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Abstract

Purpose—To investigate the heating of EEG electrodes during MRI scans and to better
understand the underlying physical mechanisms with a focus on the antenna effect.

Materials and Methods—Gold cup and conductive plastic electrodes were placed on small
watermelons with fiberoptic probes used to measure electrode temperature changes during a
variety of 1.5T and 3T MRI scans. A subset of these experiments was repeated on a healthy human
volunteer.

Results—The differences between gold and plastic electrodes did not appear to be practically
significant. For both electrode types, we observed heating below 4°C for straight wires whose
lengths were multiples of ¥ the radiofrequency (RF) wavelength and stronger heating (over 15°C)
for wire lengths that were odd multiples of ¥4 RF wavelength, consistent with the antenna effect.

Conclusions—The antenna effect, which has received little attention so far in the context of
EEG-MRI safety, can play as significant a role as the loop effect (from electromagnetic induction)
in the heating of EEG electrodes, and therefore wire lengths that are odd multiples of ¥ RF
wavelength should be avoided. These results have important implications for the design of EEG
electrodes and MRI studies as they help to minimize the risk to patients undergoing MRI with
EEG electrodes in place.
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Introduction

The electroencephalography (EEG) electrodes typically used in clinical settings—epilepsy
long-term monitoring (LTM) or intensive care units (ICUs)—are often removed prior to
MRI scanning at 3T due to safety concerns regarding their heating by the radiofrequency
(RF) pulses that are transmitted during MRI scans®-2. It would be advantageous to (i) leave
these electrodes on during routine clinical MRI scans and (ii) be able to record directly from
these electrodes during functional MRI scans, as originally demonstrated by Ives et al.3

From a clinical perspective, the main advantages of leaving the electrodes in place during
MRI scans are reduced wear-and-tear on the scalp (from the repeated application and
removal of electrodes) and faster preparation of patients for MRI4. In addition, numerous
research studies with important clinical relevance, such as the investigation of structural or
functional changes immediately after a seizure, would benefit from the ability to move
patients from LTM units into an MRI scanner as quickly as possible.

The ability to record from EEG electrodes during functional MRI scans (commonly referred
to as “simultaneous EEG-fMRI”) has enabled the investigation of hemodynamic changes
accompanying epileptiform events, such as interictal spikes, that are typically identified via
EEG®. These studies include reports of high variability in the timing of hemodynamic
changes relative to the timing of interictal spikes®’, with the intriguing finding that, in
several cases, the onset of hemodynamic changes appears to precede spike onset®9. Also of
note are recent findings that the concordance (or lack thereof) between the brain areas that
show spike-related fMRI activation and the presumed epileptogenic zone (identified through
a combination of scalp EEG, intracranial electrodes and behavioral measures) is predictive
of seizure freedom following epilepsy surgery10:11,

Despite the various advantages of leaving EEG electrodes on during MRI scans, including
but not limited to the ones described above, previous studies of the heating of EEG
electrodes and leads by RF pulses have either been conducted at 1.5T or have employed
EEG caps that are not typically used in clinical settings, e.g., see Lemieux et al.12 or Néth et
al.13 The purpose of this study was therefore to measure the temperature changes under two
types of clinically used electrodes—gold cup electrodes (GCESs) and conductive plastic
electrodes (CPEs)—during a variety of scans at 3T, primarily using watermelons as
conductive head phantoms, in order to assess the safety implications of using these
electrodes on patients and to understand the underlying mechanisms of the observed
temperature changes, with an emphasis on the antenna effect, which can result from the
formation of electromagnetic standing waves on wires (i.e., the electrode leads).

Materials and Methods

For Experiments 1 and 2, small watermelons with circumferences ranging from 50 to 60 cm
were used as head phantoms since (i) their high water content results in a strong MR signal,
(i) their size is similar to that of the human head and (iii) their surfaces are conductive, like
the human scalp and unlike most MRI phantoms, thus providing a safe and inexpensive
means to investigate potentially large temperature changes under EEG electrodes during
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MRI. The results from Experiments 1 and 2 informed the design of Experiment 3, which
was performed on a healthy volunteer (see below). All electrodes (GCEs or CPESs) were
provided by lves EEG Solutions Inc. (Newburyport, USA) and temperatures were measured
by placing up to four T1 fiberoptic probes (Neoptix, Inc., Québec, Canada) under the
electrodes, with the fiberoptic cables running from the scanner room to a recording device
(Neoptix Reflex Signal Conditioner) in the scanner console room. All scans were performed
on either a 3T Trio scanner or a 1.5T Avanto scanner (Siemens Healthcare, Erlangen,
Germany), with the body coil used for RF transmission in all cases.

Experiment 1

Either GCEs (for one watermelon) or CPEs (for a second watermelon) were placed on the
surface along with EEG gel, adhering as closely as possible to the International 10-20
system415_ Three different configurations of electrode wire lengths were investigated: in
the “short wire” configuration (Fig. 1, left), the 21 scalp EEG electrodes (lead lengths: 25 to
30 cm) and 1 electrocardiography (ECG) electrode (lead length: 61 cm) terminated at the
black connectors indicated by the black arrow. In the “medium wire” configuration (Fig. 1,
center), the black connectors were connected via braided wires (green arrow) of about 66 cm
in length to a Brain Products interface box (blue arrow), which has 5 kQ resistors in series
with the output connector. Note that, because of the closed design of this particular receive
array coil, the braided wires had to be routed around the perimeter of the coil. In the “long
wire” configuration (Fig. 1, right), the interface box was connected via a ribbon cable
(purple arrow) of about 112 cm in length to a BrainAmp MR amplifier (Brain Products
GmbH, Gilching, Germany), allowing EEG signals to be recorded. Electrical connectivity
between the ECG electrode and the watermelon was established by a trail of EEG gel
running in an approximately straight path close to and almost parallel to the ECG lead (the
ECG lead itself was not surrounded by gel). The impedance of the electrode-watermelon
junction, as measured by the Brain Products system, was less than 3 kQ for each electrode
(mean: 1.4 kQ, standard deviation: 0.9 kQ), with the ECG electrodes on the higher end of
this range (i.e., close to 3 kQ).

Since only four temperature probes were available, three of the probes were distributed over
the watermelon surface, namely under the T3, Fp2 and T6 electrodes, and the fourth probe
was placed under the ECG electrode. Temperature changes under these electrodes were
recorded while running a variety of pulse sequences on a 3T Trio scanner equipped with a
32-channel receive array head coil, including MPRAGE, EPI, DTI, HASTE, FLAIR and
TSE, with the pulse-sequence parameters set to the typical values currently used at our
institution for routine clinical scans (see Table 1). The number of repetitions for each
sequence was adjusted so that each scan would have a duration of approximately 4 minutes,
with the exception of the DTI sequence, which had a duration of approximately 6 minutes
(for a single repetition).

In addition to noting the maximum temperature increase under the four electrodes during
each scan, we also estimated the equilibrium temperature that would have resulted from
(infinitely) long scan durations by fitting the rising temperature values to an exponential
recovery function of the form T(t) = Teq + (Tin — Teq) exp(-t/t), where T is the temperature

Neurodiagn J. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Balasubramanian et al. Page 4

at time t after scan onset, Teq is the equilibrium temperature (i.e., the value as t—00), Tin is
the initial temperature (i.e., at t = 0), and < is the time constant3. The above fits were
performed in MATLAB, using the Levenberg-Marquardt nonlinear least-squares algorithm
in function Isgnonlin. Straight-line fits of equilibrium temperature versus the specific
absorption rate (SAR) of each pulse sequence were also performed in MATLAB, using the
regress function.

Experiment 2

The results of Experiment 1 led us to hypothesize the antenna effect as the underlying
explanation for the observed phenomena (see Discussion). In order to confirm this
hypothesis, we systematically varied the length of one GCE lead and one CPE lead, kept
mostly straight and with the two electrodes affixed to another watermelon and with their
locations approximately centered on the left and right hand sides of the watermelon. The
temperature changes under the two electrodes were then measured at 3T during the TSE
scans, which caused the strongest heating in Experiment 1. At the end of each TSE scan, the
leads were shortened by 30.5 cm (~1 foot), from an initial length of 244 cm (~8 feet) to a
final length of 30.5 cm. Note that the leads were not connected to the amplifier here. This
experiment was then repeated at 1.5T, with the same TSE parameters as those used at 3T
(Table 1, rightmost column).

Experiment 3

Results

GCEs were placed on a 46-year-old healthy male volunteer from whom informed consent
was obtained, and temperature probes were placed under the same electrodes as in
Experiment 1 (i.e., T3, Fp2, T6 and the ECG electrode) prior to scanning at 3T. In the short
wire configuration, the ECG electrode was not affixed to the subject, corresponding to the
situation when, for example, an LTM patient wearing scalp electrodes is brought down for a
routine clinical MRI scan, with no attempt to record from the EEG electrodes during the
MRI scan. Temperatures were recorded during an MPRAGE and a TSE scan, using the same
pulse-sequence parameters as in the previous experiments (see Table 1). In the long wire
configuration, which permits recording of EEG/ECG during the MRI scan, the ECG
electrode was affixed to the subject's back, and temperatures were recorded during an
MPRAGE and an EPI scan—as typically run in a simultaneous EEG-fMRI experiment. In
all cases, the volunteer was instructed to press the squeeze-ball if he felt any heating of the
electrodes, thus signaling the scanner operator to terminate the currently-running scan. Note,
however, that we do caution against the use of such a strategy when large temperature
changes are likely in the time interval encompassing the combined reaction time of the
volunteer and scanner operator.

Experiment 1

Fig. 2 shows the temperature changes under T3, Fp2, T6 and the ECG electrode during and
immediately after the TSE scan, with GCEs (top row) or CPEs (bottom row), for the short
wire (left column), medium wire (middle column) and long wire (right column)
configurations. For both electrode types, increases in temperature of more than 15°C were
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seen for the ECG electrode in the short wire configuration and of less than 4°C in the
medium or long wire configurations. The other three electrodes (T3, Fp2 and T6) showed
temperature increases of less than 4°C for both electrode types and all wire-length
configurations, with one exception: T6 CPE in the short wire configuration exhibited a 6°C
increase.

Fig. 3 shows the equilibrium temperature at each electrode (in the short wire configuration)
plotted against the SAR of each pulse sequence we investigated (see Table 1). An
approximately linear relationship can be seen here, consistent with prior work (see
Discussion). For the ECG electrode, which exhibited the most heating, the slope and
intercept of the GCE (CPE) straight-line fit was 83.3 (83.8) °C/W/kg and 17.3 (19.7) °C,
respectively. For the T6 electrode, which exhibited the next most heating, the slope and
intercept of the GCE (CPE) straight-line fit was 13.0 (18.4) °C/W/kg and 19.7 (20.0) °C,
respectively.

Experiment 2

The substantial ECG temperature increases observed in the short wire configuration of
Experiment 1, but not in the medium or long wire configurations, led us to postulate RF
antenna effects as the underlying explanation, as detailed in the Discussion. To test this
hypothesis, we systematically varied lead lengths as described in the Methods; Fig. 4 shows
a plot of wire length, expressed as a fraction of RF wavelength (approximately 488 cm at
1.5T and 244 cm at 3T), versus the maximum temperature increase under each electrode
type during TSE scans at 1.5T and 3T. Note the stronger heating of the electrodes for wire
lengths corresponding to ¥ and % RF wavelength (odd multiples of ¥ RF wavelength), but
minimal heating at lengths corresponding to ¥2 and 1 RF wavelength (even multiples of ¥4
RF wavelength).

Experiment 3

Fig. 5 shows the temperature changes under GCEs when scanning a human volunteer at 3T
(see Methods). In the short wire configuration, very little heating was seen during the
MPRAGE scan (top left) and the maximum temperature increase seen during the TSE scan
was ~2°C, under the T6 electrode (top right). In the long wire configuration, which allowed
recording of EEG/ECG signals during the scans as in a typical simultaneous EEG-fMRI
experiment, very little heating was seen under the scalp electrodes during MPRAGE (bottom
left) or EPI (bottom right) scans, with a maximum temperature increase of ~2°C recorded
under the ECG electrode.

Discussion
The Antenna Effect

The antenna effect results from the formation of electromagnetic standing waves on wires, as
illustrated in Fig. 6. From this figure, it can be seen that the largest currents (and therefore
the most ohmic or resistive heating) would be predicted for wire lengths that are odd
multiples of %2 RF wavelength, assuming relatively low impedance at the electrode-scalp
junction (typically well below 5 kQ) and high impedance at the other end of the wire, where
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the EEG/ECG lead either meets air (effectively infinite impedance) or connects to a high-
impedance amplifier. The ECG wire length was close to an odd multiple of ¥4 RF
wavelength in the short wire configuration of Experiment 1, with a wire length of ~61 cm
and given a 3T RF wavelength (in air) very close to 244 cm. On the other hand, in the
medium and long wire configurations, the ECG wire length was close to an even multiple of
Y4 RF wavelength: ~122 and ~244 cm for the medium and long wire configurations,
respectively. Therefore, the high temperature changes observed under the ECG electrode in
the short wire configuration versus the relatively low temperature increases in the medium
and long wire configurations are what initially led us to hypothesize the antenna effect as the
primary source of the temperature changes observed in Experiment 1 (see Fig. 2).

The hypothesis above motivated Experiment 2, which was designed to explicitly test for the
antenna effect. Here, wire lengths were varied systematically with finer increments (30.5
cm) than was possible in Experiment 1, and the wires were kept as straight as possible to
minimize heating due to other effects, such as electromagnetic induction in conducting loops
(also known as the loop effect). The resulting temperature changes, as a function of wire
length, exhibited exactly the pattern of behavior predicted by the antenna effect at both 1.5T
and 3T (see Fig. 4). Our use of the body transmit coil in all of our experiments may have
made this pattern particularly apparent—had we instead used a head transmit coil, our
longest wires may have been exposed to little RF energy at their ends furthest from the coil,
resulting in a rather more complicated relationship between electrode heating and wire
length.

The importance of the antenna effect, in the specific context of the safety of simultaneous
EEG and MR, has not been adequately acknowledged or appreciated in the literature, in our
opinion. We attribute this in part to the influential nature of the paper by Lemieux et al.12,
who observed very little heating due to antenna effects in their experimental setup and
therefore concluded that the loop effect was the single most important risk factor in
simultaneous EEG and MRI—a conclusion that may have been over-generalized by others
with regard to their own experimental scenarios. The antenna effect was not a factor in the
Lemieux et al.12 study because they likely used wire lengths much shorter than 122 cm (i.e.,
Y4 RF wavelength at 1.5T)—however, the probability of encountering EEG lead lengths that
are odd multiples of ¥4 RF wavelength increases at 3T and beyond, and therefore antenna
effects, can no longer be safely ignored.

Our comments above are specific to scalp EEG—the antenna effect has indeed been
considered and described for various other physiological monitoring or stimulation devices,
such as intracranial EEG electrodes®, guidewires'?:18, catheters1920, spinal-fusion
stimulators2! and deep-brain stimulators?2. Note that these devices often involve implanted
wires surrounded by tissue, resulting in an approximately ten-fold reduction of the RF
wavelength?2, and therefore the wire lengths at which antenna effects manifest can be very
different than for scalp EEG leads (which are usually surrounded by air). Furthermore, the
boundary conditions are typically different for implanted wires versus EEG leads, resulting
in a different relationship between RF wavelength and the wire lengths that exhibit the
strongest heating. For example, for wire immersed entirely in gel or tissue, maximum
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heating occurs for wire lengths that are near multiples of % RF wavelength23:24, as opposed
to the odd multiples of ¥ RF wavelength we observe.

The antenna effect was also considered to be the most likely factor in several reports of ECG
burn injuries sustained during MRI122:26, The authors of the latter study conducted a related
experimental study involving a systematic variation of wire length, and observed the most
heating at ¥ (rather than %) RF wavelength?. We attribute the difference between their
findings and ours to the different boundary conditions involved: they did not have one end of
their wires at low impedance, as we did. We contend that our boundary conditions are more
representative of realistic EEG scenarios, where the electrode is likely to be in good
electrical contact with the scalp (i.e., with relatively low impedance), whereas the other end
of the lead is likely to have extremely high impedance, either due to its connection with a
high-impedance amplifier or due to its contact with air in the disconnected state.

While the antenna effect plays a prominent role in the results presented here, we stress that
we are not minimizing the role of electromagnetic induction (i.e., when wire loops are
formed), which can also lead to significant heating. Therefore, both the antenna effect and
the loop effect must be considered as potential sources of heating of EEG electrodes in the
MRI scanner.

What Temperature Increases are Acceptable?

The International Electrotechnical Commission has recommended a 1°C limit for increases
in body core temperature resulting from heating during MRI scans?8. However, this limit is
far too conservative for increases in skintemperature: in a study of thermal injury of porcine
skin, Moritz and Henriquez2® found that a 3-hour exposure to a temperature of 45°C resulted
in 2nd-3rd degree burns. However, reducing the temperature by 1°C (to 44°C) meant that a
much longer exposure (7 hours) was required to produce burns of comparable severity, and
reducing the exposure time at 45°C by just 30 minutes (i.e., to a 2% hour exposure) reduced
the severity to a 15t degree burn (equivalent to superficial sunburn without blisters). Since
skin temperature rarely exceeds 35°C30:31 with the exact values falling somewhere between
body core temperature and the ambient temperature, a skin temperature increase greater than
8°C and sustained for over 2 hours (well above the duration of typical MRI exams) would
likely be required to produce even a 15t degree burn.

We now turn to the relationship between increases in temperature and the specific absorption
rate (SAR) of a pulse sequence. As shown in Fig. 3, and as observed by others (e.g., Noth et
al.13) the (equilibrium) temperature increase under a given electrode varies approximately
linearly with the scanner-reported, whole-body SAR of the applied pulse sequence. The
slope of this line is, however, difficult to predict and is likely to be dependent on various
factors, such as the geometry of the RF transmit coil and the exact positioning of the leads
with respect to the transmit coil?”. This limits the utility of whole-body SAR as a predictor
of the most pertinent safety parameter, i.e., the expected increase in temperature under the
electrode (a similar point is made by Baker et al.32 and Nitz et al.33 regarding the heating of
implants). Nevertheless, whole-body SAR is at least useful for making decisions regarding
relative safety: for example, if a high-SAR sequence such as TSE can be shown to be safe,
then a sequence with lower SAR (such as EPI) will almost certainly be safe, assuming all
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other experimental conditions are kept unchanged—this was our rationale for focusing on
TSE scans in Experiment 2.

On the Validity of Watermelons as Models of Human Heads

For the majority of the experiments in this study, temperature measurements were made
under electrodes affixed to small watermelons, which served as models of the human head.
As stated earlier, the rationale for this choice of phantom was that (i) the high water content
in these melons results in a strong MR signal, (ii) their size is similar to that of the human
head and (iii) their surfaces are conductive, like the human scalp and unlike most MRI
phantoms. These watermelon phantoms therefore provide a convenient and inexpensive
means to investigate the heating of EEG electrodes in the MRI scanner, without the concern
of injuring a human subject, especially when large temperature changes are involved. We
acknowledge, however, the limits of this model: the electrical and thermal conductivities of
the various components of watermelons are unlikely to closely match those of brain tissues,
and the geometry of the conductivity boundaries is undoubtedly different.

Nevertheless, meaningful results can be obtained with these phantoms. These results should
not, however, be carelessly generalized to humans and are better seen as indicators of
relative rather than absolute safety. For example, the experiments performed in this study
show that there are no practically significant differences between GCEs and CPEs: if large
temperature changes are observed for one electrode type, large temperature changes are
likely for the other electrode type. In other words, it is not so much what is at the end of the
leads, but rather the leads themselves that matter with regard to heating in the scanner, at
least for the two electrode types investigated here. As a second example, the experiments in
this study showed that antenna effects can play a significant role in the heating of electrodes,
contradicting the general belief we have noted in the EEG community, and therefore certain
wire lengths are less safe than others, all else being equal.

In conclusion, EEG wire length, wire geometry and the SAR of the applied MRI sequences
must all be carefully taken into consideration in order to minimize the risk when performing
MR scans on patients with EEG electrodes in place, especially at field strengths of 3T and
above. It is our hope that greater appreciation of each of these factors, along with a deeper
understanding of their underlying physical mechanisms, will allow safety officers to better
assess the potential risks versus benefits to the patient in these situations.
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Short Medium

Figure 1.
Watermelon phantom with 1 ECG electrode (red arrow) and 21 scalp EEG electrodes placed

in accordance with the International 10-20 system, for Experiment 1. The short, medium and
long wire configurations described in the Methods are shown in the left, center and right
panels, respectively. The black arrow indicates the black Molex connectors, which connect
to the braided wires indicated with the green arrow. The blue arrow indicates the Brain
Products interface box, which connects to the ribbon cable (purple arrow) that leads to the
amplifier. A short ribbon cable is shown here in order to fit the amplifier into the photograph
frame, whereas a long ribbon cable was used in the actual experiment.
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Figure 2.
For GCEs (top row) and CPEs (bottom row) in Experiment 1, the temperature changes under

T3, Fp2, T6 and the ECG electrode during and immediately after the TSE scan are shown
for the short wire (left column), medium wire (center column) and long wire (right column)
configurations, with the end of the scan indicated by the purple line. Note the larger scale on
the vertical axis (0-25°C) for the short wire configuration, in which large temperature
changes were observed for both electrode types, versus the 0-4°C scale used for the other
configurations.
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Figure 3.

For the short wire configuration in Experiment 1, the equilibrium temperature at each

electrode versus the specific absorption rate (SAR) of each pulse sequence used in this study

(see Table 1). The data for GCEs and CPEs are shown with filled and open circles,

respectively, and the corresponding straight-line fits are shown with solid and dashed lines.
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Figure 4.
Results of Experiment 2. The maximum temperature increase under a GCE and a CPE

during TSE scans at 1.5T and 3T is plotted against wire length, where wire lengths are
expressed as a fraction of RF wavelength (approximately 488 cm at 1.5T and 244 cm at 3T).
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/4

250 300

i

250 300

Results from scanning a human volunteer at 3T (Experiment 3). The upper row shows the
temperature changes under GCEs during an MPRAGE (top left) and a TSE (top right) scan
in the short wire configuration. Note that the ECG electrode was not affixed to the volunteer
for the scans in the short wire configuration. The lower row shows the temperature changes
under GCEs during an MPRAGE (bottom left) and an EPI (bottom right) scan in the long
wire configuration. As before, the purple lines indicate the end of the scan.
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3/4 1

Illustration of the antenna effect. Standing wave patterns of current are shown for four wire
lengths: ¥4, %, % or 1 times the RF wavelength. For each wire length, electric current
(arbitrary units) is plotted versus position along the wire, with the leftmost point of the blue
curves corresponding to the electrode-scalp junction, where the impedance is relatively low,
and the rightmost point corresponding to the junction between the EEG/ECG lead and air or
the amplifier, where the impedance is extremely high. Note that the highest currents at the
electrode-scalp junction occur at odd multiples of ¥ RF wavelength, whereas the lowest

currents occur at even multiples.
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