifacts
appeared as low signal intensity signal voids that were relatively small
in relation to the size and shape of the GV, with no apparent distortion
seen on the MR images. The GRE pulse sequence produced larger arti-
facts than the T1-weighted, spin echo pulse sequence. The greatest
amount of signal loss extended approximately 10 mm in relation to
the size and shape of this implant as seen on the GRE sequence. Fig. 4a
and b show examples of the artifacts for the GV.
Table 1
Parameters used to expose the GV (six samples each) to 1.5-Tesla/64-MHz and 3-Tesla/128-M

1.5-Tesla/64-MHz MRI conditions

Pulse Sequence #1 #2 #3 #4

T1-SE T2-SE T1-FSE T2-F

TR (msec.) 700 3000 700 500
TE (msec.) 10 100 12 113
Flip angle N/A N/A N/A N/A
Field of view 30 cm 30 cm 30 cm 30 c
Section thick 10 mm 10 mm 10 mm 10 m
Imaging plane Axial Axial Axial Axia

3-Tesla/128-MHz MRI conditions

Pulse Sequence #1 #2 #3 #4

T1-SE T2-SE T1-FSE T2-F

TR (msec.) 700 3000 700 500
TE (msec.) 10 100 12 113
Flip angle N/A N/A N/A N/A
Field of view 30 cm 30 cm 30 cm 30 c
Section thick 10 mm 10 mm 10 mm 10 m
Imaging plane Axial Axial Axial Axia

(T1-SE, T1-weighted spin echo; T2-SE, T2-weighted spin echo; T1-FSE, T1-weighted fast spin ec
fast gradient echo; MTC, magnetization transfer contrast; EPI, echo planar imaging; N/A, not ap
Based on the tests performed to characterize the functional aspects
of the GV, there was no evidence of a change in function or damage
for test sample in association with exposures to the 1.5-Tesla/64-MHz
and 3-Tesla/128-MHz MRI conditions. Thus, the function of each GV
sample was preserved, especially the characteristic opening pressure
value associated with a “lying” versus an “upright” position.

4. Discussion

The particular GV (GAV 2.0) that underwent MRI testing is an im-
proved type of shunt implant because it was specially developed for
both adult and pediatric applications, as well as for other reasons. For
example, an important feature of this GV is a design that optimizes
the CSF flow path, which may diminish the possibility of occlusion. Ad-
ditionally, the size of this GV (i.e., 4.2-mm width × 23-mm length) is
critical because it is intended to minimize or prevent irritation and/or
rupture of delicate skin, especiallywhen implanted in newborns and in-
fants. This GV integrates several characteristic coding geometries that
facilitate the distinction of the different opening pressure combinations
as seen on x-ray (Fig. 2b). Thus, confusion regarding the particular GV
version (i.e., a certain geometric form is associated with a certain open-
ing pressure combination) that is present in the patient is effectively
avoided. According to an analysis of the patient's clinical needs, a full
range of pressure-stage-combination are provided by the different ver-
sions of this GV (i.e., lying/upright posture - 5/35 cmH2O, 5/20 cmH2O,
10/25 cmH2O, 5/30 cmH2O,10/30 cmH2O, and 5/25 cmH2O) The gravi-
tational unit integrated in the GV serves to compensate for the high hy-
drostatic suction that, according to the laws of physics, is always and
unavoidably present when the patient is in a standing position. Because
this GV is made from metallic materials, possible risks exist for the pa-
tient related to MRI [17].

4.1. MRI test findings

The deflection angle measured for the GV was 2° and there was no
torque exhibited by this implant. According to ASTM International
[21], “…if an implant deflects less than 45°, then the magnetically in-
duced force is less than the weight of the implant.” Therefore, GV is
well within the acceptable criterion for translational attraction for this
implant. Thus, from a magnetic field interaction consideration, this im-
plant poses no risk to a patient undergoing MRI at 3-Tesla or less.
Hz MRI conditions.

#5 #6 #7 #8

SE GRE, 3D FGRE, 3D GRE, MTC EPI

0 20 3.7 628 3400
3 1.1 10 103
25 8 5 N/A

m 30 cm 30 cm 30 cm 30 cm
m 3 mm 3 mm 10 mm 1 mm
l Volume Volume Axial Axial

#5 #6 #7 #8

SE GRE, 3D FGRE, 3D GRE, MTC EPI

0 20 3.7 628 3400
3 1.1 10 103
25 8 5 N/A

m 30 cm 30 cm 30 cm 30 cm
m 3 mm 3 mm 10 mm 1 mm
l Volume Volume Axial Axial

ho; T2-FSE, T2-weighted fast spin echo; GRE, gradient echo; 3D, three-dimensional; FGRE,
plicable; GRE, gradient echo; SE, spin echo; SAR, specific absorption rate).



Table 2
Artifact size at 3-Tesla for the GV.

Pulse sequence Area (mm2) Imaging plane

T1-spin, echo 455 Long axis
T1-spin, echo 300 Short axis
GRE 799 Long axis
GRE 768 Short axis
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Excessive temperature rises may be generated in metallic implants
during MRI, resulting in patient injuries [17]. MRI-related heating per-
formed at relatively high, MR system reported SAR levels at 1.5-Tesla/
64-MHz (whole body averaged SAR, 2.7-W/kg) and 3-Tesla/128-MHz
(whole body averaged SAR, 2.9-W/kg) was relatively minor for the GV
(i.e., highest temperature rise, ≥1.9 °C, highest background temperature
rise, ≥1.7 °C). Thus, these findings demonstrated that heating is not con-
cern for this metallic implant.

Artifacts extended approximately 10 mm in relation to the size and
shape of the GV as seen on the GRE sequence at 3-Tesla, such that anat-
omy located at a position greater than this distance may be visualized
on MRI (i.e., in association with comparable imaging parameters).
Fig. 4.MR images showing artifacts at 3-Tesla for the GV on gradient echo pulse sequence.
a, Section location oriented to the long-axis of the GV. b, Section location oriented to the
short axis of the GV (note the line corresponding to the plastic frame to which the GV
was attached).
Given the importance of maintaining the diagnostic integrity of MRI,
consideration should be given to reducing the size of the artifact when
this GV is implanted in or near the area of interest by selecting imaging
parameters that are optimized (e.g., use a fast spin echo pulse sequence,
increase the read-out bandwidth, increase thematrix size, decrease the
voxel size, etc.) or by implementing MR system-based, metal reduction
software (e.g., metal artifact reduction sequence, MARS, or slice
encoding for metal artifact correction with view angle tilting, SEMAC-
VAT).

Amalfunctioning or damaged GV can cause serious problems for the
patient due to over drainage and/or elevated intracranial pressure.
Therefore, it is essential to identify possible functional alterations that
could potentially occurwith this implant in associationwithMRI. Fortu-
nately, the different exposures to 1.5-T/64-MHz and 3-T/128-MHz con-
ditions did not alter or damage the operational aspects of the GV
samples. This is not surprising considering that the primary materials
(titanium alloy, tantalum, sapphire) comprising this implant have rela-
tively low magnetic susceptibility values. Importantly, unlike
magnetically-programmable, CSF shunt valves, the function of this GV
(GAV 2.0) will not be impacted by the electromagnetic fields used for
MRI.

5. Conclusions

MRI testing performed on the GV demonstrated that this implant is
acceptable or, using current MRI labeling terminology [25], “MR Condi-
tional” (i.e., an item that has been demonstrated to pose no known haz-
ards in a specified MR environment with specified conditions of use) at
1.5-T/64-MHz and 3-T/128-MHz. This information is noteworthy when
screening a patientwith thismetallic implant device because there is no
reason to withhold MRI from patients that have this shunt device.
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