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Abstract— Electrical Impedance Tomography (EIT) can
resolve dynamic physiological information deep within human
subjects [1], but its sensitivity is challenged in the case of
imaging the head [2]. Here, we report a new system called
fEITER that has been designed and built to enable functional
imaging of the human brain using EIT via scalp-mounted
electrodes, integrated with stimulation of evoked responses.
Using Field-Programmable Gate Array (FPGA) technology, it
provides excellent flexibility in terms of current-pattern
excitation and signal processing. The instrument operates at
100 frames/second (fps) with noise of 1 nV on the rms voltage
measurements. Clinical trials have been authorized by the UK
MHRA and example data from human subjects are presented.

1. INTRODUCTION

LECTRICAL Impedance Tomography has become well

established for imaging in both medicine and process
engineering, exploiting its portability and speed. Its
applications include lung function imaging [1] and multi-
phase flow characterization [3]. There has been considerable
interest in its capability to provide dynamic images of
human brain function [2, 4-6], via conductivity changes due
to:
1. electrical effects in regions of high synaptic density [7],
2. the haemodynamic consequences of brain function [8], or
3. some combination thereof.

Process 1 above extends over a period of around 500 ms
in response to a short stimulus, but includes more rapid
phases of tens of ms or less, whereas process 2 occurs over
several seconds. In [4], a target measurement precision of
about 10™ of the measured voltages is identified, to enable
imaging of a 4% change in conductivity in the visual cortex,
although those calculations are pessimistic in that they used
a significantly lower value of skull conductivity, o, than the
current best measurements of around 0.050 S/m [9].
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We report here a new design of medical EIT system that
achieves high-speed imaging (100 fps) whilst also achieving
excellent low-noise performance that approaches the target
precision identified in [4]. The implementation and
construction of the system is described, and its performance
is evaluated in both laboratory and human tests. In the latter
case, the above combination of measurement/imaging speed
and precision has enabled novel observations of a number of
phenomena, particularly the multi-site measurement of
rheoencephalography (REG) [10] and the response of
various brain regions to extreme auditory stimulation.

II. SYSTEM DESCRIPTION

A. Hardware

The system (Fig. 1) includes three Type BF applied parts,
viz. the EIT sub-system (with its electrodes and connecting
leads), and visual and auditory stimulus sub-systems. It is
housed in two sub-assemblies: a Base Unit and a Headbox.
The base unit provides power to all sub-systems,
incorporates the stimulus sequencing sub-system (CED
microl401), and acquires and formats data for export to the
system laptop computer that is also provided for user
communication with the hardware and for the generation of
stimulus sequences using Signal software (CED). The
auditory stimulus sub-system consists of a pair of inner-ear
headphones, or optionally large-format TDH headphones
(Telephonics), driven from the CED microl401, via a
separation device as a means of patient protection (MOPP).
The visual (flash) stimulus is delivered by two 5x4 arrays

Stimulation H
Device : Data
: Storage

Headbox

| ~> Stimulus control
|~ ElTsystem

Base Unit

| Patient Environment

Data and power cabling

Fig. 1: Schematic diagram of the fEITER system.
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Fig. 2: The 32 scalp-mounted Covidien Zipprep™ electrodes arranged
on a sub-set of the EEG 10-20 array locations. The subject’s nose is at
the top and the view is from the crown of the head.

(7.5 mm pitch) of RGB LEDs with associated diffusers,
mounted approx. 13 mm from the subject’s eyes, within a
pair of goggles. The resulting angular subtense is intended to
ensure stimulation of the full visual field, irrespective of the
pre-stimulus fixation state of the eye. Two-MOPP patient
protection is provided by the construction of the goggles.
Stimulus event markers are encoded in the system output
data format with a resolution of 0.5 ms.

Using a local CPLD (Xilinx XC95144), the base unit
carries out serial-to-parallel (8 bits) conversion of incoming
data from the headbox, and the data are read out at 500 kS/s
by a National Instruments USB DAQCard-6221 controlled
using LabVIEW. The base unit provides the required two-
MOPP separation between the patient circuit and live parts,
including not only secondary circuits (3 kV rms) but also the
mains part (4 kV rms).

The majority of the EIT sub-system hardware and
firmware functionality lies within the headbox, which
contains a Xilinx Virtex-4 SX35 FPGA and unique circuits
for current sources, electrode interfaces and voltage
measurements. All circuits are mounted on an 8-layer PCB
that provides shielding between digital and analogue
elements. Zipprep™ electrodes (Covidien Inc.) were found
[11] to present relatively low impedance (typically 1.5 kQ)
to the 10 kHz sinusoidal current excitation (1 mA pk-to-pk)
and were used throughout. The headbox connects to 32 scalp
electrodes (plus one reference), arranged as shown in Figure
2, by snap-on touch-proof (non-shielded) cables (Integral
Process S.A.). The headbox includes circuitry that renders
the system robust against -electro-surgery, although
measurement performance is compromised during these
procedures. Based on an enhanced Howland circuit, the
current-drive circuits show excellent low-noise properties
[12]. Current-sense resistors in the headbox, in conjunction
with the FPGA, measure the applied current and check
compliance with safety limits (IEC 60601-1:2005).

B. Firmware

The FPGA performs Direct Digital Synthesis (DDS) of
the current excitation waveform, and controls CMOS
switches to provide current excitation between any desired
pair of electrodes; in the work reported here, a fixed set of

20 near-diametric current-patterns (CPs) were used,
geometrically optimized for sensitivity to the visual cortex.
During each 500 us (5 cycle) CP, simultaneous voltage
measurements are made between all adjacent headbox inputs
(except those involving the current excitation electrodes),
sampled at 500 kS/s using 16-bit ADCs. Phase-sensitive
demodulation (PSD) is implemented on the FPGA to
determine the voltage amplitude that is synchronous with the
current excitation, and their relative phase, from 4 cycles of
sampled voltages (the first current cycle after CP switching
is not used), yielding an effective measurement bandwidth of
SkHz. The above measurement protocol yields 546 EIT
voltage measurements per frame. It should be noted that, in
order to eliminate any scope for misunderstanding in the
remainder of this paper, we discuss the rms voltage
measurement, in contrast to recent conference presentations
(e.g. [13]) where we have reported peak-to-peak voltage
measurement.

III. SYSTEM PERFORMANCE

A. Phantom Studies

Objective performance measurement of EIT instruments
on human subjects is hampered by several factors, including
the presence of wvarious physiological signals, most
obviously REG. Studies on phantoms are therefore attractive
but it should be recognised that coupled noise and
interference levels will depend markedly on the geometric
form of the phantom. We have used precision resistor-based
wheel phantoms for measurements of intrinsic instrument
performance, and saline-filled ‘head-like’ tanks for
measurements intended to include a representative
contribution from coupled interference. We define two
measurement timescales of interest: 1) short term - a 500 ms
(50 frame) epoch, to represent a single functional response
event, and 2) long term - a 1-minute (6000 frame) epoch,
typical of a single experiment with a given stimulus pattern.
Table T summarises the noise performance of the fEITER
measurement system for both timescales and phantom types.
Although the individual voltage signals in an EIT
experiment depend on both the characteristics of the
measurement subject and the arrangement of electrodes, the
observed repeatability on head-like phantoms indicates a

TABLE 1
NOISE PERFORMANCE MEASURES
Phantom type / Timescale Short term Long term
Resistor wheel” 1 1
Head-like saline tank® 3.1-34° 3.8-4.2°

All noise values are expressed as standard deviation in measured
voltage (uV) and are influenced by the quantisation noise floor (1.36
V) of the 16-bit data representation used.

%0.1% 10ppm/K resistor network, giving inter-electrode drive
impedance of 338 - 418 Q, mounted directly onto headbox connectors.

"Nominal conductivity 500 pS/cm connected via 60 cm unshielded
leads.

‘Environment dependent; ranges shown typify our experience in
both laboratory and hospital environments.
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potential SNR of over 90 dB for a full scale (108 mV rms)
input signal). Note that the SD values in the resistor phantom
case slightly underestimate the true population SD, due to
the quantisation of the 16-bit data representation. Although
adequate under normal circumstances, this does have a
discernible effect at the reduced levels of signal variation
possible in phantom tests.

B. Human Data

Human tests are being conducted at Manchester Royal
Infirmary, notified to the UK MHRA. Figure 3 illustrates the
stability of the raw voltage measurements obtained from
human tests on a short-term basis, under non-stimulus
conditions. The measured data broadly agree with forward
calculations performed by EIDORS 3D [14], using a 7-tissue
head model [15] with a total of 53,336 tetrahedral elements,
and with o set at 0.05 S/m, although it is clear that the
model calculation clearly could be optimised further.

The individual voltage measurements on human subjects

always contain a cardiac-related waveform, as shown in
(a)
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Fig. 3: An overlay of 50 frames of measured voltages on a human subject,
compared with forward calculations (EIDORS), (a) whole frames of 546
measurements, (b) measurements 300 — 400.
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Fig. 4: Time variation (in blue) of the voltage measurement for CP 5-15 and
voltage measurement 19-20, relative to the 1-minute mean value; it is
shown here as a 10-sample moving average. The red trace shows the
simultaneous electrocardiogram (ECG).

Figure 4 for measurement 5-15-19-20. The positive peak in
the EIT waveform occurs typically 200 ms after the ‘R’
wave (highest positive peak) in the ECG, which is associated
with ventricular action. This aspect of the fEITER data is
attributed to the rheoencephalographic (REG) signal which
has been reviewed recently by Bodo [10]. We find that the
peak-to-peak magnitude of the REG-related waveform in the
fEITER data depends on scalp location and varies over 5 -
20 uV, i.e. typically larger than system noise effects.

IV. STIMULUS RESPONSE

We report here an example from preliminary tests on two
subjects, using a gross auditory stimulus, viz. release of a
party-popper a few metres from the subjects, who were
blindfolded. (Although optimized for visual cortex
sensitivity, the 20 CPs include at least 6 with left-right
geometry and thus sensitive to the auditory cortices.) Subject
A was informed only that there would be a surprise stimulus,
whereas subject B had heard it before the experiment. We
expect these conditions to evoke the auditory startle reflex
(ASR) which is a measure of the brainstem response [16].
Subject A has a severe hearing impairment in the left ear (55
dB down), and was exposed to the stimulus only three times.
Subject B was exposed to 8 party-popper events over a
period of 42 minutes.

Transient fEITER voltage changes for both subjects
showed some effects in the order of 300 UV rms. Whereas
the fEITER responses of Subject B were broadly left-right
(L-R) symmetric, the responses of Subject A were extremely
L-R asymmetric, with some voltage data changes measured
on the left (e.g. 6-14-21-22) showing orders of magnitude
greater response than the equivalent one on the left (e.g. 6-
14-24-25). (This difference between the two subjects was
confirmed in tests with much more carefully controlled
auditory stimuli that elicited substantially smaller responses,
of order 20 uV.) These observations are consistent with the
subjects’ relative hearing ability and with contralateral
neural processing. The observed fEITER responses
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measured near the auditory cortices for both subjects show
features resembling, in latency and in relative form, the well-
established P1-N1-P2 complex observed in EEG monitoring
of auditory evoked potentials [17]. The measured EIT
voltage responses of Subject B to gross auditory stimulus
show clear evidence of habituation; at symmetric locations
near left and right auditory cortices they contain short-term
components (< 1 sec, ~ 20 uV) and long-term components
(several sec, ~ 50 wV), which are characteristic of these
tests.

The large EIT voltage changes measured (with respect to
an initial reference interval) in these gross auditory tests,
allow reconstruction of images of conductivity change due to
stimulus, even disregarding the effects of the REG. Image
reconstruction was carried out for each frame using an SVD
algorithm, and using a sub-set region of 24,465 elements of
the head model, comprising of the grey and white matter and
CSF. An example image is shown in Figure 5, where there
appears to be substantial activation in the cerebellum, linked
to brain stem activity. Image reconstruction was carried out
off-line, although it can be anticipated that, eventually, some
degree of image reconstruction will be carried out on-line.

V. DISCUSSION AND CONCLUSIONS

The new 32-electrode medical EIT system reported here
has a relatively high frame rate, at 100 fps, and is fully
integrated with a flexible stimulus evoking system. It
exhibits very good noise performance. For example, it is
broadly comparable in that respect with the best of the three
systems discussed by Fabrizi et al. [18], who carried out
phantom tests of a similar nature, but with much reduced
measurement bandwidth compared with our system. The
new fEITER system certainly appears to enjoy a unique
combination of frame rate and noise performance. This
configuration has revealed the importance of the REG-
related component of the EIT signal when measured on the
human head. The utility of fEITER for brain function
imaging continues to be the subject of on-going clinical and
research investigations in Manchester [19]. In this paper, we
have presented examples of data obtained that may plausibly
be due to neural processing. However, firm conclusions on
this point await analysis of the statistically large sample of
subjects that is being amassed in the clinical investigation.
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