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A B S T R A C T

BACKGROUND AND PURPOSE: The evaluation of a suspected malfunction of a ventricular shunt is a common procedure
in neurosurgery. The evaluation relies on either the interpretation of the ventricular width using cranial imaging or invasive
techniques. Several attempts have been made to measure the flow velocity of cerebrospinal fluid (CSF) utilizing different phase-
contrast magnet resonance imaging (PC MRI) techniques. In the present study, we evaluated 3 T (Tesla) MRI scanners for their
effectiveness in determining of flow in the parenchymal portion of ventricular shunt systems with adjustable valves containing
magnets.
METHODS: At first, an MRI phantom was used to measure the phase-contrasts at different constant low flow rates. The next
step was to measure the CSF flow in patients treated with ventricular shunts without suspected malfunction of the shunt under
observation.
RESULTS: The measurements of the phantom showed a linear correlation between the CSF flow and corresponding phase values.
Despite many artifacts resulting from the magnetic valves, the ventricular catheter within the parenchymal portion of shunt was
not superimposed by artifacts at each PC MRI plane and clearly distinguishable in 9 of 12 patients. Three patients suffering from
obstructive hydrocephalus showed a clear flow signal.
CONCLUSION: CSF flow detected within the parenchymal portion of the shunt by PC MRI may reliably provide information
about the functional status of a ventricular shunt. Even in patients whose hydrocephalus was treated with magnetic adjustable
valves, the CSF flow was detectable using PC MRI sequences at 3 T field strength.
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Introduction
Hydrocephalus has been defined as an active distension of the
ventricular system of the brain resulting from inadequate pas-
sage of cerebrospinal fluid (CSF) from its point of production
within the cerebral ventricles to its point of absorption into the
systemic circulation.1 Causes are manifold and range from in-
fections, cerebral venous stenosis, vascular pulsatility changes,
cervicarthrosis, tumor association, congenital malformations to
intracranial bleeding. Underlying mechanisms are flow distur-
bances of the CSF either in production, absorption, or trans-
mission. Normally, an average of 500 cm3 of CSF is produced
in a circadian rhythm by the choroid plexus in the internal ven-
tricular space.2 The total volume of intracranial CSF is, how-
ever, only about 150 cm3. The CSF turnover depends on age,
hormone status, or underlying cerebral pathologies.3 In normal
circumstances, fluid flows from the ventricles into the subarach-
noid space, and is reabsorbed mainly by arachnoid granula-
tions, parenchymal capillaries, and the lymphatic system of the
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brain and spinal cord.4,5 An interruption of these processes may
lead to disturbances of CSF circulation, which can often be ac-
companied by a rapid increase in the volume of CSF in the
internal ventricular space and resulting in elevated intracranial
pressure (ICP). In contrast, the specific form of normal pres-
sure hydrocephalus (NPH) shows undulating pressure changes
without substantially increasing the amount of CSF. In most
cases, hydrocephalus is treated by ventriculoperitoneal shunt-
ing (VPS), and a considerable number of shunting systems from
different manufacturers are currently available. Where these
systems differ from each other in particular is in the techni-
cal functionality of the valve, nonprogrammable versus pro-
grammable valves, the latter of which are now adjustable by
magnetic locking systems. In a subset of available systems, that
is, Sophysa Polaris and Miethke ProGav, the magnets are ar-
ranged in such a way that an accidental change of pressure
range is practically impossible up to 3 Tesla (T) magnetic field
strength.6,7 Magnetic resonance imaging (MRI) up to 3 T can
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be, therefore, safely conducted. Moreover, a recent study sug-
gests that with these valves, smaller artifacts are observed in
3 T MR scanners.8 Nevertheless, due to the magnetic field of
the implanted valves, which is depending on the pressure set-
ting of the valve, considerable distortions of the MR images can
be generated.9

Evaluating a suspected malfunction of a VPS is a common
procedure in neurosurgery. In practice, the evaluation relies ei-
ther on the interpretation of the ventricular width using cross-
sectional imaging modalities, such as cranial computed tomog-
raphy (CT) and MRI, or on invasive techniques like surgical
revision or radionuclide study.10 During the last few decades,
several attempts have been made to measure the flow veloc-
ity of CSF utilizing functional MRI techniques. Drake et al al-
ready showed the capability of phase-contrast (PC) MRI tech-
niques in 1991.11 Furthermore, Kurwale and Agrawal proved
the accessibility of the intracranial ventricular catheter to de-
termine shunt obstruction.12 The signal-to-noise ratio (SNR) of
the 1.5 T MRI scanners, as well as the increasing number of
adjustable, magnet-containing valves, is, however, preventing
more widespread adoption of these techniques in cranial MRI.
The determination of a PC MRI sequence, which could eas-
ily be obtained in addition to routinely performed previously
established clinical cranial MRI sequences, would, therefore,
seem advantageous. In the present study, we analyzed the ef-
ficacy of the 3 T MRI for determining the proper function of
ventricular shunt systems by using customized phase-contrast
imaging techniques. These MRI sequences were applied and
verified on a custom-built MRI phantom and then subsequently
with patients suffering from hydrocephalus of different etiolo-
gies who had been treated with VPS systems that contained
adjustable valves with considerable magnetic components.

Materials and Methods
The ethics committee of the Medical Faculty of the University
of Magdeburg approved the study in compliance with national
legislation and the Code of Ethical Principles for Medical Re-
search Involving Human Subjects of the World Medical Asso-
ciation (Declaration of Helsinki). Written informed consent was
obtained from all subjects prior to the scans.

Methods

All MRI procedures were conducted using an MRI scan-
ner with a 3 T magnet field strength. Phantom measure-
ments were carried out using a MAGNETOM Skyra equipped
with a 32-channel head coil (43 mT/m Maximum Absolute
Gradient Amplifier Power, 180 mT/[m*ms] Maximum Abso-
lute Slew Rate). A MAGNETOM Prisma equipped with a
64-channel head/neck coil was used to acquire actual patient
data (80 mT/m Maximum Absolute Gradient Amplifier Power
200 mT/[m*ms], Maximum Absolute Slew Rate). Due to the
large head size, one patient had to be scanned with a 20-channel
head/neck coil. Both systems are produced by Siemens Health-
ineers, Erlangen, Germany.

As a first step, an MRI phantom was built using a hollow
styrofoam ball with a 15 cm outside diameter and a 12 cm in-
side diameter. This was filled with gel candle wax, serving as
background signal as well as locking the embedded catheters in
place. Two parallel ventricular catheters with a 1.3 mm inside
and 2.5 mm outside diameter usually used for external ventric-

ular drainage were centrally inserted into the phantom 3 cm
apart. In addition to that, a Sophysa Polaris valve with 6 cm
distance to the catheter plane was attached in a cut-out on top
of the phantom to mimic MRI artifacts caused by the magnetic
valve in vivo. Both catheters were filled with NaCl .9% to mimic
CSF. Each catheter was connected to a syringe pump filled with
NaCl .9% to allow for different constant flow rates (1, 2, 5, 10,
15, and 20 mL/hour) to be applied. Moreover, one catheter al-
lowed flow to be applied in a craniocaudal direction, whereas
the other allowed for caudocranial flow of NaCl .9%. The sec-
ond fluid-filled catheter was used as a stationary fluid signal. At
each flow level, four phase-contrast images perpendicular to the
ventricular catheter diameter were acquired.

Patients

Twelve patients suffering from hydrocephalus of different ori-
gins were enrolled into the study (five males and seven females,
mean age: 51.3 years, age range: 27-76 years). Four patients had
been treated for hydrocephalus with obstruction of the aque-
duct of Sylvius and five patients suffered from hydrocephalus
formerly known as communicating. Of these five patients, three
suffered with obstruction of basal cisterns (postinfectious or
postsubarachnoid hemorrhage), one with venous outflow ob-
struction, and one with unknown origin. Three patients had un-
dergone therapy for NPH.

All patients had been treated by having had a VPS with an
adjustable magnetic valve (Type Polaris, Sophysa SA, Orsay,
France) implanted in our department. The implanted ventricu-
lar catheters resemble the catheters used within the phantom (ie,
1.3 mm inside and 2.5 mm outside diameter). Two patients re-
tained pre-existing ventricular catheters, which were connected
to the newly implanted magnetic adjustable valve. Valve pres-
sure settings were controlled before and after MRI. During
MRI procedures, all patients were in clinically stable settings
without symptoms of shunt dysfunction. No contrast agent was
applied.

MRI studies were begun by obtaining a short localizer,
followed by a T2-weighted 3D imaging set in order to iden-
tify the ventricular shunt catheter pathway and adjust phase-
contrast measurements alongside the intracathetral CSF flow
in question. The flow was measured using a phase-contrast
sequence,13,14 which is based on an rf-spoiled gradient echo
sequence with quantitative flow encoding. The sequence was
modified so that it would work properly in the expected range
of very slow flow rates. In brief, the signal of a moving hydro-
gen nucleus acquires a phase difference in contrast to stationary
nuclei. This difference can be detected and converted to quanti-
tative velocity information. Though the sequence allows to ac-
quire 3D and time-resolved data, only 2D data without tem-
poral resolution were measured. PC MRI has been a widely
used technique to predominantly measure blood flow.15,16 As
only the flow inside the catheter was of interest for this study,
a slice was positioned perpendicular to the shunt and only the
through-plane flow was measured. Velocity encoding (VENC)
was adapted to account for variables in expected flow rates
within different patients due to the underlying cause of shunt
dependency. Comparing with former sequences used by Markl
et al, the sequence user interface was modified to allow an
unusually low VENC of .1 cm/second. However, measure-
ments with a VENC below .3 cm/second did not yield usable
data in vivo. Therefore, we used VENC settings of .3, .5, and
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Table 1. Scan Parameters of Depicted MRI Images

Figure 2 Figure 3A-C Figure 4A-C Figure 5

Sequence PC-MRI 2D T2 TSE-VFL 3D PC-MRI 2D PC-MRI 2D
Resolution (mm) .33 × .33 (x10) 1 iso .53 × .53 (x5/10) .3 × .3 (x10)
FoV (px) 167 × 167 192 × 192 219 × 219 219 × 219
Matrix size (voxel) 512 × 512 192 × 192 × 80-224 416 × 416 736 × 726
Voxel volume (mm3) 1.089 1 1.4045/2.809 .9
Slice thickness (mm) 10 1 5/10 10
Slices 4 80-224 3-10 2
TR (millisecond) 35.8(/2) 3,300 49.8(/2) 80.2(/2)
TE (millisecond) 13.6 241.00 22.20 27.16
FA (deg) 7 120 (variable FA) 15 50
BW (Hz/px) 270 385 500 80
TA (minute:second, per Avg.) 01:13 04:14-12:06 01:02-03:27 01:58
VENC (cm/second) 1.0 - .3 .3

PC, phase contrast; 2D, two-dimensional; 3D, three-dimensional; TSE, turbo spin echo; VFL, variable flip angle; iso, isotropic resolution; FoV, field of view; TR, time
of repetition; TE, echo time; FA, Flip angle; BW, bandwidth; TA, time of acquisition; VENC, velocity encoding.

Fig 1. (A) Magnitude image of saline-filled catheters in phantom, (B) corresponding phase-contrast image with (1) valve artefact, enlarged
detail with (2) saline-filled unconnected catheter, and (3) catheter attached to syringe with preset flow (10 mL/hour) and flow velocity of
.311 cm/second; depiction of voxel size in proportion to shunt tube in vitro.

1 cm/second. Depending on a straight course of the catheter,
up to five PC MRI images could be obtained within one ac-
quisition alongside the catheter pathway. Each PC image voxel
signal intensity represents another segment of the catheter with
different orientation to the magnetic valve leading to a different
mean background signal. A minimum of five measurements at
consecutive time points were obtained per patient to account
for pulsatile flow of CSF. The measurements were not time-
resolved or scanned in an electrocardiogram (ECG)-triggered
fashion. The specific scan parameters of the obtained T2 3D
scans and the PC MRI scans are depicted in Table 1.

Flow calculations were made by identification of the catheter
lumen in the magnitude image and analysis of respective vox-
els in the PC MRI data. Voxels located on the edge with pos-
sible overlay of the catheter signal were omitted. Due to the
small size of the inside diameter of the catheter and a lower
resolution, in vivo only one or two voxels were displayed cen-
trally. Outside of the catheter, a reference area of 120 mm2 with
2 mm distance to the catheter was defined, and the mean back-
ground signal was measured. We used this to correct the in-
traluminal flow signal for eddy current artifacts and any other
effects influencing the background phase. Further calculations

were done using a spreadsheet (Microsoft excel 2016). A signal
increase above 5% in comparison with the mean background
signal in different consecutive PC measurements with a VENC
of .3 cm/second was considered positive for intraluminal flow.

Results
In Vitro Flow Imaging (Phantom)

As shown in Figure 1, in the PC MRI, both catheters (stationary
and flowing condition) were able to be detected with accuracy
despite the interfering artifacts of the overlying magnetic valve
and the small diameter of the catheter. While the fluid in the
catheter without induced flow exhibited no signal differences
in comparison to the surrounding stationary matter, the phase-
contrast signal within the moving fluid was clearly distinguish-
able from solid material adjacent to the catheter. The graph in
Figure 2 shows the PC MRI signal intensity in relation to the
flow of the physiological saline solution within the catheter. A
clear linear correlation between the adjusted flow rate and the
resulting PC MRI signal is noticeable. However, the detected
flow signal was constantly shown to overestimate the hypothet-
ical calculated flow rate.
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Fig 2. In vitro correlation between constant saline syringe pump flow in right- and left-sided catheter and flow velocity compared to expected
flow based on plug-flow assumption. SD, standard deviation.

Fig 3. T2-weighted 3D MRI sequence with angular adjustments to ventricular catheter pathway; yellow mark: phase-contrast image plane.

Fig 4. Phase-contrast images corresponding to patients in (A) and (B) hydrocephalus with obstruction of the aqueduct of Sylvius with flow
signal (C) communicating hydrocephalus without apparent flow signal.

In Vivo Flow Imaging (12 Patients)

Figure 3 shows examples of a typical T2-weighted image of
intracranial courses of VPS in patients suffering from hydro-
cephalus of different etiologies. The ventricular catheters of all
12 patients were clearly detectable at full length in both the in-
traventricular and parenchymal portions regardless of the valve
position on the skull. Some regions displayed signal loss in the

area surrounding the magnetic valves (see artifacts in Fig 3B). In
contrast, Figure 4 shows the corresponding phase-contrast im-
ages depicting large regions of artifacts and distortions due to
the magnetic moments of the valves. It is obvious that these arti-
facts in vivo are more spatially extended than those occurring in
vitro. However, in 9 out of 12 patients, the phase-contrast imag-
ing of the catheter was feasible. In the remaining three patients,
the whole intracranial course of the catheter fell into the region
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Fig 5. Example of artifact in phase-contrast MRI scan overlying complete catheter course in magnitude (left) as well as phase-contrast image
(right).

Table 2. Signal Intensity Values of Depicted Patient Measurements

Intraluminal
signal intensity

Background
signal intensity

Phase shift
in %

Figure 4A 450 –373.362 10.05
814 –181.775 12.16
510 –77.399 7.17
118 –559.217 8.27
799 120.083 8.29

Figure 4B 779 –448.317 14.98
662 –404.968 13.03

1,814 –249.138 25.18
1,004 –283.459 15.72
1,158 –285.353 17.62

Figure 4C –63 –78.945 .19
84 –92.06 2.15
22 –70.353 1.13
–36 –117.381 .99
–34 –51.486 .21

of the valve artifacts in the PC MRI scans, and consequently
flow measurements could not be obtained (Fig 5). Figures 4A
and B show the phase-contrast imaging of CSF flow within the
catheter of the VPS. A clear phase shift is detectable in con-
trast to the adjacent brain tissue. These were obtained from two
patients suffering from hydrocephalus with obstruction of the
aqueduct of Sylvius (oHC). Figure 4C shows the imaging re-
sults of a patient with NPH. No considerable CSF flow in the
catheter was determinable. Table 2 displays in detail the de-
tected signal intensity values of the depicted measurements.

In summary, in three of the four patients with oHC, a clear
CSF flow was detectable. In the fourth oHC patient, as well
as in two out of the five patients with communicating hydro-
cephalus (cHC), the catheter was not visually accessible due to
the magnetic field distortions, and phase-contrast imaging was
not feasible. In the remaining three cHC patients, as well as
in all four NPH patients, phase-contrast imaging was reliably
feasible but revealed no noticeable CSF flow.

Discussion
Despite technically advanced VPS systems, the rate of shunt
malfunction in the first year after implantation is still over 30%

and in up to 80% of all implanted shunts, a malfunction will oc-
cur during the patient’s lifetime.7,17,18 The care of patients with
shunt-requiring hydrocephalus is, therefore, extremely com-
plex. As there are sometimes very unspecific symptoms of mal-
function, such as slight headaches, nausea, and vomiting, the
assessment of shunt malfunction is a highly important task for
neurosurgeons, especially in cases involving children.19,20 Di-
agnostic methods for the most part consist of imaging tech-
niques, such as high-resolution structural MRI and CT.10,21 In
addition to detecting an enlargement of the internal ventricu-
lar system, these cross-sectional imaging modalities may show
transependymal edema and periventricular edema as signs of
a CSF circulation disorder and its resulting pressure increase.
These radiological signs are, however, based on an already ele-
vated volume of CSF accumulation. In patients with low toler-
ance limits for ICP, even a reduced flow rate due to partial shunt
obstruction can lead to neurological deterioration. The reliable
verification of proper shunt functioning is currently only pos-
sible with the use of invasive methods, which primarily consist
of radionuclide studies or infusion tests using shunt puncture
and surgical revision.22-24 A majority of revision surgeries are
able to confirm a malfunction of the shunt system with suspen-
sion of the CSF flow. Nonetheless, shunt systems that do work
properly are frequently assessed by surgery,20 and regular flow
rates in properly working shunt systems have been shown to
range between 3 and 30 mL/hour.23 In the 1990s, MRI was al-
ready being used to measure flow velocities of CSF in shunt
systems.11 These studies proved the feasibility of using phase-
contrast imaging in high-field MRI with up to 1.5 T magnetic
field strength for the evaluation of CSF flow in shunt systems,
yet flow rates below 2 cm3/hour could not be reliably detected
with this method. Subsequent efforts to reliably measure lower
flow rates in properly working shunt systems showed a low-
est detectable flow rate of 1.7 cm3/hour.25 Nevertheless, due to
the magnetic moments of the advanced valves and the result-
ing considerable distortions within the MRI, a more common
application of the method was limited.

In Vitro Flow Imaging (Phantom)

In the present study, we proved in principle the feasibility of
PC MRI of CSF flow in VPS using magnetically adjustable
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valves with 3 T magnetic field strength MRI scanners. In a first
step, a very simple MRI phantom was utilized to observe valve-
induced distortions and their effects on phase-contrast imaging
in a 3 T scanner. As shown in Figure 2, it has been clearly
demonstrated that, under ideal conditions, the flow within the
catheter is reliably measurable despite artifacts caused by the
magnetic moments of the valves. The resulting phase differ-
ences are flow-rate dependent in a linear manner as would be
expected from the measurement principle. This linear relation-
ship would, therefore, allow for quantitative testing of the flow,
which would be a tremendous benefit in clinical routine and
follow-up care of patients with VPS. However, comparing the
hypothetical to the actual measured patient flow rates shows
a tendency of the phantom imaging to measure continuously
higher flow rates than have been mechanically applied by the
syringe pump. A main contributor to this is probably the lam-
inar flow inside the catheter. To avoid the influence of a par-
tial volume effect of marginal voxels inside the diameter of the
catheter, only voxels entirely displayed within the lumen were
considered, thus allowing only measurements of the peak flow
in the center.

The present results are in line with previous studies that used
MRI scanners with lower magnetic field strengths (1.5 T).11,26

These studies demonstrated that the phase-contrast signals of
moving CSF appear directly proportional to CSF velocity. Our
research concurs with these studies, and we consider that under
ideal conditions using, it would be feasible to determine a CSF
flow rate down to .5 cm3/hour using this method, which would
correspond to a CSF flow of 12 cm3/day and be appropriate for
hydrocephalus of almost all etiologies.

In Vivo Flow Imaging (12 Patients)

Distortions within the phase-contrast images caused by mag-
netic moments of valves were much more conspicuous in pa-
tient scans than in the phantom scans. Due to this, the ideal
conditions found in the in vitro evaluation were not found
while imaging real patients; it was noticeable that the quality
of the phantom scans was higher and that the number of ar-
tifacts caused by the valve was lower. This may be related to
the position, orientation, or pressure setting of the phantom’s
valve relative to the imaged slice. Uchida et al showed a notice-
able increase in MRI artifact size depending upon the pressure
settings.8,9 In the presented patient group, individual pressure
settings lay in between 110 and 200 mmH2O, correspondingly
accounting for an increase in artifact size. In many patients, the
placement of the valve has often been determined on an indi-
vidual basis. In addition, in vivo measurements are generally
more susceptible to artifacts due to the longer Echo time (TE)
(which itself is due to the lower VENC). While the phantom is
of course an immobile object, human patients will of necessity
move within the scanner, at least slightly, because of necessary
physiological processes (eg, muscle relaxation, breathing, and
heartbeat).27 For this reason, measurements with a VENC be-
low .3 cm/second did not yield usable data. The longer TE al-
lowed for minimal shifts of the catheter position. To improve
the SNR, we decided to use a higher slice thickness. Since the
slice is orientated perpendicular to the shunt, which is without
curvature within the slice, the flow conditions through the slice
are expected to remain the same. Only the flow along the shunt
is of interest; perpendicular flow components are not expected
due to the shunt geometry. The flow measurement was, there-

fore, carried out exclusively “through-plane.” Only the directed
through to the slice or along the shunt was measured. In this re-
spect, only a high resolution in the plane is important in order
to be able to assess the flow conditions within the shunt. Apart
from this, in-vivo anatomy is not homogeneous (while the struc-
ture of the gel wax phantom is) and is instead characterized by
changing tissue types and air-filled structures (eg, the sinuses).
Unfortunately, a further reliable flow quantification has not yet
been possible due to interference by artifacts from the valve and
inadequate resolution in images of the intraluminal portion of
the catheter.

Despite this, in 9 out of 12 patients, it was possible to ana-
lyze, whether a CSF flow occurred within the catheter. A clear
CSF flow was detectable particularly in oHC patients, which
indicates a potential role for PC MRI in postoperative follow-
up. In contrast, in cases of NPH and cHC, no CSF flow was
evident. Several causes may contribute to these results. First,
all observed patients were symptom-free. In patients who suf-
fered from cHC (eg, after meningitis or subarachnoid hemor-
rhage) years after the implantation of the shunt, the possibil-
ity of shunt independency should be acknowledged.28-32 The
issue of NPH is even more complex. The term “normal pres-
sure” hydrocephalus is in itself somewhat confusing since the
CSF pressure may indeed measure within normal ranges.33 The
exact pathophysiology of NPH is still unknown.34,35 However,
continuous CSF pressure measurements in NPH cases have re-
vealed waves of increased pressure, particularly during rapid
eye movement sleep.31 Since all patients were awake during
the measurements taken in the present study, a missing flow
signal does not preclude a shunt independency. When consid-
ering these PC MRI results, it is essential that one understands
that physiological CSF flow is pulsatile.36 The latency between
cardiac ejection and the resulting CSF pulse wave only serves
to amplify this shortcoming. Furthermore, this latency can be
unique to certain patients, especially in patients with NPH as
the intermittent elevation of ICP leads to pulsatile CSF flow.
MRI sequences that are gated by electrocardiogram and take
into account the latency of the CSF flow after cardiac activ-
ity could be used, although this would increase measurement
time by at least an order of magnitude.37 Within our measure-
ments, the phase of the cardiac cycle at which the individual
k-space lines were measured was random. The result can be in-
terpreted as a composition or mean value of all the different
velocities measured during the acquisition time. It is very likely
that the small diameter and relatively long distance of the shunt
will cause the hydraulic damping to reduce pulsatility. Addition-
ally, the functional principle of this type of valve connected to
the catheter relies on a ball-on-spring mechanism, which only
allows unidirectional flow. Another aspect is that for as long as
the patients are in a clinically stable setting, individual produc-
tion/reabsorption and, therefore, catheter flow rate would have
to be established to serve as a baseline flow. This would be par-
ticularly advantageous for the measurement of CSF flow in pa-
tients with cHC and NPH. It has been shown that CSF hydro-
dynamics are much more complex than assumed in the past.
The intraventricular pressure can also be maintained through
accessory pathways like the permeability of and transport sys-
tems within the capillary endothelium.38 Thus, VENC has to
be adapted to the underlying condition leading to the shunt de-
pendency. This is especially important to prevent aliasing and
missing low flow with higher VENC. Moreover, body position
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influences ICP considerably. Putting the body in an upright po-
sition leads to the occurrence of negative CSF pressure inside
the cranium, which may then lead to subsiding of CSF flow.39,40

When the head is lowered, the ICP increases. Kurwale and
Agrawal tried to overcome this problem by keeping patients
in a supine position for a minimum of 1 hour before imaging to
avoid the gravity related over drainage of CSF. They already
showed that high flow velocities imply a functioning shunt sys-
tem, whereas a low flow velocity is able to indicate a malfunc-
tion in shunt systems without overlapping artifacts.12

In 3 of the 12 patients, the image of the whole intracranial
course of the catheter was obstructed by magnetic valve arti-
facts. As a consequence, PC MRI in these patients was not
feasible. In future clinical follow-up studies, if a PC MRI is
proposed as a means to assess shunt flow, the position of the
magnetic valves could be adapted to a preoperatively planned
course of the catheter in order to avoid these distortions. Plac-
ing the valve on the contralateral side of the head or even below
the head (on the pectoral muscle for example) would be con-
ceivable. It has been shown that the valve pressure settings in-
fluence the resulting artifact and they could be readjusted for a
necessary PC MRI.9 Zhang et al successfully demonstrated flow
measurements alongside the extracranial portion of the catheter
at a suboccipital level.41 Unlike the present study, they deter-
mined flow velocity within a Medtronic Medical Delta valve
shunt system. The nonmetallic design of this valve allowed for
a precise PC MRI. Overall, the advantages of magnetic pro-
grammable valves clearly outweigh potential PC MRI analysis.
Another opportunity to validate intracranial PC MRI results in
magnetic valve systems would be to combine these measure-
ments with saline infusion test.42 These monitor ICP fluctua-
tions after applying saline within the shunt system. This could
provide a method to further analyze flow measurements in re-
lation to ICP, which would be interesting in NPH. To mini-
mize missing PC MRI signal due to the pulsatility of CSF flow
or circadian variations, PC MRI sequences could be obtained
repeatedly.

In summation, this diagnostic tool could be an additional di-
agnostic tool (although not a substitute) for previous clinically
established protocols and the clinical picture. The core concep-
tion is a PC MRI sequence, which could be obtained in ad-
dition to cranial MRI sequences that are routinely performed
(eg, upon hospital admission). If a distinct flow velocity signal is
detected, a shunt malfunction is unlikely. Although the under-
lying cause of a missing phase contrast signal is not obligatory a
shunt malfunction. Other plausible reasons are an intracranial
CSF pressure lower than the adjusted opening pressure of the
valve during imaging acquisition as well as an incorrect VENC
setting. The principal objective would be to minimize unnec-
essary surgical interventions by capturing functional shunt sys-
tems with unclear clinical symptoms.
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