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Abstract: The collection of electroencephalography (EEG) data during simultaneous functional mag-
netic resonance imaging (fMRI) is impeded by large artefacts in the EEG recordings, with the pulse
artefact (PA) being particularly challenging because of its persistence even after application of artefact
correction algorithms. Despite several possible causes of the PA having been hypothesized, few studies
have rigorously quantified the contributions from the different putative sources. This article presents
analytic expressions and simulations describing two possible sources of the PA corresponding to dif-
ferent movements in the strong static field of the MR scanner: cardiac-pulse-driven head rotation and
blood-flow-induced Hall voltages. Models of head rotation about a left–right axis and flow in a deep
artery running in the anterior–posterior direction reproduced properties of the PA including the left/
right spatial variation of polarity. Of these two sources, head rotation was shown to be the most likely
source of the PA with simulated magnitudes of >200 lV being generated at 3 T, similar to the in vivo
PA magnitudes, for an angular velocity of just 0.5�/s. Smaller artefact voltages of less than 10 lV were
calculated for flow in a model artery with physical characteristics similar to the internal carotid artery.
A deeper physical understanding of the PA is a key step in working toward production of higher
fidelity EEG/fMRI data: analytic expressions for the artefact voltages can guide a redesign of the wir-
ing layout on EEG caps to minimize intrinsic artefact pickup, while simulated artefact maps could be
incorporated into selective filters. Hum Brain Mapp 31:604–620, 2010. VC 2009 Wiley-Liss, Inc.
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INTRODUCTION

Simultaneous functional magnetic resonance imaging
(fMRI) and electroencephalography (EEG) has become a
widely used technique in studying brain activity, capitaliz-
ing on the high spatial resolution of the former and excel-
lent temporal resolution of the latter [Debener et al., 2008;
Laufs et al., 2008]. Two major artefacts corrupt EEG meas-
urements made in an MR scanner during concurrent mag-
netic resonance imaging: the gradient artefact resulting
from induced voltages due to the temporally varying mag-
netic field gradients used in MRI, and the pulse artefact
(PA) caused by the pulsatile flow of blood. Since the tem-
poral form of the gradient artefact is linked directly to the
gradient waveforms, its timing is periodic and predictable.
Usually, the gradient artefact can therefore be adequately

Contract grant sponsor: Herchel Smith Harvard Summer
Undergraduate Research Fellowship (2007), Junior Mansfield Fel-
lowship (University of Nottingham, 2008), MagResTraining, Marie
Curie Early Stage Training Centre; Contract grant sponsor: MRC
Programme; Contract grant number: G9900259.

*Correspondence to: Richard Bowtell, Sir Peter Mansfield Mag-
netic Resonance Centre, School of Physics and Astronomy, Uni-
versity of Nottingham, Nottingham, NG7 2RD, United Kingdom.
E-mail: richard.bowtell@nottingham.ac.uk

Received for publication 3 January 2009; Revised 18 July 2009;
Accepted 24 July 2009

DOI: 10.1002/hbm.20891
Published online 12 October 2009 in Wiley InterScience (www.
interscience.wiley.com).

VC 2009 Wiley-Liss, Inc.



suppressed via subtraction of an average artefact template
[Allen et al., 2000]. In contrast, the PA does not display
such consistency and the artefact can vary on time scales
as short as consecutive heart beats [Bonmassar et al., 2002;
Debener et al., 2007], as well as showing large variation
across subjects [Huang-Hellinger et al., 1995]. The maxi-
mum amplitude of neural activity detected by EEG seldom
exceeds 50 lV and as such it may be completely obscured
by the PA, whose amplitude can exceed 200 lV at 3 T
[Debener et al., 2007]. The inability of current filtering
methods to remove this artefact fully leads to significant
degradation of the EEG data recorded in combined EEG/
fMRI studies, since the frequency range of the PA coin-
cides directly with the neuronal signals that are of interest
in many EEG recordings [Bonmassar et al., 2002]. Thus,
the accurate removal of the PA from simultaneous EEG/
fMRI data is of paramount importance for collecting high
fidelity EEG data in the MR scanner.

Various methods have been proposed for removal of
such artefacts. The averaged artefact subtraction (AAS)
algorithm pioneered by Allen et al. [1998] involves identi-
fication of the PA peaks, usually from a concurrently
recorded electrocardiography (ECG) trace, and then aver-
aging over an appropriate time window to generate an
artefact template for each channel that is subsequently
subtracted from the EEG data. The relative simplicity of
this method means it is commonly used today, despite
performance limitations resulting from a fundamental
trade-off: a longer averaging time risks producing an inad-
equate template due to the variations of the PA, whereas
use of a shorter time risks filtering out the brain signals of
interest as well as the PA. To improve upon AAS, more
complex algorithms such as independent component anal-
ysis (ICA) [Briselli et al., 2006; Mantini et al., 2007; Naka-
mura et al., 2006], optimal basis set (OBS) analysis
[Debener et al., 2007; Niazy et al., 2005], and spatial adapt-
ive beamformer filtering [Brookes et al., 2008] have been
used to produce promising results. The data-driven focus
of these methods however means that they give little
insight into the physical origins of the PA; few studies
have in fact attempted to quantify rigorously the source of
this complex artefact.

Several possible mechanisms [Allen et al., 1998; Debener
et al., 2008] by which cardiac pulsation could generate the
PA in EEG recordings made in the strong uniform mag-
netic field of an MR scanner have been suggested. The
most plausible of these are: (i) voltages induced by rota-
tion of the head in the magnetic field—rotation that is
driven by the momentum changes of blood as it is
pumped by the heart and shunted into arteries in the head
[Bonmassar et al., 2002; Huang-Hellinger et al., 1995]; (ii)
the pulsatile flow of blood, a conducting fluid, which in
the presence of a magnetic field produces a separation of
charge via the Hall effect [Tenforde et al., 1983] that gives
rise to potential variation at the surface of the scalp [Muri
et al., 1998]; and (iii) voltages generated by movement
associated with pulse driven expansion of the scalp

[Debener et al., 2008]. Here, we focused mainly on mecha-
nisms (i) and (ii) (head rotation and blood flow) and used
physical modeling to determine whether these mechanisms
are realistic sources of the PA. This involved comparing the
results of calculations with experimental measurements
made on spherical agar phantoms and human subjects.

First, to provide a benchmark against which the candi-
date artefact causes can be assessed, we present meas-
urements of the PA made in vivo at 3 T. The models of
the artefact sources are then presented, beginning with
analytic expressions for the voltage produced by head
rotation, which are derived assuming that the human
head can be modeled as a homogeneous sphere and
that the EEG wires run along lines of longitude on the
sphere’s surface (Fig. 1a). This is followed by a numeri-
cal simulation incorporating the actual wirepaths of the
EEG cap (Fig. 1b). The physics of our model were then
verified by comparison to an experimental measurement
made with an EEG cap placed on a spherical agar phan-
tom that was manually rotated. The artefact arising from
blood flow was also simulated, first via analytic calcula-
tion assuming the flow generated a point dipole in a
homogeneous conducting sphere, and then with an
experimental confirmation that involved collecting EEG
data as an electrolytic solution flowed through a
U-shaped conduit in a conducting spherical phantom in
a 3 T magnetic field.

The aim of this work is to provide a deeper physical
understanding of the PA. This is a key step in working to-
ward production of higher fidelity EEG/fMRI data: ana-
lytic expressions for the artefact voltages can guide a
redesign of the wiring layout on EEG caps to minimize
intrinsic artefact pickup, while simulated artefact maps
could be incorporated into selective filters. In particular,
spatial and temporal maps generated by physical models
of the PA could improve filtering methods by elucidating
the characteristics that best differentiate signals resulting
from neural activity from those linked to cardiac pulsation.
For example, particular independent components and ba-
sis sets that are similar to known artefact signals may be
identified and removed with greater confidence and accu-
racy, while feeding modeled spatiotemporal patterns of
artefact voltage into an adaptive beamformer [Brookes
et al., 2008; Wan et al., 2008] that can suppress particular
spatial features in EEG recordings, could also allow
improved elimination of the PA.

MATERIALS AND METHODS

Rotation Artefact

Theory and analytic calculations

The effect of head movements in a magnetic field on
EEG recordings can be predicted using Faraday’s law,
which links changes in magnetic flux to induced poten-
tials. Previous studies [Nakamura et al., 2006; Vasios et al.,
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2006] have modeled the EEG leads as closed wire loops
(Fig. 2a) connected to a high-impedance amplifier. This
makes determining the induced voltages relatively easy as
they can be calculated directly from the rate of change of
flux enclosed by the wire loop using a surface integral

V ¼ � o
ot

Z
B � dS

� �
(1)

where B is the magnetic field.
Although this model is commonly used and provides an

intuitively pleasing approach, it is nevertheless of limited
utility in calculating the actual voltages that are generated
at the amplifier by head rotation in an EEG recording,
since the inclusion of a volume conductor in the circuit
(Fig. 2b) means that it is not possible to define the relevant
area over which the change in flux occurs. To do this, it is
necessary to consider the spatially varying scalar electric
potential, U, induced in the volume conductor by charge
redistribution resulting from the magnetic force acting on
the moving charges, in addition to the potential directly
induced through Faraday’s Law in the EEG leads. The
total potential difference at the amplifier is thus given by
the sum of two terms: (1) the electrode contribution, given
by the difference in scalar potential between electrodes on
the surface of the volume conductor and (2) the lead con-
tribution resulting from the voltage induced in the con-
ducting wires as they move in the magnetic field [Glover
and Bowtell, 2007]. In general, this approach produces a
different result than the surface integral [Eq. (1)], that is
relevant for the closed loop case. We have recently used a

Figure 1.

(a) Model 32-channel EEG cap with purely meridional wires, which

was used for the analytic calculations. The co-ordinate system is

defined so that the nasion and preauricular points lie along the prin-

ciple axes. Electrodes are placed according to the Extended Inter-

national 10–20 system. The þz-axis points toward the top of the

head, while the �y-axis points toward the nasion and þx-axis

points toward the left preauricular point. The origin is defined by

the intersection of a perpendicular from the nasion to the line

between the left and right preauricular points. (b) Wirepaths from

an actual EEG cap placed on a spherical phantom, digitized using a

Polhemus Isotrak system. (c) Schematic of the coordinate system

used in this article, including the direction of the B0 field of the 3 T

Philips Achieva MR scanner used for experimental measurements.

[Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

Figure 2.

Wire loop configuration (a) versus situation that is relevant to

EEG (b). In (b), there is not a single defined path from A to C

through the conducting sphere, and thus we must calculate the

spatially varying potential term induced by the temporally vary-

ing magnetic field in order to find the total artefact voltage.
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similar approach successfully to model the gradient
artefact [Yan et al., 2009].

Considering the scalar potential first, the spatially vary-
ing electric field, E0, induced in a region of a conducting
object moving in a temporally invariant magnetic field, B,
can be written as

E0 ¼ �rUþ v� B: (2)

[Lorrain, 1990] where v is the local velocity in the frame
where the magnetic field is stationary (v is spatially invari-
ant in the case of translational motion, but will vary with
position if rotation occurs). Here, the first term describes
the electrostatic field while the second term is the electro-
motive field. A physical interpretation is that the magnetic
force F = qv 3 B (where q is the test charge) redistributes
the charges in a conductor moving in a magnetic field so
that a new contribution to the electric field is produced,
which can be described by the gradient of the scalar
potential, U. The electric field also generates a current
density, J = rE0, but for the low values of r|v 3 B| that
are relevant for head movement in the static field of an
MR scanner, we can assume that the magnetic field gener-
ated by the induced current density is negligible and that
the charge redistribution is instantaneous.

In this quasi-static regime, the normal component of
J must be continuous across any boundary between
regions of different conductivity in the object. This pro-
vides a boundary condition that can be used to solve for U
when the form of v � B is known. For the homogeneous
conducting sphere considered here, this boundary condi-
tion means that the radial component of the electric field
must be zero at the surface of the sphere:

� oU
or

� �
þ v� Bð Þ � r̂

����
r¼a

¼ 0 (3)

In general, in an EEG recording the voltage measured at a
data electrode (A) is compared to the voltage measured at a
reference electrode (C). The electrode contribution to the
potential difference measured at the amplifier inputs is then
the difference in the values of U at the positions of the two
electrodes, which takes a value of VElectrode ¼ UA � UC.

The other contribution to the artefact voltage comes
from movement of the conducting leads connecting the
electrodes to the EEG amplifier. With the high impedance
amplifiers used in EEG, we may assume that no current
flows between the positive and negative terminals of the
amplifier. The magnetic force thus acts to increase the
potential energy, U, of charges in the wire rather than gen-
erating a current, and summing this along the wire gives:

U ¼ �
ZA

B

F � dl ¼ �q

ZA

B

v� B � dl (4)

where B and A are the start and end points of the wire,
respectively, and dl is an infinitesimal length. Since electric

potential can be defined as U = qV, the movement of the
wires produces an artefact voltage contribution

VLead ¼ �RA
B

v� B � dl.
Adding the voltages from the two sources together, the

rotation artefact measured as the potential difference
between the ‘‘data’’ electrode A and ‘‘reference’’ electrode
C in Figure 2b is

V ¼ UA � UCð Þ �
ZA

B

ðv� BÞ � dl�
ZC

B

ðv� BÞ � dl
0
@

1
A: (5)

For the analytic calculations, we assume that the EEG
leads run along the meridians of the sphere in the y-direc-
tion, oriented such that the start of each lead is at the cable
tree, positioned at the north pole of the sphere and the
end is at the electrode (Fig. 1a). Another assumption is
that the cable bundle connecting the cap and the amplifier
remains stationary, so that the only contribution to the
artefact comes from the leads on the EEG cap. Thus, the
contribution of the wires to the artefact is given by the line
integral on the surface of the sphere. For a lead at an azi-
muthal angle /E, running from polar angle 0 to yE on the
surface of a sphere of radius, r, this is given by

�
ZhE
0

v� Bð Þ � ĥ rdh (6)

with ĥ being the unit vector in the y-direction. To generate
simple analytic expressions for the artefact voltage, we
assume that the reference electrode is positioned at the
north pole of the sphere (at the site of the cable tree).

In Appendix A, the approach described above is applied
to evaluation of the artefact voltage produced by transla-
tion and by rotation about an axis that is parallel to the
applied magnetic field. The analysis described therein
indicates that both these types of motion generate no arte-
fact voltage at the amplifier inputs. This is in agreement
with the predictions of simple analysis based on consider-
ation of changes in the flux linked by virtual loops formed
by the leads and volume conductor. In the light of these
findings, we focused our effort on analysis of the artefact
voltages generated by rotation about an axis that is
perpendicular to the applied field.

Effect of rotation about an axis that is
perpendicular to the field

Initially, we consider the situation where the sphere
rotates about the x-axis with angular velocity, X, such that
X ¼ Xi. This motion corresponds to a nod of the head. In
most real situations, the head will not be positioned
exactly at the iso-center of the scanner and the orientation
of the head and EEG cap arrangement with respect to the
applied field may vary. Translations do not affect the
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voltage induced by rotation since the head is exposed to a
homogeneous magnetic field. Angular offsets about the y
and z axes, corresponding to roll and yaw of the head,
respectively, are often relatively limited by the tight geom-
etry of the RF receiver coil, but more substantial angular
offsets about the x-axis often occur in realistic subject posi-
tions [Yan et al., 2009] (see Fig. 1c). To investigate the
effect of such an angulation, we rotate the B-field orienta-
tion in the analytical calculations. Recognizing that the
magnetic field in the Philips Achieva scanner points in the
head to foot direction, we write the magnetic field in
the frame of the rotated sphere as B ¼ �B0 sin aj � B0 cos
a k, so that þa corresponds to a nod forward of the head,
as shown in Figure 1c.

The position dependent velocity produced by a
rotation about the x-axis can be written in the same frame
as, v ¼ X � r ¼ X (�zj þ yk) so that

v� B ¼ XB0 z cos aþ y sin að Þi: (7)

We note that the divergence of v � B is zero under
these circumstances, so we do not need to consider a space
charge in the volume conductor [see Eq. (A6)], and conse-
quently the scalar potential satisfies Laplace’s equation,
!2 U ¼ 0. To solve for the scalar potential, U, we apply
the boundary condition that at the surface of the sphere,
the net contribution from the radial electrostatic and elec-
tromotive fields in Eq. (2) must be zero in order to avoid
an unrealistic flux of current out of the sphere. Focusing
on the radial components of the different terms and evalu-
ating at the surface of the sphere where r ¼ a we find

oU
or

�����
r¼a

¼ v� Bjr

¼ XB0a cos a cos/ cos h sin hþ 1

2
sin a sin 2/ sin2 h

� �
ð8Þ

Laplace’s equation in spherical coordinates limits solu-
tions of U to a series of weighted spherical harmonics and
in this simple case we can straightforwardly identify the
appropriate solution as

U ¼ r2B0X
2

cos/ sin h cos a cos hþ sin a sin h sin/ð Þ (9)

The dependence of this expression on sin y means that
U is zero at the pole of the sphere, where we assume that
the reference electrode is positioned. Consequently for a
sphere of radius, a, the potential difference between the
reference electrode and a data electrode depends only on
the position of the data electrode on the surface of the
sphere, defined by spherical polar angles, yE and /E:

VElectrode

¼ a2B0X
2

cos/E sin hE cos a cos hE þ sin a sin hE sin/Eð Þ ð10Þ

For the line integral term, we assume that the wires of
the EEG cap run along lines of longitude on the surface of

the sphere, as shown in Figure 1a so that the integral
along the lead from the pole to a data electrode at yE and
/E, is given by

VLead ¼ �
ZhE
0

v� Bð Þ � ĥ adh ¼ � a2B0X
4

cos/E

� 2 sin a sin/E sin
2 hE þ cos aðsin 2hE þ 2hEÞ

� � ð11Þ

Adding the two contributions together results in the
cancellation of the scalar potential term, giving a total arte-
fact voltage for a nodding motion of

V ¼ � a2B0X cos a
2

hE cos/E: (12)

By analogy, rotational motion about the y-axis (roll)
with the instantaneous position of the sphere correspond-
ing to one in which the sphere starts with its z-axis aligned
with the magnet and then is rotated through angle, a,
about the y-axis is given by replacing the cosine term of
Eq. (12) with a sine term.

Numerical calculations

A key shortcoming of the analytic model (Fig. 1a) is the
assumption that the EEG leads follow lines of longitude.
Thus, in the line integral of Eq. (5) only the y-component
of v � B contributes despite the fact that the radial and az-
imuthal components are not necessarily zero. For a real
cap whose leads often deviate substantially from meridio-
nal paths, all components of v � B may contribute to the
artefact voltage. In addition, in a real system the reference
electrode is generally not positioned at the site where the
cable tree meets the head and the reference lead conse-
quently contributes to the measured artefact. To produce a
more accurate estimate of the artefact voltage produced by
head rotation, we therefore evaluated the line integrals
along digitized versions of the real wire paths from a 32-
channel BrainCap electrode cap (EasyCap, Herrsching,
Germany) with 30 electrodes positioned according to the
International Extended 10–20 system and a reference elec-
trode positioned between Fz and Cz. The lead paths and
electrode positions were measured on a human head using
a Polhemus Isotrak motion tracking system that sampled
the wire paths with �4 points per centimeter (Fig. 1b). The
origin of the coordinate system in which the points were
placed is at the center of the sphere of best fit to the scalp,
as determined from anatomical MR images acquired from
the subject [Yan et al., 2009]. Line integrals of v � B were
calculated using a midpoint Riemann sum in Matlab
(Mathworks, Natick, MA) over the digitized wire paths.
The scalar potential contribution was found by evaluating
U at the position of the electrode. The total artefact was
then calculated by subtracting the respective electrode and
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wire contributions of the digitized data and reference
leads as in Eq. (5).

Experimental measurements

Experimental measurements allowed validation of the
spatial form of the artefact generated by the analytical and
numerical models. These measurements involved placing
an EEG cap on a spherical agar phantom, which was then
rotated in a static magnetic field. The phantom was con-
structed from 4% (by total weight) agar (Sigma Aldrich) in
distilled water and 0.5% NaCl (corresponding to a conduc-
tivity of about 0.5 X�1 m�1) was added to mimic approxi-
mately the conductivity of tissues of the human head
(blood � 0.6 X�1 m�1 and gray/white matter � 0.12 X�1

m�1 [Bencsik et al., 2007]). The mixture was boiled to
make a viscous gel, which was then poured into a fiber-
glass mould with an inner radius of 0.095 m. After the
agar had set, the mould was removed and three points
representing the nasion and the left and right preauricular
points were marked on the sphere (Fig. 1c). Three cylindri-
cal, oil-filled Vitamin E tablets wrapped in Parafilm were
fixed at these fiducial positions.

The 32-channel electrode cap was then fitted onto the
phantom. This included channels for electrooculography
(EOG) and ECG recordings. The former was attached
between the left preauricular point and nasion, while the
latter was not attached. This cap had two key features that
made it particularly suitable for these experiments: first,
the wires ran through the fabric of the cap, so that they
largely conformed to the contours of the head/phantom
and could be placed consistently from experiment to
experiment. Second, the wires leading from the cap to the
amplifier were twisted and tied together tightly at the top
of the cap so that loose wires would not move in the mag-
netic field.

To simulate rotations of the head in a static magnetic
field, we placed the phantom in the bore of a Philips
Achieva 3.0 T MR Scanner atop of a roller platform specifi-
cally made to turn the phantom about its x-axis (left–right)
to mimic a nodding movement. Care was taken to orient
the spherical phantom such that its z-axis, running from
the center to the North Pole (where the cable tree was
positioned) was initially aligned with the B0-field direc-
tion. In addition, the phantom’s x-axis was carefully
aligned with the axis of rotation. This ensured that the ex-
perimental set-up best represented the arrangement con-
sidered in the analytical and numerical models. The cable
tree bundle was stretched straight along the longitudinal
axis of the magnet to the back of the bore where it con-
nected to the amplifier. The phantom was rotated at a rate
of �30�/s, as later estimated from a rough measure of the
angle of rotation and the duration of the rotational artefact
on the EEG trace. The EEG data were recorded using
Brain Vision Recorder software (Version 1.05) and a high
input impedance BrainAmp MR EEG amplifier (Brain
Products, Munich, Germany) that samples at 5 kHz and

has hardware filters that limit the frequency range of the
recorded signals to 0.016–1,000 Hz, with a roll-off of 30
dB/octave at high frequency.

Blood Flow Artefact

Theory and analytic calculations

The ions in a conducting fluid, such as blood, experi-
ence a force when the fluid flows in an applied magnetic
field. The force is given by F ¼ qv � B, where q is the
charge of the ion, v is the flow velocity, and B is the
applied magnetic field. Thus any ion with a component
of motion orthogonal to the magnetic field will experi-
ence a force whose direction is orthogonal to the plane
containing both the velocity and magnetic field vectors.
Positively and negatively charged particles move in op-
posite directions, accumulating on the vessel wall until
equilibrium is established. When the vessel is embedded
in a conducting medium the equilibrium charge distribu-
tion is that which ensures continuity of current flow
across the vessel wall.

In addition to generating an electric field inside the ves-
sel, the charge distribution on the vessel also produces an
external field that causes current flow in the surrounding
conducting tissue. A scalar potential is consequently pro-
duced at the surface of the body, which is picked up by
surface electrodes as used in ECG and EEG measurements.
The resulting potential is proportional to the blood veloc-
ity and so is expected to show a periodic variation
through the cardiac cycle consistent with the form of the
EEG PA. The flow artefact that is manifested in ECG
measurements made inside an MR scanner is a well
known consequence of this effect [Fischer et al., 1999].

Here, we use a simple model to estimate the magnitude
and spatial form of the artefact voltages generated at the
scalp by pulsatile blood flow in large arteries in the brain.
In this analysis, which is described in Appendix B, we
consider a blood vessel as a cylinder with a length, L, that
is much greater than its radius, b, carrying blood flowing
at a spatially uniform velocity, v, in an applied magnetic
field, B, and show that when embedded in an infinite con-
ducting medium the charge distribution at the vessel wall
makes the vessel appear like a current dipole oriented per-
pendicular to the flow and magnetic field. The effective
current dipole vector is shown in Appendix B to be

Q ¼ spb2L v� Bð Þ (13)

where r is the conductivity of the medium. Using this
estimated dipole strength, standard expressions for the
scalar potential produced at the surface of a sphere by a
dipole of known position, orientation, and strength could
then be used to estimate the artefact voltage distribution
that would result from blood flow in arteries of the brain.
In particular the voltage generated at position, r, on the
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surface of a uniform conducting sphere of radius, a, by a
vessel at the center of the sphere is given by

V ¼ 3b2L

4a3
v� Bð Þ � r (14)

as derived in [Yao, 2000]

Experimental measurements

To test the artefacts generated by pulsatile flow in a
static magnetic field, a phantom of similar composition to
that mentioned previously was constructed with an addi-
tional molded conduit that allowed a flowing fluid to be
in contact with the conducting interior of the phantom. A
1-cm diameter ‘‘U’’ shaped flow channel that enters at one
side of the base of the phantom and runs axially to a point
several centimeters from the top of the sphere before turn-
ing and exiting the other side of the base was formed
inside the phantom, as shown schematically in Figure 3. A
64-electrode MR-compatible EEG cap (EasyCap, Herrsch-
ing, Germany) was used for these measurements. The ref-
erence electrode was positioned between Cz and Fz, with
the software and hardware used for EEG collection other-
wise being identical to that used for the phantom rotation
experiment.

After placing the phantom in the bore of the MR scan-
ner with the flow direction of the central section of the
channel either in the anterior to posterior or right to left
directions, 5 g/L saline solution was pumped through the
channel at a velocity of �20 cm/s while EEG data were
recorded. The flow was switched on for 10 s continuously
so as to allow measurements to be taken after any effects
of the initial momentum impulse due to the moving fluid
arriving at the phantom had died out. This left a purely
steady-state flow artefact to be recorded.

In Vivo Artefact Measurements

EEG data were recorded on a healthy human volunteer
(with the approval of the local ethics committee and
informed consent of the subject) in the MR scanner. The
subject was placed in the standard central location and
supine position normally used in EEG/fMRI experiments,
and rested before EEG data collection to achieve a normal
resting state, with a heart rate of �70 beats per minute.
Furthermore, the subject was instructed to keep his eyes
open during the experiment in order to suppress alpha
power. The EEG data were collected using identical soft-
ware and hardware, and with the same 32-channel cap as
used in the rotation experiment on the agar phantom, but
with the EOG and ECG channels connected in a conven-
tional manner. Two measurements were made: (1) the
intrinsic PA was measured with the subject in a resting
state and (2) the subject nodded his head slowly to allow

direct examination of the effects of head rotation in a mag-
netic field.

Analysis

For EEG analysis we used the Brain Vision Analyzer
software (Brain Products GmbH, Munich, Germany),
which provided a standardized platform across which nu-
merical simulations and experimental data could be com-
pared. For the simulations, the artefact magnitudes were
first calculated in Matlab and then input into Analyzer.
Agreement between the numerically calculated and experi-
mentally measured artefacts was assessed by calculation of
the correlation coefficient of the measured and calculated
voltage patterns, and by evaluating the root-mean-square
voltage difference between the results of the measure-
ments and calculations.

RESULTS

In Vivo Pulse Artefact

The PA for the human head was measured first to pro-
vide a point of reference to which the results of the simu-
lations could later be compared. A segment of the EEG
and ECG data that were collected is shown in Figure 4.
The EEG traces display an obvious PA that is time-locked
to the ECG peaks, and is made up of two distinct artefact

Figure 3.

Schematic depicting the approximately U-shaped conduit in the

conducting spherical agar phantom through which saline solution

was pumped for an experimental simulation of artefacts from

blood flow. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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peaks that follow each QRS complex. The first peak of the
PA follows the R-peak by �170 ms, while the second peak
is delayed from the R-peak by about 260 ms. The magni-
tude of the first peak is slightly higher than the second,
with the range of values across electrodes for the former
being [�300, 200] lV versus [�250, 150] lV for the latter.
The largest artefact voltages occurred consistently at elec-
trodes on the left/right sides of the head, such as F7 and
F8. The spatial distributions of the PA at each of the two
peaks in time are shown in Figure 5. Both maps show vol-
tages with opposite polarity occurring over the electrodes
of the right and left hemispheres, with a polarity inversion
occurring between the first (Fig. 5a) and second temporal
peaks (Fig. 5b). The properties of the PA, including the po-
larity reversal, magnitude, and temporal relationship to
the ECG, all agree with Debener et al.’s findings in their
systematic experimental study of this artefact [Debener
et al., 2008]. Figure 5 thus shows the in vivo artefact maps
that we aim to reproduce with the modeling.

Rotation Artefact

Analytical calculations

The analysis described in Appendix A shows that when
the electrodes and leads of the EEG cap move with the
volume conductor in a translation or in a rotation about
the magnetic field direction, no measurable artefact voltage

is measured at the amplifier input. In contrast, rotation of
the head about an axis that is perpendicular to the field
direction does generate a voltage at the amplifier. The
form of this voltage artefact is described by Eq. (12) for
the case of pitch (rotation about the x-axis) for a conduct-
ing sphere on which the leads follow lines of longitude
coming together at the pole of the sphere.

The relatively simple form of the analytical expressions
provides basic physical insights into the spatial character-
istics of the rotation artefact and its dependence on the
measurement parameters. The magnitude scales with the
static field strength, which corroborates the findings of
Debener et al. [2008], and is also directly proportional to
the angular velocity. In addition the artefact scales with
the square of the radius of the spherical conductor, so that
the artefact voltage would be expected to increase signifi-
cantly with head size. Rotation about either x- or y-axes
generates an artefact voltage that increases linearly with
yE, thus taking larger values for more inferior electrodes.
In both cases, the pattern of the artefact voltage across
electrodes is unaffected by rotating the field direction
about the axis of rotational motion, but the overall ampli-
tude is scaled by cos a, where a is the angle through
which the field direction is rotated from alignment with
the north–south axis of the sphere and cap arrangement.

The dependence on the azimuthal co-ordinate is, how-
ever, different for rotation about the x- and y-axes. The
rotation about the x-axis produces an artefact that is pro-
portional to cos /E and so varies with the x-co-ordinate of
the electrode on the surface of the sphere. The largest arte-
fact voltages thus originate from electrodes on the extreme
left and right positions on the phantom. In the case of
rotation about the y-axis, the artefact varies with sin /E

and so depends on the y-co-ordinate. For this rolling
motion, the artefact amplitude varies in the anterior–poste-
rior direction. Inspection of the experimentally measured
artefact indicates that it shows a dominant left–right spa-
tial variation at the peaks in time (see Fig. 5). This shows a
strong correspondence with the voltage pattern generated
by the nodding motion (rotation about the x-axis), which
is shown in Figure 6 for a sphere of diameter 19 cm rotat-
ing at an angular velocity of 7.6 � 10�3 s�1 (0.44�/s) in a 3
T field.

To estimate approximately what magnitude of X is
required to generate the artefacts, which were measured
experimentally in the human subject, we evaluated a least-
squares fit for the angular velocity parameter, X, used in
the analytic calculation to the experimentally measured
artefact voltages at the two peaks plotted in Figure 5. The
angular velocities that gave the best fit for the first
and second peaks are X ¼ �0.0072 s�1 (�0.41�/s) and
X ¼ þ0.0076 s�1 (þ0.44�/s), respectively, where the nega-
tive sign indicates a backward rotation of the head. The
voltage range produced by a simulated rotation of a 19-cm
diameter sphere at 0.44�/s is approximately [�200, 200]
lV for electrode positions spanning the whole surface of
the sphere, as shown in Figure 6.

Figure 4.

A representative 3-s EEG trace displaying the BCG artefact

measured on a 3 T Philips Achieva MRI scanner (with B0 field

pointing from head to foot) and the timing relationship between

the R-peaks of the ECG and the two subsequent peaks in the

individual EEG traces for which the spatial maps displayed in

Figure 5. [Color figure can be viewed in the online issue, which

is available at www.interscience.wiley.com.]
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This calculation illustrates that relatively low rotation
speeds can generate artefact voltages that are several hun-
dred lV in magnitude, and that in the case of rotation
about the x-axis, the spatial pattern of the artefact voltage
is similar to the PA measured in vivo. Furthermore, assum-
ing that the PA results from head motion, associating the
sign of the angular velocities with the timing of the two
peaks gives some physical insight into the dynamics of the
pulse-driven head rotation. The first voltage peak occurs
shortly after the fastest blood flow occurs in the aortic
arch [Debener et al., 2008]. To reach the brain, rapidly
moving blood flows through the carotid and vestibular
arteries of the neck in a predominately axial direction and
then is redirected into various smaller arteries. The forces
required to redirect the blood generate an equal and oppo-
site force on the head, leading to head motion character-
ized as the ballistocardiogram effect [Bonmassar et al.,
2002]. The implication of the work described here is that
the initial effect of the elevated flow following systole is a

nodding backward of the head. This would be consistent
with a greater force occurring on the anterior side of the
point that the head pivots on, so that the net torque acts to
tilt the head back. The subsequent restorative motion pro-
duces a forward nod with a positive angular velocity that
would then create the voltage pattern of reversed polarity
observed in the second peak of the in vivo PA.

Numerical and experimental results

Although the analytic solution provides useful physical
insights into the artefact behavior, the simplified model
of the wire paths is not representative of the actual lead
distribution on the EEG cap. Thus, a numerical simula-
tion using digitized traces of the real wire paths was car-
ried out and the results compared to experimental
measurements obtained from the phantom. In a previous
publication [Yan et al., 2009], we showed that a numeri-
cal simulation of the gradient artefacts based on a digi-
tized trace of the real wire patterns generated a spatial
map of the artefact voltage that showed a significantly
better correspondence to the experimental results than
was the case when simulated results were generated
using the simple meridional paths employed in the
analytic calculations. In the case of the effect of rotation
considered here, however, the improvement in correspon-
dence between measured and simulated artefact patterns

Figure 5.

In vivo spatial voltage map of the BCG artefact measured for a

human subject in the 3 T static magnetic field of a Philips

Achieva MR Scanner, with the main magnetic field pointing in

the head to foot direction. The artefacts are sampled at the two

amplitude maxima shown in Figure 4 that follow each ECG R-

peak, with: (a) the first peak at �170 ms following the R-peak

and (b) the second peak at �260 ms. Note the left/right change

in polarity between the maps formed at the two peaks. [Color

figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

Figure 6.

Analytic simulation of the artifacts generated by a forward nod

of the head of angular velocity 0.44�/s for a 19-cm diameter

sphere, as predicted from a least-squares fit to the in vivo BCG

at the second peak. The long bar indicates the position of the

nasion and the smaller bar marks the pole of the sphere, where

the simulated ‘‘reference’’ electrode and cable tree are placed.

[Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]
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was negligible. Figure 7a,b show the artefact voltage cal-
culated using the numerical approach; in Figure 7a it
was assumed that the wires ran along meridional lines to
electrode positions described by the Extended Interna-
tional 10–20 system, as in the simple model used to
derive the analytic expression, and in Figure 7b the digi-
tized wirepaths were used. Figure 7c shows the voltage
pattern measured on the phantom when it was manually
rotated about the x-axis. The correlation coefficient calcu-
lated between the spatial map generated using the simple
wirepaths (Figure 7a) and the experimental measure-
ments made while rotating the phantom (Figure 7c) was
0.980. The correlation coefficient increased minimally to a
value of 0.981 when the actual wirepaths were used in
the modeling. Figure 7d shows the spatial map of the
artefacts generated when the human subject nodded his
head forward in the 3 T magnet bore. For these data, the
correlation coefficient with calculated data obtained using
the meridional wires is also high at 0.966, a value that
improves to 0.989 when using the digitized wire paths.
To evaluate further the agreement between the measured
and modeled data, we calculated the value of X that mini-
mized the sum over electrodes of the square of the difference
between the measured and modeled artefact voltages. This
yielded plausible angular velocities of 0.15 s�1 (9�/s) and
0.23 s�1 (13�/s), for the phantom rotation and head nod,
respectively. Subtracting the modeled data from the meas-
ured voltage reduced the variance measured across electro-

des to 8 and 9% of the original value in the experimental
data in the two cases. Carrying out a similar procedure on
the voltages measured at the second peak of the measured
PA (Figs. 4 and 5) produced a reduction of the variance to
34% of its original measured value.

Blood Flow Artefact

The simple analysis described in Appendix B indicates
that the electrical potentials generated by flow in a section
of a cylindrical vessel, whose length is greater than its di-
ameter and that is exposed to a constant magnetic field,
are dipolar in form and that the representative current
dipole vector is characterized by Eq. (13). The form of this
equation means that the direction of the effective dipole is
perpendicular to the field and flow, and that its amplitude
is proportional to the magnetic field, the vessel volume
pb2
4 L

� �
, and the component of the velocity that is perpen-

dicular to the applied magnetic field. Thus, large vessels
in which blood flows rapidly in a direction perpendicular
to the applied field produce the largest effects.

Potentials generated by constant flow are however not im-
portant when considering the time-varying voltage that
forms the PA. The relevant quantity to consider is the
change in flow velocity through the cardiac cycle. It is
expected that the highest relevant dipole strengths will be
generated by large arteries in which the blood volume and
pulsatile variation of velocity are greatest. Using values of
20 cm/s for the range of flow velocities and 0.1 cm2 for the
cross sectional area, which are representative of large
arteries in the brain [Bammer et al., 2007] and a conductivity
of 0.25 X�1m�1, yields a maximum effective dipole strength
of 5 nAm per Tesla per centimeter of vessel length.

The exact form of the artefact voltage produced at the
scalp surface clearly depends on the position and orienta-
tion of the effective dipole inside the head: a vessel that is
close to the surface produces a larger, more localized
potential, whereas a deeper vessel produces a more diffuse
and weaker potential variation. Based on the widely dis-
tributed spatial form of the measured PA and the anatomi-
cal location of the large arteries of the brain, we consider
the situation where the dipole is located at the center of a
sphere. This allows us to use the relatively simple expres-
sion for the voltage at the sphere surface described by Eq.
(14) to gain further insight into the spatial pattern of arte-
fact voltages generated by flow. The form of this expres-
sion means that the flow-related voltages scale linearly
with magnetic field strength, consistent with previous
experimental measurements of the PA at varying field
strengths [Debener et al., 2008], but would be expected to
decrease with increasing head size.

Figure 8 shows the voltage generated at the surface of a
19-cm diameter sphere, for flow in the posterior-to-anterior
(�y) direction with the magnetic field directed in the foot-
head (�z) direction as in the Philips 3 T magnet. Here
flow of 12.6 cm/s velocity through a cylindrical vessel of

Figure 7.

Comparison of numerically calculated and experimentally meas-

ured data for right-handed rotation about the þx-axis corre-

sponding to a nod forward of the head: (a) numerical calculation

based on leads following lines of longitude; (b) numerical calcula-

tion based on digitized real wirepaths; (c) experimental mea-

surement on a conducting spherical agar phantom; (d)

experimental measurement on the human head with the subject

nodding his head forward. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]
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1 cm length and 0.5 cm radius was considered. These val-
ues are representative of the internal carotid artery, where
the velocity represents the maximum deviation from the
average value [Bammer et al., 2007]. For this geometry, the
potential varies linearly with x-co-ordinate, and thus is
largest at the left and right extremes of the sphere—a char-
acteristic that is also evident in the measured PA. In
particular, this posterior-to-anterior direction of flow gen-
erates a voltage that is positive on the left of the sphere
which corresponds to the voltage pattern produced at the
first temporal peak of the PA.

The range of voltages produced is � 3b2L
4a2

vj j Bj j ¼ �8lV
for this situation where the field and velocity are perpen-
dicular. It is evident from Eq. (14) that flow in the left–
right (x) direction will generate a similar pattern rotated
by 90� about the z-axis, such that the voltage varies line-
arly with y-position and is largest at the anterior and pos-
terior extremes of the sphere.

An agar phantom was used to verify experimentally the
pattern of voltage variation generated by the flow of a con-
ductive fluid through a channel in a sphere in the pres-
ence of a static a magnetic field. Figure 9a,b show the
effect of flowing saline solution through a U-shaped con-
duit in the conducting spherical phantom in the anterior-
to-posterior (AP) and the right-to-left (RL) directions,
respectively. The perfect symmetry of the data generated
using the dipole model (see Fig. 8) is not replicated by the

experimental measurement due to the asymmetric con-
struction of the conduit. Nevertheless, the general form of
the spatial maps are in agreement with the predictions of
Eq. (14), showing a predominantly left–right variation for
AP flow and a variation in the anterior–posterior direction
for RL flow. The polarity of Figure 9a is also correctly
reversed relative to Figure 8 because the measurement
was made for flow in the anterior–posterior direction,
whereas Figure 8 was calculated for the opposite poste-
rior-to-anterior direction of flow.

DISCUSSION

We have described simple expressions that characterize
the variation across different EEG leads of the artefact vol-
tages produced by head rotation and blood flow in a static
magnetic field. To do this, we have developed a new
approach for evaluating the voltages produced by head
movement in a uniform magnetic field and also derived a
simple dipolar model of the Hall voltages produced by
blood flow in a homogeneous magnetic field. Our analysis
of the effect of head movement is restricted to rigid body
motion and we have not therefore modeled the effect of

Figure 8.

Analytic simulation of surface potentials generated at 3 T by

flowing blood in the posterior-to-anterior direction through a

vessel modeled after the internal carotid artery, given a 19-cm

sphere, cylindrical flow of 0.5 cm in diameter and 1 cm in

length, and flow velocity of 12.6 cm/s in the posterior-to-ante-

rior direction. Note that the model is for a Philips Achieva 3 T

scanner with magnetic field pointing along the negative z-axis.

[Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]

Figure 9.

Spatial maps of EEG data for conductive fluid flowing through an

approximately U-shaped conduit inside a conductive spherical

agar phantom. The measurement was conducted for continuous

flow in the anterior-to-posterior (a) and right-to-left (b) direc-

tions and sampled 5 s after flow onset to avoid movement arte-

facts. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]
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pulse-driven scalp expansion that is another potential
source of the PA. We consider this effect in a more qualita-
tive manner in the discussion below.

Rotational Artefact

The new method of analyzing the effect of motion
involves summing the electrode contribution to the artefact
voltage, resulting from the scalar potential generated at
the surface of the head by the movement, and the lead
contribution resulting from the integral of the movement-
induced electric field, �v � B, along the lead paths. In
general, although the lead contribution can be calculated
exactly for a properly characterized movement provided
the lead paths are known, evaluation of the potential pro-
duced at the scalp surface is difficult and requires the use
of finite or boundary element methods. To make progress,
we therefore modeled the head as a conducting sphere,
with the EEG leads following lines of longitude on the
sphere’s surface and initially showed that in a uniform
field, translation and rotation about an axis that is parallel
to the field direction generates no artefact voltage. Expres-
sions for the voltages generated by rotation about an axis
that is perpendicular to the field were also evaluated and
a nodding rotation about the x-axis (pitch) was shown to
produce an artefact pattern that is similar in spatial form
to that measured at the temporal peaks of the PA. In con-
firmatory experiments, it was shown that the artefact vol-
tages recorded when a conducting agar sphere was
manually rotated about the x-axis in a 3 T field showed a
similar spatial form to that predicted by the analytic
expressions and seen in the real PA. Similar agreement
was found with the pattern recorded when a subject
nodded his head inside the 3 T magnet. It is worth noting
that the expressions for the voltage are independent of the
resistance of the leads and so approaches to artefact reduc-
tion based on increasing lead resistance are unlikely to
work [Vasios et al., 2006].

The similarity of the spatial forms of the measured,
in vivo PA and the voltage pattern calculated for a nodding
motion using the simple analytical model is reflected in the
correlation coefficient of 0.87 for the first temporal peak of
the PA and in the reduction of the variance to 34% of its
original measured value when the model data produced
using an angular velocity of �0.0072 s�1 was subtracted
from the measurement. When comparing the physical nod-
ding of the subject’s head (Fig. 7d) with the in vivo PA
recorded on the same subject (see Fig. 5), the spatial pattern
formed by the first peak of the artefacts gave a correlation
coefficient of 0.80. These high values indicate that a pulse-
related nodding motion is a plausible generator of the PA.

Using the analytic solutions, we were able to evaluate
both the direction and magnitude of the angular velocity
required to produce the artefact magnitudes observed for
in vivo measurements of the PA. The directionality,
reflected in the sign of the angular velocity, makes physi-
cal sense with the timing of pulse cycle and the twin peaks

of each period of PA: the first peak corresponds to a nod
backward of the head likely caused by the momentum
transfer of fast flowing blood following the ventricular
contraction, and the angular velocity direction for the sec-
ond peak is reversed implying that restorative motion sub-
sequently occurs. Additionally, the estimated magnitude
of the angular velocity needed to produce the measured
artefact is about 0.008 s�1 (0.4�/s). Given that the duration
of each of the two artefact peaks is around 100–200 ms,
the change in angle of the head that would result from
this rotation is less than 0.1�. These values are based on a
single sphere model of the head, but the fact that the con-
ductivity does not appear in the expressions for the arte-
fact voltage [Eq. (12)] is an indication that the artefact
voltage magnitude would not be greatly changed by incor-
poration of a low conductivity layer just below the surface
of the sphere to represent the effect of the skull.

There was only a small improvement in the correlation
of the simulated and measured voltage patterns when the
actual digitized wirepaths were used in calculating the
artefact voltage instead of the idealized partial lines of lon-
gitude. This finding is in contrast to previously described
measurements of the gradient artefact [Yan et al., 2009],
where a much improved correlation of measurements and
simulations was obtained by using the real wirepaths. The
difference must reflect the lower sensitivity of $(v � B) � dl
to changes in the path of integration compared with the
integral of

R
dA
dt � dl, where A is the vector potential that

characterizes an applied field gradient. This is unsurpris-
ing since the magnitude and direction of the vector field A
needed to produce a field gradient has a much stronger
spatial dependence than v � B in a rigid body rotation.

Blood Flow Artefact

Using the simple expression relating vessel geometry,
blood velocity, and field direction to effective dipole
strength, we have also been able to model the potentials
produced at the surface of a conducting sphere by flow of
a conducting fluid inside an internal vessel. The strong de-
pendence of the relevant dipole strength on vessel size
and variation of velocity across the cardiac cycle means
that it is the large arteries that are most likely to produce
significant time varying Hall voltages. Consequently, the
argument that the pseudo-random direction of blood flow
in different vessel segments is likely to lead to a net
cancellation of the voltage measured at the scalp surface
[Bonmassar et al., 2002] is not particularly relevant since
there is a definite directionality of flow in the network of
large arteries. The spatial form of the measured PA is
most consistent with the artefact voltage produced by flow
in a vessel oriented in the posterior-to-anterior direction
and located far from the surface, since such flow produces
an artefact pattern that shows a predominant variation in
the left-to-right direction and is diffusely spread over the
whole surface of the head. Calculation of the correlation
coefficient between the voltage pattern measured at the
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first temporal peak of the PA and that generated by a ves-
sel section carrying blood flow in the y-direction located at
the center of a head-sized sphere yields a value of 0.88.
Although this high value of the correlation coefficient indi-
cates a strong degree of similarity in spatial form of the
artefact, the magnitude of the Hall voltages calculated for
parameters that are typical of the large arteries in the brain
[Bammer et al., 2007] are more than 20 times smaller than
those measured in the PA. It should also be noted that
these calculations assume that the vessel is embedded in a
homogenous sphere whose conductivity is similar to that
of blood. The calculated values of the artefact voltage
would be considerably reduced if a triple sphere model
[Zhang, 1995], including a low conductivity layer repre-
senting the skull, was employed. It thus seems likely that
blood flow in the large arteries in the brain makes only a
relatively small contribution to the measured artefact, with
the dominant contribution resulting from nodding motion
that is driven by cardiac pulsation. The strong dependence
on depth of the voltage generated by the effective dipole
representing the effect of flow means that an artery close
to the skin surface, such as the superficial temporal artery,
could generate a much larger artefact voltage. However, a
superficial dipole would be expected to generate a fairly
localized voltage that decreases rapidly with distance from
the vessel. Such a spatial variation of voltage is not obvi-
ously reflected in the measured artefact voltage pattern
(see Fig. 5), so such flow also does not seem to make a
large contribution to the measured PA.

Origin of the Pulse Artefact

The inference that the dominant cause of the PA is head
movement is consistent with previous findings. For exam-
ple, Anami et al. [2002] showed that it was possible to
greatly reduce the PA in recordings made at 1.5 T by
using a vacuum-head fixation system. This indicates that it
is head movement driven by cardiac pulsation that is the
dominant cause of the PA. The same group [Nakamura
et al., 2006] described experiments in which recordings
were made inside and outside a magnet with a thin insu-
lating sheet interposed between the electrodes and the
scalp. The sheet was covered with a thin layer of conduct-
ing gel which ensured that there was good electrical con-
tact between electrodes, but no contact to the scalp. Its
presence thus meant that Hall voltages generated by blood
flow in the head would not reach the EEG amplifiers, but
induced voltages due to movement would still be present.
Recordings made using this arrangement inside the mag-
net showed a significant increase in variance compared to
those made at zero field, as a result of the presence of the
PA. Thus, the PA was present even when the Hall vol-
tages from flow were eliminated. The relative success of
methods of correcting the PA based on measurements of
voltages induced in a reference loop of wire fixed into the
EEG cap [Masterton et al., 2007] is also indicative of the
fact that there is significant movement of the head related

to cardiac pulsation: Hall voltages due to flow will not
register in a closed loop, while rotational motion in the
field will induce a voltage. It is worth noting, however,
that even if the wires forming the reference loops perfectly
follow the EEG leads, the voltages generated at different
locations over the head in such loops by head rotation
show a different pattern of spatial variation to those pro-
duced in the EEG leads because of the effect of the volume
conductor. Inductive reference loops [Masterton et al.,
2007] can not therefore characterize the spatial variation of
the artefact voltage, although they do provide a good rep-
resentation of its temporal variation.

Another type of motion that could potentially contribute
to the generation of the PA is cardiac driven expansion of
the scalp as a result of blood rushing into surface arteries.
The effect of this type of motion, which involves deforma-
tion, is harder to model than that of a rigid body rotation,
but some insight can be gained by applying the approach
to evaluating artefact voltages described above. If we
model the head as a sphere with the EEG leads running
along lines of longitude and the field running along the
north–south axis of the sphere, the velocity of movement
is radial in a uniform expansion of the sphere, so v � B is
directed azimuthally and is therefore perpendicular to the
lead paths and the normal to the sphere’s surface. The lat-
ter implies that no scalar potential is needed to satisfy
boundary conditions at the sphere’s surface, leading to a
zero electrode contribution to the artefact voltage, while
the former means that the lead contribution, given by the
line integral of �v � B along the relevant leads is also
zero. We would therefore not expect such a uniform
expansion to generate a significant artefact voltage.
Although this expectation is based on a relatively qualita-
tive argument, it is particularly hard to imagine from the
symmetry of the field and wire paths that a uniform
expansion could produce an artefact pattern showing a
predominately left–right variation. It has however been
previously shown in an experimental study that a local-
ized expansion on the left and right sides of an EEG cap
placed on a conducting spherical phantom, does generate
a localized artefact with opposite polarity on the left and
right sides of the phantom [Debener et al., 2008]. Simula-
tion of such an expansion is beyond the scope of this arti-
cle, but the broadly distributed nature of the voltage
pattern measured at the peaks of the real PA lead the
authors to believe that a localized expansion (e.g., near the
temporal arteries) is probably not the dominant source of
the PA. The effect of localized scalp expansion and flow in
surface arteries may however explain why the correlation
of the measured PA and the artefact produced by a head
nod is 0.87 rather than being closer to unity.

Pulse Artefact Reduction

Accepting that the PA largely results from a cardiac-
driven, nodding head motion, the analytic expressions
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described here point toward methods that could be used
to ameliorate the PA at source and to improve its correc-
tion via postprocessing methods. In particular, it is clear
that limiting head motion [Anami et al., 2002; Nakamura
et al., 2006] as much as is tolerable by the subject will help
to reduce the size of the induced artefact.

It may also be possible to modify EEG cap designs so as
to reduce the magnitude of the artefact voltage. The elec-
trode contribution to the artefact voltage is obviously fixed
by the positioning of the electrodes on the scalp surface,
but the lead contribution can be varied by changing the
wirepaths. Figure 10 shows the electrode and lead contri-
butions for a nodding motion calculated using the digi-
tized wirepaths, as used in the numerical model. This
shows that the two contributions have opposite polarity
and that the lead contribution is larger. Varying the lead
voltage could therefore have a significant effect on the
measured artefact voltage, while significantly, the opposite
polarity of the two contributions suggests that optimized
design of the leads can further reduce intrinsic artefact
pickup through cancellation.

Furthermore, Eq. (12) implies that by rotating the cable
tree to the back of a spherical head, such that a ¼ 90� the
artefact voltage produced by a small rotation about the x-
axis could be completely eliminated. Clearly this is not an
ideal position from an ergonomic point of view for the
cable tree to emerge, and in the case of a real head shape

the cancellation is likely to be more partial, but this sort of
design should be tested. Other arrangements which pro-
duce lead voltages that largely cancel the electrode contri-
butions generated during a nodding motion could also
potentially be identified, consequently lowering the
demands on postprocessing filters.

The modeling described here could also guide artefact
correction algorithms. The spatial map of the rotation arte-
fact could be incorporated into improved filtering techni-
ques relying on spatial rather than temporal patterns such
as the adaptive beamformer [Brookes et al., 2008]. Such
methods allow the suppression of particular patterns that
are known to be artefacts [Wan et al., 2008] and can poten-
tially be targeted to remove a lesser proportion of true
brain signals than the commonly used AAS algorithms.
The analytic equations, in conjunction with better temporal
modeling of head rotation could also be used to create
temporal artefact waveforms that may help place a physi-
cal check on ICA [Nakamura et al., 2006] or OBS [Niazy
et al., 2005] methods where the artefact components are
currently identified by statistical methods. In addition,
evaluation of head motion parameters produced during
coregistration of fMRI image time series could allow the
PA template to be adjusted in time based on calculation of
changes in the form of the nodding artefact resulting from
variation in average head orientation.

Relevance Beyond Understanding the Pulse

Artefact

Although the focus of this article has been upon the spatial
form of the PA, the approach used here could also be used to
evaluate the voltages produced in EEG recordings by gen-
eral head rotation. Again the motion parameters produced
from fMRI time series could be used to identify the temporal
variation of rotational velocity, which could form the basis
of calculation of a predicted artefact voltage waveform on
each channel. These artefact waveforms could then be sub-
tracted from the recordings on each channel to improve data
quality. The approach developed here for modeling the
effect of Hall voltages produced by blood flow in a magnetic
field in terms of a current dipole, could also be used in other
areas of the body. In particular, it might be helpful in model-
ing the flow artefacts produced in ECG [Fischer et al., 1999]
recordings made on the surface of the chest.

CONCLUSIONS

Using basic physical principles, we have modeled two
potential causes of the PA, namely, rotation of the head and
blood flow, and have shown that both are capable of match-
ing the PA measured in vivo in spatial form. However, the
Hall voltages produced at the scalp surface by pulsatile
blood flow variation in large arteries in the brain are shown
to be too small to be a significant cause of the measured PA.
Conversely, it is shown that cardiac-pulse-induced nodding

Figure 10.

Decomposition of the rotation artefact (for right-handed rota-

tion about the x-axis with an angular velocity of 0.44�/s in a field

of 3 T) into contributions from (a) the electrodes and (b) the

digitized leads as used in the numerical model. Note the oppo-

site polarity of the two patterns. [Color figure can be viewed in

the online issue, which is available at www.interscience.wiley.

com.]
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motion corresponding to an angular velocity of just 0.4�/s
could generate the measured PA. The simple model of
rotation can also help to explain features of the in vivo
measurement such as the polarity reversal between the two
peaks in time of the PA that are typically seen per cardiac
cycle. Although we cannot exclude some contributions from
scalp expansion and blood flow in superficial arteries, the
work described here shows that head rotation is likely to be
the dominant source of the PA. The analytic expressions
and numerical simulations derived here should allow the
design of improved EEG lead arrangements that lower the
intrinsic artefact pick-up, reducing the need for complex
artefact correction. Greater understanding of the origin of
the PA should also be of key value in developing more
intelligent filtering algorithms for high fidelity, simultane-
ous EEG/fMRI data.
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APPENDIX A: DERIVATION OF THE

ARTEFACTS DUE TO MOVEMENT IN A

STATIC FIELD

Here, we use the approach characterized by Eq. (5) to
investigate the form of the artefact voltages generated in
EEG recordings by translational motion and by rotation
about an axis that is parallel to the applied field. The anal-
ysis indicates that both these motions generate no artefact
voltage.

Translational Motion

In the case of translational motion, the electromotive
field is spatially invariant so we can write,

v� Bð Þ ¼ v� Bj jŝ (A1)

where ŝ ¼ ðv� BÞ= v� Bj j. The boundary condition at the
surface of the sphere is then satisfied by a scalar potential,
which also satisfies Laplace’s equation, of the form,

U ¼ v� Bj js (A2)

where s describes the position in the ŝ-direction. The
electrostatic force generated by this potential cancels the
electromotive force everywhere inside the sphere, since
v � B ¼ !U. Under these circumstances

ZA

B

ðv� BÞ � dl ¼ UA � UB (A3)

and simple inspection shows that the electrode and lead
contributions to Eq. (5) are equal and opposite, so that the
total artefact voltage is zero.

Rotation About an Axis Parallel to the Field

We now consider rotation about an axis that is parallel
to the field direction, using the specific example where
B ¼ B0 k and X ¼ Xk, such that

v� B ¼ XB0 xiþ yjð Þ: (A4)

Substituting this expression into Eq. (2), and writing
J ¼ rE gives

J ¼ s v� B�rUð Þ: (A5)

In the steady state, the current density must be diver-
gence free so as to avoid unrealistic continuous charge
accumulation. Consequently

r v� B�rUð Þ ¼ 0 (A6)

and using Eq. (A4) this yields

r2U ¼ 2XB0: (A7)

The scalar potential thus obeys Poisson’s equation such
that a uniform space charge density of magnitude
�2e0XB0 is formed inside the conductor [Lorrain, 1990].
This charge generates a radial electric field of magnitude
�2XB0r/3 inside the sphere and a contribution to the sca-
lar potential XB0r

2/3 that varies only with radial co-ordi-
nate and so is constant over the surface of the sphere. A
second contribution to the scalar potential, U0, comes from
the charge density at the surface of the sphere. This is
needed to ensure that the radial component of the current
density is zero at the surface. Including the contribution of
the space charge and v � B and applying the boundary
condition at r ¼ a gives

oU0

or

�����
r¼a

¼ v� Bð Þ � r̂jr¼a �
2XB0a

3
¼ XB0a

3
3 sin2 h� 2
� �

:

(A8)

The solution of this equation which also obeys Laplace’s
equation is

U0 ¼ �XB0r
2

6
3 cos2 h� 1
� �

: (A9)

The contribution of the electrodes to any artefact voltage
is thus

U0
Data � U0

Reference ¼ �XB0a
2

2
cos2 hData � cos2 hReference
� �

(A10)

where yData and yReference describe the positions of the data
and reference electrodes.

The contribution of the lead term depends on the line
integral of v � B along the data and reference leads. How-
ever, the form of v � B given by Eq. (A4) can be described
by the gradient of a scalar function

W ¼ XB0

2
x2 þ y2
� � ¼ XB0

2
r2 sin2 h (A11)

so that the line integral only depends on the start and end
points of the path of integration. The lead contribution to
the artefact voltage is thus

�
Z

v3Bð Þdlþ
Z

v3Bð Þdl ¼ �XB0

2
a2 sin2 hData � sin2 hReference
� �

(A12)

Summation of the electrode [Eq. (A10)] and lead contribu-
tions [Eq. (A12)] thus yields a total artefact voltage of zero
for rotation about an axis that is parallel to the field.

Interestingly, if the electrodes and leads do not rotate
with the conductor, a non-zero voltage is measured from a
conductor rotating about an axis parallel to the field. This
effect forms the basis of the Faraday disk (and sphere)
experiment [Lorrain, 1990].
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APPENDIX B: EFFECT OF FLOW IN A

UNIFORM CYLINDRICAL VESSEL

We consider a cylindrical vessel of radius, b, and length,
L (� b), carrying blood of conductivity, r, which flows at
a uniform velocity, v, along the axis of the cylinder. The
vessel is embedded in a infinite medium which also has
conductivity, r, and is exposed to a magnetic field, B.
Inside the vessel, flowing ions experience a uniform effec-
tive electric field, v � B, which drives current flow across
the vessel in the direction that is perpendicular to B. A
charge distribution is consequently formed at the surface
of the vessel and this in turn generates a scalar potential
and an associated electric field. To find the form of the
scalar potential and charge distribution, we apply the
boundary condition that the normal component of the cur-
rent density must be continuous across the vessel bound-
ary. In addition, the scalar potential that is generated must
be continuous across the boundary and must obey Lapla-
ce’s equation everywhere except at the boundary. To sim-
plify the mathematics we work in cylindrical polar co-
ordinates (q, /, z) and define the direction of v � B as the
x-direction in the co-ordinate frame of the cylindrical ves-
sel. Working from the known solutions of Laplace’s equa-
tion in cylindrical polar co-ordinates, which show no
variation with axial co-ordinate (since we assume b � L),
we try a solution of the form

U ¼ Aq cos/ for q < b

U ¼ Ab2

q
cos/ for q > b

(B1)

where A is a coefficient to be determined. The radial com-
ponent of the current density, J = rE is then given by

r � oU
oq

þ v3Bð Þ � q̂
� �

¼ �Aþ v3Bj jð Þr cos/ for q\ b

� r
oU
oq

¼ Ab2

q2
r cos/ for q > b ðB2Þ

Equating the radial component of the current density on
either side of the vessel wall at q ¼ b gives

A ¼ v� Bj j
2

(B3)

By evaluating the change in �e0 oU
oq on crossing the vessel

wall it is straightforward to show that the surface charge
density, q, required to generate this scalar potential is
given by

q /; zð Þ ¼ e0 v� Bj j cos/: (B4)

This corresponds to a positive charge density on the sur-
face of the vessel reached by moving from the centre in
the direction of v � B and a negative charge density on
the opposite surface of the vessel. The symmetry of the
charge distribution thus means that it has a zero total
charge and a non-zero dipole moment. Consequently, at a
distance the electric field produced by a finite length of
vessel, L, will be predominantly dipolar in form. We can
find the electric dipole moment, P, of the charge distribu-
tion by using the standard integral

P ¼
Z

d3 r r q /; zð Þd q� d=2ð Þ

¼
ZL

0

dz

Z2p

0

bd/ e0 b cos/iþ b sin/jþ zkð Þ v� Bj j cos/

¼ e0b
2pL v� Bj ji ¼ e0b

2pL v� Bð Þ ðB5Þ
This is converted to an equivalent current dipole, Q,

strength by multiplication by r/e0 yielding

Q ¼ sb2pL v� Bð Þ (B6)

We can thus estimate the scalar potential generated at
the scalp by a blood flow in a vessel of finite length by
representing its effect as that of a point dipole that is posi-
tioned at the center of the vessel and whose strength and
direction is specified by Eq. (B6). The finite extent of the
current distribution and deviation from the infinite cylin-
der approximation used here, mean that this only provides
an approximate representation of the real effects.
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