
  

  

Abstract— Incorrectly sized balloon catheters can lead to 

increased post-surgical complications, yet even with 

preoperative imaging, correct selection remains a challenge. 

With limited feedback during surgery, it is difficult to verify 

correct deployment. We propose the use of integrated impedance 

measurements and Electrical Impedance Tomography (EIT) 

imaging to assess the deformation of the balloon and determine 

the size and shape of the surrounding lumen. Previous work 

using single impedance measurements, or pressure data and 

analytical models, whilst demonstrating high sizing accuracy, 

have assumed a circular cross section. Here we extend these 

methods by adding a multitude of electrodes to detect elliptical 

and occluded lumen and obtain EIT images to localise 

deformations. Using a 14 Fr (5.3 mm) catheter as an example, 

numerical simulations were performed to find the optimal 

electrode configuration of two rings of 8 electrodes spaced 10 

mm apart. The simulations predicted that the maximum 

detectable aspect ratio decreased from 0.9 for a 14mm balloon to 

0.5 at 30mm. The sizing and ellipticity detection results were 

verified experimentally. A prototype robotic balloon catheter 

was constructed to automatically inflate a compliant balloon 

while simultaneously recording EIT and pressure data. Data 

were collected in experiments replicating stenotic vessels with an 

elliptical and asymmetrical profile, and the widening of a lumen 

during angioplasty. After calibration, the system was able to 

correctly localise the occlusion and detect aspect ratios of 0.75. 

EIT images further localised the occlusion and visualised the 

dilation of the lumen during balloon inflation. 

I. INTRODUCTION 

Balloon catheters are widely employed in minimally invasive 
surgery to dilate and restore patency to obstructed lumen 
inside the body. During percutaneous transluminal angioplasty 
(PTA) inflation of the balloon is used to eliminate blockage 
caused by a stenosis or plaque in periphery or coronary vessels 
[1], [2]. They are also used to convey and deploy stents to 
maintain long term vessel patency, or other prosthesis such as 
valve replacements in Transcatheter Aortic Valve 
Replacement (TAVR) [3]. Prior to TAVR, Balloon aortic 
valvuloplasty (BAV) is often performed to dilate the native 
aorta before implantation [1], [4]. Balloons are typically 
designed to reach a specific diameter for a given pressure, and 
carefully selected prior to surgery. Thus, accurate feedback of 
the shape during inflation is important to ensure correct 
deployment of the balloon or connected stent and to minimise 
complications arising from the procedure. During angioplasty 
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the lumen wall can be damaged from high mechanical stresses 
and prolonged overpressures have been linked to higher 
restenosis rates [5].  

A critical step in the implantation of the prosthesis is 
measuring the lumen cross section, to best determine the stent 
size, reduce patient-prosthetic mismatch and prevent 
complications. For example, paravalvular leak (PVL) is the 
main poor cardiac outcome after TAVR, and has been shown 
to be linked with systematic undersizing the aortic stent [6], 
[7]. Oversizing may disrupt the annulus wall or cause a bundle 
branch block resulting from a conduction disorder [8]. One of 
the challenges with correctly sizing the aorta is that the cross 
section is often elliptical, or otherwise non uniform [9]. 
Presurgical assessments such as 2D Transoesophageal (TOE) 
or Transthoracic Echocardiography (TTE) measure the aortic 
cross section assuming a circular cross section using the 
continuity equation [10]. These have been shown not to 
determine the size and shape with high accuracy, and thus 
Multidetector Computed Tomography (MDCT) is 
recommended [11]. Whilst offering greater accuracy, MDCT 
cannot be performed during surgery and exposes the patient to 
side effects of Xray and contrast dyes [4].   

Automated control of the balloon inflation using pressure 
and volume measurements have been shown to improve 
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Fig 1. Soft robotic balloon catheter with integrated Electrical Impedance 
sensing (A) Outer sheath of catheter is modified with thin flexible circuit 

board, the balloon is then controlled via syringe pump and pressure sensor 
(B) Detailed view of electrode flexible circuit board. 



  

outcomes in coronary angioplasty [12]. Recently a sizing 
algorithm has been developed combining robotic pressure 
control with an analytical inflation model which can aid in 
accurate annulus sizing, but assumes a circular and consistent 
cross section [13]. Intravascular optical coherence tomography 
(IVOCT) images have been proposed as a method of providing 
balloon diameter feedback during controlled inflation [14], 
[15]. The images provided are highly accurate but are limited 
to a single thin cross section, require expensive equipment, and 
a specialised OCT catheter, which may not be compatible with 
all balloons with integrated instrument channels.   

To prevent air embolisation in the case of a rupture, 
balloon catheters are inflated with saline (0.9% concentration), 
sometimes mixed with heparin or contrast agents. Taking 
advantage of the conductivity of the injected saline during 
inflation, measurements of the balloon size using electrical 
impedance methods have also been successfully demonstrated 
in the literature [4], [16]. The functional lumen imaging probe 
(FLIP) [17], [18] is based on the same principle where 
impedance is measured between neighbouring pairs of 
electrodes to quantify cross sectional area (CSA) along the 
length of the balloon. However, as the electrode contacts cover 
the complete circumference of the catheter, these devices are 
not able to detect ellipticity. These methods can be extended 
to perform Electrical Impedance Tomography (EIT), a 
technique which reconstructs conductivity distributions within 
an object from a multitude of impedance measurements. 
Recently, intravascular EIT imaging using 32 electrodes 
across the catheter circumference has been proposed for 
atherosclerosis detection and proximity to the vascular wall 
[19]. EIT tactile sensors have been developed that leverage the 
impedance contrast between the electrically conductive saline 
and insulating polymers, imaging changes within a whole 
chamber [20], [21] or within microchannels [22], [23]. 

In this work we propose to extend the impedance sensing 
methods to create full EIT images of the shape of the internal 
cavity of the balloon catheter. Imaging deformation of the 
balloon wall has the potential for localising areas of vascular 
stenosis or measuring the extent of dilation during 
angioplasty. The concept EIT balloon catheter design, Fig. 1, 
has two rings of electrodes on the outer sheath of the central 
catheter, to minimise the interference with potential guide 
wire or instrument channels and to avoid the need for 
complicated flexible electronics.  

The prototype was based on a 14 Fr (5.3 mm) catheter as 
it is commonly used in TAVR [24], whilst remaining large 
enough to rapid prototype.  Initially, numerical modelling was 
performed to find the optimum electrode arrangements. Then 
both the limits of the balloon size and the ellipticity detection 
are estimated based on the typical SNR of an EIT system. A 
prototype catheter was then constructed with an electrode 
configuration based on these simulations and compared 
results in phantom experiments. Finally, a roboticised balloon 
catheter was constructed which simultaneously recorded 
volume, pressure and EIT data during inflation. Experiments 
were then performed to characterise the ability of the device 
to measure changes in different scenarios: detecting localised 
deformations such as atherosclerosis, lumen ellipticity, and 
dilation during angioplasty.  

II. NUMERICAL ANALYSIS 

First, a simulation study was performed to verify the 
imaging concept and to optimise the electrode layout. The 
simulations were performed using EIDORS [25] to solve the 
EIT Forward problem in models representing a variety of  
balloon geometries. Finite Element Meshes of c. 2million 
elements were constructed with x10 refinement at the 
electrodes, Fig. 2A, with homogenous conductivity of 1.6 S/m 
the same as 0.9% normal saline. The current amplitude was set 
to 141 µA, based on IEC-60601 safety limits. 

A. Optimal Axial Spacing 

The optimal spacing of the rings is a trade-off between 
limiting the spread of current and maximising the 
measurement sensitivity at the balloon wall. A closer spacing 
reduces the current spread and allows the cross section to be 
divided into a greater number of independent sectors, and thus 
better detect elliptical profiles. Increasing the spacing 
increases the current at the balloon wall and thus measurement 
sensitivity � �Vm/S� to changes in these elements. 
Simulations were performed in an elliptical model with 26 mm 
major axis and ratio of major to minor axis or aspect ratio  	 

0.75. The spacing between the two rings of electrodes on the 
catheter � varied from 5 and 40 mm, and measurements were 
made in 4 overlapping sectors between the major and minor 
axis of the ellipse. Current was injected straight along the 
catheter between equivalent electrodes on each ring, and 
voltages recorded on the neighbouring pair, Fig. 2B. The 
current density magnitude �� and sensitivity � were calculated 
and elements within a 2mm slice equidistant from both 
electrode rings were used in subsequent analysis. The current 
spread angle ���  was defined as the angle which contained 
99% of all elements above half the maximum current in the 
slice. �����  was defined as the maximum � in the outer elements 
of the 2mm slice.  

For spacings above 15 mm, ���  was greater than 180°, 
approaching the entire diameter at � 
 30 mm. Whereas below 
15 mm, the current spread angle was localised to 90° or less. 

 
Fig 2. Optimisation of electrode spacing in simulation, (A) Finite element 
model of electrodes on catheter and elliptical balloon (B) cross section of 

balloon catheter at first electrode plane with four measurements across 
different sectors (C) spread of current density CDθ with increasing 

electrode separation L (D) maximum sensitivity at balloon wall Jwall with 
increasing L for each sector  



  

This is also reflected in the �����  values which are equal for all 
four measurements above 30 mm as the current was spread 
uniformly throughout the balloon and were thus no longer 
sensitive to local changes in radius. A separation of 10 mm 
was chosen for all subsequent experiments as it provided the 
greatest magnitude and spread of �����  and limited current 
spread to 60°. For a total of 16 electrodes, two rings of eight 
equally spaced electrodes were chosen as a compromise 
between number of independent measurements and hardware 
and manufacturing limitations.  

B. Balloon Size and Ellipticity Detection Limits 

Using the optimal configuration, simulations were 
performed in a total of 209 meshes with outer diameters of 12 
– 30 mm in 1 mm increments and aspect ratios 	 ranging from 
0.5 to 1 in 0.05 increments. Noise was simulated with a SNR 
of 60 dB (0.1ppm),  typical values for an EIT system [21], [26]. 
The two signals of interest were: the change in voltage for each 
1mm increase in diameter for circular balloons ������ , and 
the difference between measurements at the major and minor 
axis for elliptical balloons �������. For each balloon, a 
minimum signal amplitude was calculated �������, equal to 10 
times the noise expected from the 60 dB SNR system. Thus a 
1 mm increase in diameter ������  was considered detectable 
only if ������  was greater than ������� . Similarly, an aspect 
ratio was considered detectable if ������� was greater than 
������� . 

The results suggest a balloon size limit of 28 mm diameter 
as, beyond this, increases in circular CSA were not sufficiently 

greater than the noise, Fig. 3A. The potential to detect 
ellipticity was also highly dependent on the major diameter, 
Fig. 3B. Voltage changes caused by aspect ratios as high as 0.9 
were detectable at 14 mm diameter, whereas this decreased to 
0.7 when the balloon diameter was 25 mm, Fig. 3C. This 
suggests that the ability of the device to detect ellipticity is 
dependent on the expected lumen geometry, with applications 
in narrower lumen having greater potential to accurately 
measure ellipticity. 

C. Experimental validation 

The measurement setup was validated in phantom 
experiments, using a prototype constructed from a Flexible 
Printed Circuit (FPC) and a 3D printed catheter. The FPC had 
16 1x2 mm Electroless nickel immersion gold (ENIG) 
contacts in two rings of eight matching those from the 
simulations, Fig. 4A. The 14Fr catheter model, Fig. 4B, had a 
single internal lumen to inflate and deflate the balloons 
through the two inlet holes, and guides to align the placement 
of the FPC. EIT measurements were taken using an Eliko 
Quadra Spectroscopy system [26] with a 16 channel 
multiplexer front end. The optimum measurement settings 
were based on preliminary testing of 3 FPCs in a large saline 
tank. A frequency of 11 kHz and measurement time of 5 ms 
was chosen for all subsequent experiments as it offered the 
highest overall SNR (72.3 dB) and the lowest interchannel 
variation (< 5%). A radial measurement protocol was used 
where was current was injected between each ring using a pair 
of equivalent electrodes and voltages measured on the 
neighbouring pair, for a total of 8 measurements. 

Calibration data was collected in circular containers of 
known geometry, replicating the internal cavity of the balloon, 
filled with 0.9% saline, Fig. 4C. Data was collected 5 times for 
diameters ranging from 12.5 to 30 mm, and the average 
repeatability error across all experiments was 0.49 mV 
equivalent to 5.3 %, Fig. 4D. Whilst differences in contact 
impedance and saline concentration created a mismatch in 
absolute values, the experimental results closely follow the 
trend expected from simulations, Fig. 4E. The observed 
decrease in voltages with increasing diameter D was linearly 
correlated with the simulated values, � 
 0.99. Measurements 
were also collected in elliptical tanks with a major diameter of 
25 mm, chosen as it represents the largest annulus size for a 
TAVR valve deployed using a 14 Fr catheter [24]. The results 
match the prediction from the numerical simulations, Fig. 3C, 
for a detection limit of 0.75 for � 
 25 mm. The increase in 
voltage due to the decreased radius at the minor axis for 	 

0.6 was clearly distinguishable in the measurements above 
������� , Fig. 4F. Whereas voltage changes when 	 
 0.8 were 
masked by the noise and systematic interchannel variation and 
were thus below the detection limit ������� . These results 
demonstrate the principle and verify the simulations, but also 
highlight the need for careful calibration for accurate ellipticity 
detection.  

III. METHODS 

An automated syringe pump was constructed to control 
inflation of a compliant balloon, whilst simultaneously 
recording EIT, pressure and volume data, Fig. 5A. A second 
prototype EIT catheter with FPC was enclosed by a silicone 
balloon consisting of a 35 mm long tube of 7 mm inner 

 
Fig 3. Limits of diameter and ellipticity detection in simulation. 

Differences greater than �������-10 times the noise of 60 dB SNR system - 
were considered detectable (A) blue: voltages in circular models red: 
change in voltage per 1 mm diameter increase ������(B) difference 

between voltages measured on major and minor axis ������� for increasing 
aspect ratios f (C) maximum detectable aspect ratio 	��%  (0.05 

increments) and 2nd order fit 



  

diameter and 12 mm outer diameter, moulded from two-part 
silicone (Ecoflex 00-20, Smooth-On, USA). The balloon was 
sealed onto the catheter at both ends with elastic bands that 
axially stretched the balloon by approximately 66% of its 
original length. This pre-stretch increased the ratio of radial to 
axial deformation that occurred when the balloon was inflated, 
Fig. 5B. The balloon was connected to a syringe pump with a 
50 ml supply syringe (50 ml Luer Slip Syringe, BD, USA) and 
filled with 0.9% concentration saline. Air bubbles were 
removed from the syringe pump, balloon, and tubing using an 
auxiliary syringe. Thus, the saline acted as both the hydraulic 
actuation fluid and the conductive medium for EIT 
measurements. In the syringe pump, the position of the supply 
syringe piston was controlled by a linear actuator (ACME 
Lead Screw Linear Actuator, Ooznest, UK) with integrated 
driver (uStepper S-Lite, uStepper, Denmark), which was 
interfaced with MATLAB on a control computer.  

 In each experiment the balloon catheter was placed 
vertically inside a tubular structure with a given shape and 
material stiffness. When the volume of the balloon catheter 
was increased, the outer walls conformed to the shape of the 
surrounding structure due to the compliant balloon material. 
During each test, a MATLAB script increased the volume of 

saline within the balloon in ten equal increments from a 
minimum of 2.21 ml to a maximum value that varied 
depending on the phantom. This minimum value, Fig. 5A, was 
used as it prevented saturation of voltage readings by ensuring 
saline was present between the electrodes and allowed the 
identification of air bubbles during the initial setup. Maximum 
volume values were chosen to prevent damage to the balloon 
from over-inflation and were determined on a case-by-case 
basis as different tubular structures tested had different cross-
sections. The maximum volume injected into the balloon at 
any time during testing was 35.85 ml. At each volume 
increment, the mean of ten pressure readings of the saline 
hydraulic fluid was recorded with a pressure sensor 
(MS580314BA01-00, TE Connectivity, Switzerland) and an 
EIT measurement frame was taken. 

A. EIT Measurement Setup and Imaging 

Impedance measurements were collected using the Eliko 
Quadra system with the same excitation, gain and frequency 
settings as the previous section. Data were collected using two 
separate EIT measurement protocols, radial: 8 measurements 
as in the previous section and full: a complete EIT protocol for 
image reconstruction. In this protocol current was injected 
across rings and voltages were measured on all other opposite 
pairs (x64), also measurements were made on each ring 
separately using adjacent measurement and injection 
electrodes (2x64) for a total of 192 measurements. This was 
reduced to 136 after removing measurements on current 
injecting electrodes. The frame rate was 25 Hz and 1.5 Hz for 
the radial and full protocols respectively.  

As in a real clinical case it would not be possible to 
accurately know the lumen diameter a priori, the forward 
model was calculated using a mesh of the largest expected 
diameter of 30mm. EIT reconstructions were performed using 
two different paradigms: Absolute where the absolute 
conductivity distribution is calculated without any reference 
frame, and time difference where the change in conductivity is 
reconstructed with respect to a reference data frame. The 
reference used was either: simulated voltages of the 
unobstructed lumen for Pseudo Time Difference (PTD), or 
voltages recorded at the initial state for conventional Time 
Difference (TD). Absolute imaging is particularly sensitive to 
modelling errors [27], however, the simple geometry and large 
conductivity contrasts make this a suitable application of the 
algorithm. The inverse problem in EIT is severely ill-posed, 
and thus it is necessary to apply regularisation techniques to 
obtain a stable solution [28]. Absolute images were 
reconstructed in a lower density tetrahedral mesh of 10k 
elements, using the EIDORS implementation of the 
regularised Gauss-Newton solver [25] with a NOSER prior 
[29] with a hyperparameter & 
 0.01. Time difference images 
were reconstructed in a 12k element hexahedral mesh and 
Tikhonov Zeroth order regularisation, using cross validation to 
select & [30].  

B. Experimental Setup 

1) Ellipticity detection  
The catheter was inserted into a 3D printed tube with a 

circular cross-section of 25 mm diameter, Fig. 5B, and the 
balloon volume was increased then decreased in ten equal 
steps, with pressure and EIT measurements taken each time. 
Then, to simulate poor deployment of the balloon or outer 

 
Fig 4. Experimental validation (A) FPC design (B) catheter model guides 

for FPC and hydraulic inlets for inflation (C) container experiment 
overview (D) Voltages measured in circular cups with increasing diameter 

(mean±std) (E) Comparison of simulated �(�� and experimental 
��%� voltages � 
 0.99  (F) measurement variation for elliptical cross 

sections 	 
 )1,0.8,0.6+ for � 
 25 ,, ������� 



  

stent, 3D printed inserts were placed within the circular tube 
creating an elliptical cross-section. Two sets of inserts were 
used with respective aspect ratios of 	 
 0.75 and 	 
 0.5. 
The test procedure of incremental volume increase with 
simultaneous EIT and pressure readings measurements was 
carried out with both sets of inserts, with the minor axis 
aligned with electrodes 1 and 5, and then rotated by 90° to 
align with 3 and 7.  Firstly, the test was conducted using the 
radial 8 measurement protocol, then the procedure was 
repeated with the full EIT protocol. 

2) Lesion detection 
Experiments were then performed in a partially occluded 

lumen, designed to replicate the use case of localising stenosis 
or lesion within a vessel. A crescent-shaped silicone 
perturbation (Mold Star 19T, Smooth-On, USA) was attached 
inside a vertically supported 26 mm inner diameter Perspex 
tube. As the balloon catheter was aligned with the centre of the 
tube, the perturbation therefore created an asymmetrical cross-
section, Fig. 5C. The procedure of simultaneous data 
collection during incremental inflation and deflation, was 
performed for a tube containing the lesion and for an empty 
tube with no lesion, for both radial and full EIT protocols. 

3) Lumen dilation 
The final experiments replicated the dilation of the lumen 

by the balloon inflation, such as the widening of the stenosis 
during angioplasty. The balloon catheter was placed inside a 
silicone tube (Ecoflex 00-30, Smooth-On, USA) of inner 
diameter 24 mm that could itself deform when the walls of the 
inflated catheter pushed against it. A second linear actuator 
was used to control a rubber-tipped rod whose tip was aligned 
with the centre of the FPC within the catheter, and this was 
used to deform the silicone lumen and consequently the 
balloon underneath. The rod tip was extended into the lumen 
by 4 mm from the wall, which was used as the reference data 
frame. The tip was then retracted at a constant speed of 1 mm/s 
until it was no longer in contact with the lumen. EIT 
measurements were recorded continuously using only the full 
EIT protocol. To approximate the balloon cross section, a 
threshold was applied to the EIT images where elements with 
a δσ greater than three times the averaged value at the 
electrodes were removed.  

IV. RESULTS 

1) Ellipticity detection 
 The initial increase in pressure during balloon inflation, 

Fig. 7A, demonstrated the same trend for all lumens profiles 
until contact the point of contact with the rigid wall, where the 
pressure sharply increased. The 	 
 0.5 lumen had a much 
steeper increase with increasing volume as the balloon met the 
rigid wall at lower volumes compared to 	 
 0.75. Rotating 
the elliptical profiles did not alter the pressure-volume curves 
(dashed lines) which highlighted the difficulties in estimating 
profiles from pressure measurement alone. The impedance 
measurements decreased with increasing balloon diameter, 
Fig. 7B, in the manner expected from the container data Fig. 
4D. Subsequently, the data was calibrated by subtracting data 
collected from the balloon inflating in free space. The 
coefficient of variation (CV) of the calibrated measurements, 
Fig 7C, demonstrates the deviations due to the occlusions. The 
increasing non-uniformity of the radial voltages resulting 
from the elliptical profiles is reflected in the CV. The differing 
elliptical profiles can also be observed in the voltages  -��%  in 
Fig 7. Where there is an increase in voltage at the minor axis 
as the wall is closer to the electrodes than expected, and a 
decrease at the minor axis as the balloon over inflates in that 
direction to compensate. The peak voltages shift by three 
electrodes when the lumen is rotated by 90° (dashed lines) 
which reflects the change in minor axis alignment.  

The EIT images reconstructed using the full protocol 
reflect the same trend as the truncated radial data. The Abs 
and PTD reconstructions are uniform for circular cross 
section, and both show clear regions of conductivity decrease 
along the minor axis of the 	 
 0.5 ellipse, Fig. 8. However, 
a distinct profile was not present in the 	 
 0.75 images.  

 
Fig 5. Hardware implementation of roboticised balloon catheter with 

impedance imaging (A) system overview (B) balloon catheter inflated in 
phantom lumen (C) lumen with occlusion 

 
Fig 6. Ellipticity and lesion detection results for circular, 	 
 )0.75,0.5+ 
and lesion profiles (A) Pressure – volume curves, highlighting ambiguity 

between elliptical profiles rotated by 90° (dashed lines) (B) averaged 
change in voltages measured during inflation (C) coefficient of variation 

(CV) of measurements compared to expected values 



  

2) Lesion detection 
The pressure curve Fig. 6A, and the decrease in voltage in 

radial EIT data Fig. 6B was similar to those of the elliptical 
cross sections. The increase in CV Fig 6C shows the deviation 
after 10 mL, earlier than the pressure data. The lesion is 
readily identifiably in the calibrated measurements at -��% , 
Fig 7, with a single peak spread across more measurements 
compared to the narrower double peak in the elliptical data.  

These more identifiable voltage changes also 
corresponded to improved imaging. The Abs reconstruction 
located the lesion as a region of conductivity decrease, 
although the extent of the lesion was exaggerated and there 
were some artefactual changes reconstructed on the opposite 
of the balloon. The PTD image had no such artefactual 
changes but further exaggerated the extent of the perturbation. 

3) Lumen dilation 
As the occlusion was removed from the lumen, there was 

a clear decrease in the voltages recorded as the balloon inflated 
to fill the volume, Fig. 9. A clear perturbation was 
reconstructed in the occluded region in both the TD and PTD 
images. Created without calibration, the PTD images 
demonstrate the extent of the change within the balloon, 
whereas the TD images relate to the extent of lumen dilation. 
The reconstructed cross section CSA Approx. better reflected 
the ground truth at 2 and 4 s when the occlusion was larger. 

V. DISCUSSION 

The experimental results demonstrate the concept that 
balloon catheter sizing through impedance measurements can 
be extended to measure ellipticity and reconstruct images of 
occlusions. The experimental results were in broad agreement 
with the detectable aspect ratios from numerical simulations, 
Fig. 3. For a 25 mm major axis, ratios below 0.75 were 
predicted to be detectable, which was reflected in the radial 8 
channel data in Fig. 7 after calibration. However, images were 
not successfully reconstructed at this higher ratio, Fig 8 These 

results highlight the importance of careful calibration as the 
interchannel differences are greater than the 60 dB noise added 
in simulations. The ENIG coating on the FPC is not an optimal 
material for an electrode, and the results could be improved  
using either a hard gold manufacturing process with purer gold 
content or custom pre-treatment [31].  

Imaging of the lesion and dilation of the lumen was more 
successful, as the conductivity contrast was more localised.  A 
benefit of the absolute imaging algorithm is that it does not 
require a reference frame, and thus requires fewer assumptions 
than the PTD algorithm, at the expense of calculation time. 
Currently neither implementation is optimised for real time but 
for a fixed & the computation time on an Intel i7-7700 was 62 
ms for the Zeroth order Tikhonov in PTD and 305 s for the 
absolute solver as it required 49 forward solves for 4 iterations. 
Constraining the absolute solver to the two known 
conductivities may improve the accuracy and decrease 
convergence time. Zeroth order Tikhonov regularisation 
implemented in both TD algorithms provide stable 
reconstructions by assuming a smooth conductivity change 
[28]. Further improvements to the occlusion localisation may 
be possible through implementing regularisation which 
favours sharper or localised reconstructions, such as First 
order Tikhonov [32] or Total Variation [33]. The NOSER prior 
[29] in the absolute reconstructions biases the solution to 
elements closer to the electrodes, a reasonable assumption in 
conventional EIT applications, but is not optimal for imaging 
the deformations at the edges of the balloon. Promising work 
to combine absolute reconstructions with deep learning 
methods may be adaptable to internal electrode geometries to 
further improve reconstructions [34]. Currently the EIT 
reconstructions were performed in a generic mesh wider than 
the actual lumen with the assumption of no a priori 
information. Images could be potentially improved by using 
meshes closer to the nominal lumen diameter. This estimate 
could either be based on presurgical imaging [11] or by 
leveraging the information in the pressure volume curves to 
select an appropriate pre calculated mesh. Combining EIT 
information with existing analytical models and pressure data 
[13] could further improve estimation. 

 Imaging the balloon deformation has greater impedance 
contrasts compared to other catheter based EIT imaging [19] 
and is thus able to reconstruct at a greater distance from the 
electrodes. However, the disadvantage of this approach is that 

 
Fig 8. EIT image reconstructions of data collected in each lumen profile,  

using the full measurement protocol and nominal 30 mm mesh.  Abs: 

Absolute reconstructions of conductivity σ without reference data, PTD: 

Pseudo Time Difference reconstruction δσ with simulated reference data 

 
Fig 7. Ellipticity and lesion detection results: calibrated voltages at -��% 
compared to measurements in unform circular lumen (black). Elliptical 

data with minor axis aligned with electrodes 3-7 solid and 1-5 dashed for 
	 
 0.75 (A) and 	 
 0.5 (B), and (C) lesion aligned with electrodes 2-4 



  

it cannot characterise the electrical properties of the tissue as 
the electrodes are electrically isolated by the balloon. 
Increasing the number of electrodes to 32 could potentially 
further improve imaging by providing more subdivisions 
along the catheter surface or by creating a greater number of 
rings. The latter would provide a profile of the cross-sectional 
area and ellipticity, similar to that of provided by the FLIP 
[17], [18]. Whilst the surface of the 14 Fr catheter could 
accommodate a far greater number of electrodes, the 
limitations arise from manufacturing the wiring along the 
length of the entire catheter. The 16 electrodes used currently  
are of the order used in the FLIP, cochlea implants [35] and 
multichannel RF ablation catheters [36], and are thus feasible 
under the current state-of-the-art.    

The difference in voltages due to a 1 mm increase in 
diameter was much greater at lower diameters, Fig. 3A, which 
is as a result of the sharp decrease in measurement sensitivity 
with distance from the electrodes, a common problem in EIT 
[28]. Adding electrodes to the inner surface of the balloon 
would greatly improve the sensitivity at the wall but presents 
a significant manufacturing challenge giving the elongation of 
the material. Multifunctional stretchable sensors developed 
using thin film techniques have been successfully transferred 
to the balloon surface [37], although limited to smaller 
inflation ratios than used in this work. RF ablation balloon 
catheters currently on the market, have high inflation ratios 
and multiple electrodes [36]. By incorporating collapsible 
flexible traces on the balloon surface, the wiring does not need 
to stretch significantly, and thus a design employing similar 
techniques could increase sensitivity at the wall. 

The silicone rubber balloon was inhomogeneous or held in 
uniform tension and thus was not perfectly circular in the 

initial state and did not inflate entirely uniformly.  This was 
visible in the change in voltages with the radial protocol Fig. 
7 where even in a circular lumen, there was a greater change 
at electrode 6 and 7. These changes then render the variations 
caused by the elliptical profiles harder to detect. EIT 
sensitivity is greater closest to the electrodes, and thus even 
small variations at low inflations can cause changes larger than 
those measured at the lumen wall. Therefore, improving the 
uniformity of the balloon and the inflation are an important 
step to improve calibration. However, the silicone material 
does not reflect the actual compliance of balloons typically 
used for stent deployment or angioplasty. These are typically 
manufactured from polyurethane through blow moulding and 
in some cases the resulting stiffness requires inflation 
pressures over 10 times those recorded in the compliant 
balloon used in these experiments [5], [13]. This increased 
stiffness may benefit the calibration of the EIT measurements 
by improving the uniformity of the balloon prior to contact 
with the lumen.   

Closed loop control of balloon diameter, similar to that 
achieved through OCT  [14], [15] is a logical extension of this 
proof of concept. To implement this, improvements must be 
made to the communication between the EIT and syringe 
pump controller, to obtain and process the EIT data in real 
time. The frame rate of the Eliko Quadra system was ~1.5 Hz 
as each of the 136 impedance measurements were obtained 
sequentially. Changing to a parallel EIT system with multiple 
current sources could enable frame rates of  > 50 Hz depending 
on the protocol required [30].  

The prototype described here is based on a 14 Fr catheter, 
but the approach can be generalised to other catheter sizes by 
following the numerical methods. However, decreasing the 
catheter diameter increases the difficulty in manufacturing the 
electrodes and locating them on the catheter sheath. The 
simulation, processing and imaging code is available at 
(https://github.com/EIT-team/Balloon_Catheter_Sizing). 

VI. CONCLUSIONS AND FURTHER WORK 

This work presents a proof of concept of a novel approach 
to lumen sizing and occlusion imaging within a balloon 
catheter. EIT reconstructions of the inside of the balloon were 
obtained using multiple impedance measurements from 
electrodes on the catheter outer sheath. The electrode 
arrangement was optimised in simulation and validated in 
phantom experiments. Experiments were then performed in 
three different use cases: ellipticity detection, lesion 
localisation and lumen dilation. Through calibration it was 
possible to detect aspect ratios of 0.75 and localise an 
occlusion inside the lumen. EIT imaging further successfully 
located the occlusion and visualised the dilation of the lumen.   

Reducing interchannel variations by improved electrode 
coating and uniform balloon properties would improve 
calibration and further improve occlusion detection. 
Development of a reconstruction algorithm optimised to this 
geometry would further improve the localisation. These 
optimisations could then be incorporated into an existing 
clinical balloon catheter and the experiments repeated in 
biologically representative phantoms. 

 
Fig 9. Lumen dilation results (Top) Voltage changes as balloon inflates as 

lumen is widened (Bottom) EIT reconstructions of changes δσ with 
respect to initial point TD, or simulated circular lumen PTD, lumen profile 

estimate from thresholding PTD image 
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