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Abstract. Intracranial dynamics play an important role in ventricular enlargement and are the focus of 
ongoing research. In this Finite Element (FE) study, a bioimpedance drainage catheter has been 
investigated as a volume monitoring device for the treatment of hydrocephalus. For this, six platinum 
ring electrodes are integrated on the surface of a drainage catheter. Three different FE brain models have 
been generated: a  geometric model, a complete anatomical model, and a simplified anatomical model. 
The latter is a compromise between anatomical detail and geometric simplification, reducing 
computational cost. This model simplification is supported by sensitivity distribution analysis, which 
indicates that the region of higher sensitivity for the proposed measurement setup is concentrated around 
the impedance catheter. A silicon-carbon mixture brain phantom that replicates the intracranial electrical 
properties is proposed to validate the measurement principle in vitro. Ventricular volumes ranging from 
20 ml to 199 ml have been simulated. It has been observed that the measured impedance decreases 
exponentially with increasing ventricular volume, i.e. volume estimation accuracy is higher for small 
ventricular volumes (20 ml) but is reduced for larger volumes. Additionally, the feasibility of 
bioimpedance monitoring of the pulsatile ventricular volume fluctuations has been successfully 
simulated.  
Keywords: Hydrocephalus; bioimpedance; ventricular volumetry; intracranial pulsation; FEM; brain phantom  

1. Introduction 
Cerebrospinal fluid (CSF) is produced in the choroid plexus as a secretion from arterial blood and 

circulates through the intracranial ventricular space, the spinal canal, and the subarachnoid spaces (SAS). 
It has been widely accepted that CSF is reabsorbed into the blood circulation at the sagittal sinus through 
the arachnoidal granulations, although new theories indicate other possible absorption sites in addition 
[Hladky and Barrand, 2014]. CSF volume in the ventricular space and SAS comprises approximately 
150 ml. With an average production of 20 ml/h, around 500 ml are produced and reabsorbed each day 
[Schünke et al., 2018]. 

Hydrocephalus is a congenital or acquired pathological enlargement of the intracranial ventricular 
space which is often accompanied by an increase in intracranial pressure (ICP). It usually manifests as 
the consequence of a disruption in the production-circulation-absorption CSF cycle [Misgeld et al., 
2015]. Hydrocephalus may be classified into hydrocephalus occlusus (obstructive hydrocephalus) or 
hydrocephalus communicans (communicating hydrocephalus). In the case of the former, as the term 
indicates, an obstruction blocks the normal CSF pathway either partially or completely, causing CSF 
accumulation upstream of the obstruction. The latter, on the other hand, occurs even though no apparent 
obstruction is detected. Some theories indicate that this may be due to increased resistance to outflow 
(ROF) [Albeck et al., 1998]. This, however, does not explain why CSF accumulation and ventricular 
enlargement occur primarily in the lateral and third ventricles. It is hypothesized that abnormal changes 
in the viscoelastic properties of intracranial and/or spinal structures might cause a significant decrease in 
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the overall craniospinal compliance which in turn causes a gradual expansion of the ventricular volume 
[Greitz, 2004]. 

Idiopathic Normal Pressure Hydrocephalus (iNPH) falls under the communicating type of 
hydrocephalus and is characterized by an ICP which remains, most of the time, within physiological 
ranges, although the ventricles still dilate. The ventricular volume for iNPH patients is approximately 
138 ml in average and therefore about 100 ml larger than in healthy subjects [Matsumae et al., 1996; 
Ringstad et al., 2015]. Normally, iNPH is accompanied by the Hakim Triad of symptoms: urinary 
incontinence, gait ataxia, and dementia. The incidence of iNPH in Germany increased from zero to 
1.36/100.000/year in the last fifteen years, and it is currently considered to be the only curable form of 
dementia [Lemcke et al., 2016]. It is also estimated that iNPH accounts for at least 10 % of the new 
dementia diagnoses every year [Hakim et al., 2001]. The exact pathophysiology of iNPH is still unclear, 
although it is well accepted that a reduction in craniospinal compliance plays an important role in its 
development stage [Bateman, 2000; Greitz, 2004].  

1.1 Hydrocephalus treatment 
Hydrocephalus is usually treated by draining excess CSF with a temporary or a permanent shunt 

through a passive pressure valve. If the ICP overcomes a pre-set opening pressure, the valve opens and 
drains fluid from the ventricle into another body compartment (e.g., the peritoneal cavity, where it can 
be readily reabsorbed). However, the pre-set opening pressure is fixed in many designs and cannot adapt 
to the patient’s specific requirements. It may vary considerably, leading to either overdrainage which, if 
not detected timely, may cause the collapse of the ventricles (slit ventricles), tissue damage and the 
reoccurrence of the original symptoms; or underdrainage which implies no or minor improvement of the 
symptoms. In the case of iNPH, this proves even more problematic, since a low opening pressure 
threshold is needed and the risk of overdrainage is higher. Therefore, the development of a feedback-
controlled shunt, which adapts and optimizes the opening and closing of the valve to the patient’s 
requirements, might result in a significant reduction of shunt complications and failures. First intelligent 
shunt prototypes have been developed and tested [Elixmann et al., 2014]. The focus of this paper is to 
study in silico the feasibility of bioimpedance-based volumetric measurements, which might in future be 
integrated into smart-shunt prototypes to serve as an appropriate control parameter in addition to ICP 
measurements [Elixmann et al., 2013]. 

1.2 Bioimpedance-based volumetry 
Currently, and to the best of the authors’ knowledge, no commercial implant design allows the 

continuous monitoring of ventricular volume. For research, a bioimpedance-based solution has been 
previously proposed [Elixmann et al., 2013; Linninger, Basati, et al., 2009] The bioimpedance technique 
allows the determination of static and dynamic tissue properties in relation to their passive electrical 
properties. In this respect, the Cole-Cole model is well established to describe the frequency-dependent 
characteristics of tissue [Gabriel et al., 1996]. The technique has been tested for the volume determination 
of hollow organs such as the left and right ventricular volume for the heart [McKay et al., 1984], and the 
estimation of the urinary bladder volume [Schlebusch et al., 2014]. Since the conductivity of CSF (σCSF 
= 2.01 S/m) is relatively much larger than the conductivity of brain parenchyma (σparenchyma = 0.17 S/m), 
the intraventricular bioimpedance measurement may provide volumetric information [Basati et al., 
2011]. For this, a drainage catheter with integrated electrodes on its surface is proposed (see Materials 
and Methods). Baan et al. introduced the impedance-based monitoring of cardiac ventricular volume 
monitoring using the impedance catheter concept, in which a constant current is injected between the 
outer ring electrodes and the resulting voltage drop is measured between the inner electrodes. With 
geometrical assumptions, the total volume may then be derived from the multiple volume segments 
[Baan et al., 1984].  

1.3 Intracranial pulsation 
An impedance sensor catheter for hydrocephalus might be able to monitor the dynamic volume 

change caused by the pulsatile ventricular wall expansion continuously and thus may provide an insight 
into the dynamic compliance properties of the brain. The relevance of intracranial pulsations in overall 
craniospinal hydrodynamics has been addressed in the literature [Wagshul et al., 2011]. The Monro-
Kellie doctrine describes intracranial volume as the sum of the brain, blood, and CSF volumes, as 
incompressible, and therefore constant. Intracranial arterial pulsation is responsible for the compression 
of cerebral veins and/or caudal displacement of CSF into the spinal canal, which is possible due to the 
elasticity of the compliant dural sac. This observation is supported by phase-contrast magnetic resonance 
imaging (PC-MRI) [Balédent et al., 2001; El Sankari et al., 2011]. A ventricular volume variation of 10 
– 20 % during the cardiac cycle (CC) has been reported, whereby the pattern is similar to the ICP 
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waveform [Lee et al., 1989], with the choroid plexus motion driving CSF and ventricular oscillation 
[Egnor et al., 2002; Wagshul et al., 2011]. Furthermore, it has been proposed that an increased pulsatility 
of the intracranial arterial branches may be transferred to the CSF volume and might contribute to 
ventricular dilation in iNPH [Bateman et al., 2005; Qvarlander et al., 2017]. 

2. Materials and Methods 

2.1 Finite Element Model 
In literature, different approaches have been explored to model the onset of hydrocephalus [Goffin 

et al., 2017]. These range from e.g. lumped parameter models of intracranial dynamics to explore the 
role of cardiovascular coupling in ICP pulsatility [Ambarki et al., 2007; Misgeld et al., 2015], 2D 
structural mechanics finite element (FE) models [Nagashima et al., 1987], to 2D and 3D computational 
fluid dynamics (CFD) models that simulate CSF flow and determine stress distribution [Linninger, Xenos 
et al., 2009] and patient-specific FE models [Lefever et al., 2013]. In the present study, FE simulations 
were performed with COMSOL Multiphysics (Comsol Inc., Burlington, VM, USA) with the AC/DC and 
Structural Mechanics modules. Multiple 3D FE models of varying complexity, including simplified 
geometries and anatomical models, have been generated. The geometric models were created using 
COMSOL geometry tools. The magnetic resonance images (MRI) used for the anatomical model were 
obtained from the dataset made available by the Surgical Planning Laboratory [Halle et al., 2017].  

Simplified geometrical models 
Figure 1 shows the simplified geometric models of the brain (Model 1). It consists of a cylindrical-

shaped brain containing a single ellipsoidal ventricle in its interior. An ellipsoidal shape was selected 
since it is closer to the anatomical shape of the anterior ventricular horn in comparison to spherical or 
cylindrical shapes. Five different discrete volumes were meshed (20, 40, 60, 80, and 100 ml) in the FE 
model. Silicone-based brain phantoms with the same geometrical parameters have been produced in 
order to perform in vitro bioimpedance measurements with a precision LCR Meter E4980A (Agilent 
Technologies Inc., Santa Clara, CA, USA) and compare them to the static volume estimation FE 
simulation results. 

 

Figure 1 Left: Geometrical model (Model 1) of a cylindrical brain with a single ellipsoidal ventricle and concentric 
positioned impedance catheter. Middle: Silicone-carbon brain phantom with impedance catheter. The 
sample is cut in half for visualization purposes. Right: Silicone phantoms with different inner ventricular 
volume. 
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Anatomical models 
A complete segmentation of the intracranial structures was performed based on the procedure 

presented by [Teichmann et al., 2017], for which segmentation software ITK-SNAP 3.6.0 [Paul A. 
Yushkevich et al., 2006] and Blender 2.79a were used. The final model (Model 2, shown in Figure 2, 
middle and right) includes a detailed ventricular space, brain parenchyma, fat, connective tissue, skin, 
and skull. 

Simplified anatomical models 
As a compromise between less computationally 

intensive geometrical models and anatomically accurate 
meshes, a simplified anatomical model has been proposed, 
consisting of a cylindrical head shape with skin, skull, 
brain parenchyma, and lateral ventricles. This 
simplification is based on the results obtained for the 
sensitivity maps and current density profiles (see Results). 
The ventricular volume meshes were imported from the 
anatomical mesh as described in the previous section and 
reduced to include only the lateral ventricles (Figure 3) 
since it is here where normally most of the dilation occurs 
in hydrocephalus [Damasceno, 2015]. The simplified 
anatomical model of the ventricle includes the anterior, 
posterior and lateral horn structures. Figure 4 shows three 
different meshes with varying lateral ventricular volume 
for Model 3. 

 

Figure 3 Simplified anatomical geometry 
(Model 3) of the lateral ventricles.

Figure 2 Left: Segmentation of the human brain and ventricle. Middle: Mesh grid of the complete head (Model 2). 
Right: Mesh model of the complete intracranial ventricular structures including lateral ventricles, third, 
fourth ventricles, and aqueduct. 

Figure 4 Simplified anatomical model (Model 3) with lateral ventricles of 24.95ml (left), 84.2 ml (middle), and 199.6 
ml (right). 
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Impedance catheter 
The electrode catheter (IMTEK, Albert-Ludwigs-Universität Freiburg, Freiburg, Germany) is 

depicted in Figure 5 with the corresponding dimensions. The electrodes consist of 12.5 µm thick platinum 
metal, MP35N wiring and an insulating silicone rubber coating around the catheter tip. The placement 
of the catheter for the impedance measurement is concentric to the cylinder and ellipsoid in the case of 
Model 1. For Model 2 and Model 3, the catheter is placed horizontally, aligned within the right anterior 
horn (see Figure 5, right).  

Study physics 
COMSOL is material-oriented, i.e. each model must have one or more domains with the 

corresponding material properties assigned to them. Two electrical parameters are of interest: Electrical 
conductivity (σ) and relative permittivity (εr). For these, a tissue parameter library can be obtained from 
[Pettersen and Høgetveit, 2011] which is based on data from [Gabriel et al., 1996]. The electrodes were 
modeled as steel conductors with parameters obtained from the COMSOL library (σ = 4.03x106 S/m and 
εr = 1). The simulated injected current was 250 µA at 50 kHz.  

To simulate the dynamic pulsatile volume, a ventricular wall displacement was applied, considering 
a 15 % ventricular volume change per CC [Lee et al., 1989] for an equivalent 20 ml spherical ventricle, 
which results in approximately 1 mm maximum amplitude of radial ventricular wall displacement. The 
ventricular displacement (d(t)) applied in the simulation is described by Eq. (1), as presented in 
[Linninger, Xenos, et al., 2009] for the cyclic motion of the choroid plexus, with the assumption that the 
interior of the ventricle is compressed and follows this motion. 

푑(푡) = 퐴(1.3 + sin 휔푡 − − cos	(2휔푡 − )) , (1) 

 
where A = amplitude of ventricular wall displacement (1 mm), 휔 = heart rate frequency (2휋 rad/s) 

and t = time [sec]. One cardiac cycle was simulated, with one complete mesh generation and computation 
per time frame. 

Mesh sensitivity analysis has been performed on all models to guarantee mesh refinement 
independence in the results. Mesh quality has also been assessed with the element aspect ratio and 
skewness criteria.   

Post-processing 
Impedance sensitivity (S) [퐴 푚⁄ ] as described in [Kauppinen et al., 2006; Malmivuo, 2010] was 

computed in COMSOL and used to visualize the impact of a conductivity change at each voxel (v) (see 
Eq. (2)). The local volume impedance density (LVID) [ 표ℎ푚 ∙ 퐴 푚⁄ ], which characterizes the 
contribution of each local voxel on the total measured impedance has also been implemented [Pettersen 
and Høgetveit, 2011]. The transfer impedance for a tetrapolar bioimpedance measurement is described 
by 

 

Figure 5 Left: Drainage catheter with six integrated platinum electrodes (e1-e6). Middle: Spacing dimensions of 
the ring electrodes on the drainage catheter. Right: Positioning of the catheter in Model 2 and 3. 
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푍 = 퐿푉퐼퐷 	푑푉 = 	 휌 ∙ 푆	푑푉 = 휌 ∙ 퐽⃗ ∙ 	 퐽⃗	푑푉 

 
(2) 

 
where 휌 is the local electrical resistivity [표ℎ푚 ∙ 푚], 퐽⃗  and 퐽⃗ are the local current density fields 

[ 퐴 푚⁄ ] which correspond to the current injection electrodes and the measurement electrodes, 
respectively.  

 

2.2 Silicone-based brain phantom prototyping 
To validate the FEM simulation results for the static 

volume estimation, a novel silicone-based brain 
phantom is proposed, with the goal to mimic the 
electrical and mechanical properties of the brain. Table 
1 shows a literature survey on the electrical properties of 
the human brain. To replicate the electrical properties of 
brain parenchyma, a mixture of silicone and carbon 
particles is used. Silicone-carbon phantom probes of 
Model 1 (see Fig. 1, right) and Model 2 (Figure 6) have 
been cast and tested for electrical conductivity. Two 
types of silicone were tested, SF00 – RTV2 
(Silikonfabrik, Ahrensburg, Germany) and Sylgard 527 
Silicone gel (Dow Corning, Midland, Michigan, USA) 
which have been reported to approximate the brain’s 
mechanical properties [Basati et al., 2011]. To provide 
silicone with electrical conductivity, two different types 
of carbon particles were chosen: Vulcan XC 72R carbon 
black (Cabot, Boston, Massachusetts, USA) with a particle size of 30 nm and which has already been 
reported as a filler for the production of conductive polydimethylsiloxanes (PDMS) [Sethi et al., 2017], 
and carbon fibers with an average length of 3 mm (R&G Faserverbundwerkstoffe GmbH, Waldenbuch, 
Germany).  Figure 7 shows the results for the electrical properties of the silicone-carbon phantoms. The 
mixture samples seem to be highly homogenous since the electrical resistance varies linearly with the 
height of cylindrical samples (Figure 7, left). As expected, the electrical conductivity of the sample 
increases exponentially with the carbon concentration of the mixture (Figure 7, right). It was observed 
that the conductivity of brain parenchyma is approximated by a 0.3 % carbon mixture. To mimic CSF, a 
saline solution with a conductivity of σCSF = 2.01 S/m was used.  
 

Table 1 Literature survey on the electrical properties of human brain tissue 

 

 Tissue Conductivity [S/m] Observations Source 

 Grey matter 0.26 f = 50 kHz, living human brain [Koessler et al., 2017] 
 Grey matter 0.285 f = 50 kHz, living human brain [Latikka et al., 2001] 

 Grey matter 0.03-0.4 f = 1 Hz – 10 kHz [Grimnes and Martinsen, 2014] 
 Grey matter 1.13   f = 800 MHz, less than 10h 

postmortem 
[Schmid et al., 2003] 

 White matter 0.19   f = 50 kHz, living human brain [Koessler et al., 2017] 

 White matter 0.256 f = 50 kHz, living human brain [Latikka et al., 2001] 

 White matter 0.03-0.3 f = 1 Hz – 10 kHz [Grimnes and Martinsen, 2014] 

 CSF 1.25 f = 50 kHz, living human brain [Latikka et al., 2001] 

 CSF 1.72-1.85 High-resolution EEG [Ferre, 1999] 
 CSF 1.79-1.80   f = 10 Hz – 10 kHz, body 

temperature 
[Baumann et al., 1997] 

Figure 6 Silicone-carbon (left) and silicone (right) 
anatomical brain phantoms 
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2.3 Volume estimation  
Baan and co-workers estimated the ventricular volume by assuming that the volume segment 

between two measuring electrodes may be approximated as a cylinder [Baan et al., 1984]. Therefore, the 
resistance [ohm] of a ventricle segment can be estimated as 

 
where (푙)	is electrode distance, σfluid is the conductivity of the fluid in the hollow organ, and Aseg the 

cylindrical cross-section area. If Vseg is the volume of the ventricular segment, then 

 

 
Figure 8 Ellipsoid approximation of the ventricular volume. a, b, and c correspond to the height of different 

ellipsoidal segments. Current is applied between the outer electrodes to perform bioimpedance volumetry 
with tetrapolar measurements. 

 The total volume of the hollow organ may be then obtained by summing all the volume segments.  
Alternatively, the shape of a prolate ellipsoid may be assumed to describe the ventricular volume 

(see Figure 8). A prolate ellipsoid is described by  

푅 = 		
푙

휎 	 ∙ 	퐴 	 (3) 

푉 = 퐴 ∙ 푙 = 	
푙

휎 	 ∙ 	푅  (4) 

Figure 7 Silicone-carbon phantom electrical properties. Left: Sample resistance [ohm] vs Sample height [cm] for 
three different carbon particle concentrations (0.79 %, 0.66 % and 0.33 % mixtures). Right: Sample 
conductivity[S/m] vs. carbon particle concentration [%]. The conductivity of brain parenchyma is 
achieved with a 0.3 % mixture. 
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푟 = 	 푥 + 	푦 	= 	푤 (1−
푧
ℎ ) (5) 

where x, y, and z are cartesian coordinates, r is the radius, w the width of the ellipsoid and h the 
height, here taken as the distance between the two outer electrodes (c). By assuming that the equipotential 
surfaces of the electric field may be approximated as planes, the ellipsoidal ventricle may now be divided 
into infinitesimal cylindrical slices with resistance δR 

 

훿푅 = 	
휌 ∙ 훿푧

휋 ∙ 푟 (푧) = 	
휌 ∙ 훿푧

휋 ∙ 푤 (1 − 푧
ℎ )

	 (6) 

where ρ is the fluid resistivity [표ℎ푚 ∙ 푚]. By integrating from the lower to the upper voltage 
electrodes, an expression for the measured resistance R may be obtained as follows: 

푅 = 	 훿푅 	훿푧 =
휌

휋 ∙ 푤
1

1− 푧
ℎ

	훿푧 

  

푅 = 	
휌

휋 ∙ 푤 	∙
푐
2 	 푡푎푛ℎ

푏 − 푐
2

푐
2

− 푡푎푛ℎ
푎 − 푐

2
푐
2

 
 

푅 = 	
휌 ∙ 푙
휋 ∙ 푤  (7) 

where parameter le is defined as a function of heights a, b, and c (see Figure 8) as follows: 

푙 = 	
푐
2 	 푡푎푛ℎ

푏 − 푐
2

푐
2

− 푡푎푛ℎ
푎 − 푐

2
푐
2

 (8) 

Since the volume of an ellipsoid may be calculated as 푉 = 4
3 휋푤 ℎ, inserting this equation to 

Eq. (5) gives an expression for the estimated ventricular volume from the measured resistance: 

 

푉 _ =
4	 ∙ 	 푙

3	 ∙ 	휎 	 ∙ 푅 	 (9) 

3. Results 

3.1 Current paths and Sensitivity maps 
The sensitivity maps of Model 1 and Model 2 (Figure 9 and Figure 10) show that the measurement 

is highly sensitive to the immediate surroundings of the catheter, as expected. Since CSF has a relatively 
much higher conductivity than the surrounding brain parenchyma, the outer tissue groups (e.g., skull and 
skin impedance) have negligible contributions to the measured signal. A compromise between 
anatomical precision and low computational cost is therefore suggested and implemented with Model 3.  

Furthermore, the sensitivity distribution plots show that for Model 1, a higher sensitivity is achieved 
for a 20 ml ellipsoid. A considerable decrease in sensitivity is observed for 40 ml volumes and, although 
for larger volumes the decrease continues, this decrease is barely observable. For Model 2 (Figure 10) a 
similar behavior is observed since the highest sensitivity is achieved for volumes 24 ml and 43 ml with 
a considerable drop for the higher values.  
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Figure 9 Sensitivity distribution for Model 1. Ventricular volumes (rows) are 20, 40, 60, 80, and 100 ml. Current 
is injected t through e1 and e6. Please refer to Fig. 5 for electrode configuration. Left column: Sensitivity 
for measurement electrodes e2 and e5, middle column: measurement electrodes e2 and e3, and right 
column: electrodes e4 and e5. The plots show an observable change in sensitivity distribution from 20 
ml to 40 ml. For volumes above 40 ml, the sensitivity plots for each measurement arrangement remain 
relatively constant. 
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Figure 10 Sensitivity distribution for Model 2. Only the ventricular domain is shown for better visualization. 
The surrounding tissue shows negligible sensitivity as compared to Model 1, higher sensitivity for the 
ventricular wall is achieved at lower volumes. Ventricular volumes (rows) are 24, 43, 61, 84, and 111 
ml. Left column: Sensitivity for measurement electrodes e2 and e5. middle column: measurement 
electrodes e2 and e3, and right column: electrodes e4 and e5. Please refer to Fig. 5 for electrode 
positions. 
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3.2 Static volume estimation 

Simulation results indicate that, as the ventricular volume increases, the measured impedance 
decreases exponentially (Figure 11, left). Since the sensitivity of the measurement is highest around the 
impedance catheter, (Figure 9 and Figure 10), this behavior is expected. Phantom measurements on 
silicone and silicone-carbon probes replicate a similar trend, although with a higher measured resistance 
than the resistance obtained by the FE simulation results. Comparing the volume estimations for FE 
results and phantom measurements for both the cylindrical and the ellipsoidal approach, both methods 
show low accuracy, although the ellipsoidal method shows slightly better performance (Figure 11, right). 
This is confirmed by FE results for Model 2 (Figure 12). In fact, the estimated value for the 24 ml 
ventricular volume for FE model 3 shows only a small error (5.7 % deviation). The error increases for 
higher volumes up to 80 % for the maximal simulated volume of 199 ml. The higher accuracy for volume 
estimation with Model 3 as compared to Model 1 might be explained by the more realistic geometry. The 
anatomical ventricle has walls which are closer together than those from the geometrical ellipsoid, 
allowing the sensor to detect impedance changes over a wider range of volumetric changes.  

3.3 Dynamic impedance monitoring 
To test whether it may be feasible to record impedance changes of a pulsatile ventricular wall for 24 

ml-sized lateral ventricles, a dynamic wall displacement was applied in Model 3 for one CC. By applying 
Eq. (1) with a 1 mm ventricular wall expansion amplitude (A), the resulting maximum ventricular volume 
change is approximately 4 ml for Model 3, which agrees with literature data. The impedance curve 
obtained by the FE simulation shows pulsatile behavior, see Figure 13, which is pulsatile, with the 
expected inverse behavior.  

Figure 11 Electrical resistance of Model 1 for different ventricular volumes for silicone probes and FEM 
simulations. Right: Volume estimation results for Model 1 with cylindrical and elliptic estimation for 
phantom and FEM simulations. 

Figure 12 Volume estimation for Model 2 FEM simulations. The ellipsoidal approach provides a better approximation 
than the cylindrical approach. however, for volumes higher than 40 ml, both methods seem to be inaccurate.
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4. Discussion 
The results for the current densities and sensitivity distribution plots (Figure 9 and Figure 10) indicate 

that, since the measurement is highly sensitive to the immediate surroundings of the impedance catheter, 
a simplified anatomical model may be sufficiently detailed to adequately perform simulative studies of 
ventricular bioimpedance measurements, reducing the computational cost. Furthermore, this also 
explains the exponential decay trend between the measured voltage and ventricular volume as observed 
by the static volume simulations and phantom measurements (Figure 11, left). At lower volumes, the 
current flows through more brain parenchyma as compared to higher volumes where it primarily flows 
through CSF. The contrast in conductivity between these two primary tissues of interest explains the 
higher sensitivity of the impedance sensor at lower ventricular volumes (Figure 9 and Figure 10), which 
results in an increasing error for higher volumes in both estimation methods (Figure 11 and Figure 12). 
For the lower volumes (around 20 and 40 ml), the error is reduced and estimated at 5.7 % for the 24 ml-
sized FE Model 3. This may signify that, in a practical scenario, the impedance sensor may perform with 
quite reduced accuracy at higher ventricular volumes. However, it is envisioned that the sensor be used 
for a feedback-controlled shunt system with which it is aimed to keep ventricular volumes at 
physiologically normal sizes, i.e., in the range of high sensitivity. Additionally, since better results are 
obtained for lower volumes, i.e., when the impedance catheter is closer to the ventricular wall, other 
setups need to be considered, including the possibility of catheter fixation and/or placing the catheter 
partially within the brain parenchyma.  

 
Intracranial blood pulsatility has been observed to play a significant role in cerebral hydrodynamics. 

During systole, intracranial volume increases approximately 1 ml, displacing the brain inwards a 
contracting the ventricles, which in turn causes a ventricular outflow through the aqueduct of around 35 
µL per cardiac cycle. A cervical stroke volume of cranial CSF into the compliant spinal canal is also 
observed [Benninghaus et al., 2017; El Sankari et al., 2011].  The role of intracranial cardiovascular 
pulsation in ventricular dilation is a topic of current research, and an impedance sensor which proves to 
be capable of monitoring the pulsatility of the ventricular wall may provide valuable insight in this topic. 
This has been tested with FE Model 3 (Figure 13) showing that this may be feasible. 

5. Conclusion 
In this in silico study, the feasibility of bioimpedance-based monitoring of intracranial ventricular 

volume has been tested. Different FEM models of increasing complexity have been used to analyze 
ventricular volumetry and monitoring of ventricular pulsation with the bioimpedance technique.  Current 
and future work is focused on further FE simulations to test for possible noise sources which have not 
been considered in this study such as the effect of movement and impedance catheter displacement, as 
well as the role of the complex anatomy of the ventricles in the volume estimation, in the search for more 
accurate volumetric models. For validation, a hydrocephalus test-bench that reproduces the intracranial 
mechanical and electrical properties of the human brain for both the static volume determination as well 
as the dynamic volume change monitoring is envisioned. The proposed silicone-carbon brain phantom 
seems to provide a valid in vitro model to be implemented in the bioimpedance hydrocephalus test-bench 

Figure 13 Impedance signal (red, solid line) resulting from a pulsatile ventricular volume (blue, dashed). The impedance 
signal follows the ventricular volume change inversely.   
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