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Abstract In this paper, we introduce a new modelling

related parameter called region of interest sensitivity ratio

(ROISR), which describes how well the sensitivity of an

electroencephalography (EEG) measurement is concen-

trated within the region of interest (ROI), i.e. how specific

the measurement is to the sources in ROI. We demonstrate

the use of the concept by analysing the sensitivity distri-

butions of bipolar EEG measurement. We studied the

effects of interelectrode distance of a bipolar EEG lead on

the ROISR with cortical and non-cortical ROIs. The sen-

sitivity distributions of EEG leads were calculated

analytically by applying a three-layer spherical head

model. We suggest that the developed parameter has cor-

relation to the signal-to-noise ratio (SNR) of a

measurement, and thus we studied the correlation between

ROISR and SNR with 254-channel visual evoked potential

(VEP) measurements of two testees. Theoretical simula-

tions indicate that source orientation and location have

major impact on the specificity and therefore they should

be taken into account when the optimal bipolar electrode

configuration is selected. The results also imply that the

new ROISR method bears a strong correlation to the SNR

of measurement and can thus be applied in the future

studies to efficiently evaluate and optimize EEG mea-

surement setups.
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1 Introduction

The objective in electroencephalography (EEG) measure-

ments is to register signals arising from sources in a certain

region of interest (ROI), e.g. an area where evoked

responses are generated in the brain. The sensitivity of an

ideal measurement should focus on and be greater on these

target areas in comparison to other areas of the volume

conductor, thus yielding more specific measurements.

The locations of the measurement electrodes have a

prominent effect on the measurement sensitivity. In clinical

EEG the traditional electrode setup has been the 10-20-

system, while today there are also commercial systems

with up to 256 electrodes. These days new technologies

enable the use of high numbers of electrodes, but in some

cases, such as emergency room EEG and implantable or

portable monitoring systems, it is essential to reduce the

number of electrodes to minimum. The selection of ideal

electrode locations is critical when selecting the measure-

ment system with optimal spatial sensitivity properties. To

support this selection, the qualities of various electrode

systems should be characterized by different variables

related for example, to the sensitivity distributions of

electrode set-ups.

Previously, only a few parameters have been applied in

the analysis of sensitivity distributions of bioelectric mea-

surements. One of them is the half-sensitivity volume

(HSV) [13] that defines the volume in which the mea-

surement sensitivity is concentrated. It has been applied in

analysing differences in EEG and MEG measurements

[14]. Also, relative differences in sensitivity distributions

have been applied in analysis of the sensitivity distributions

of implantable ECG monitors [24].

Methods that can be applied to describe how well the

measurement sensitivity of a measurement lead is
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concentrated on some ROI have not been introduced pre-

viously. It would be important to apply the optimal

measurement configuration to obtain all information of

these sources with high signal-to-noise ratio (SNR). Due to

lack of such methods of analysis, it has been complicated

to compare the quality of the measurement set-ups with

modelling-based approaches when selecting the optimal

configurations

The present paper introduces and demonstrates the use

of a parameter called region of interest sensitivity ratio

(ROISR) in analysing EEG measurements. The ROISR is

applied to characterize how well the sensitivities of dif-

ferent bipolar EEG measurement leads are concentrated in

the ROI compared to other source regions. In the appli-

cation of ROISR parameter, it is assumed that the required

signal is generated by the sources within ROI and other

sources in the volume conductor produce noise to the

measurement. We thus assume that the ROISR correlates

with the SNR of a measurement. In addition to studying the

specificity of different bipolar leads, this paper presents a

preliminary EEG study to evaluate the correlation between

ROISR and SNR.

2 Materials and methods

2.1 Lead field and reciprocity theorem

The sensitivity distributions of measurement leads in the

volume conductor can be illustrated with lead fields as

defined by McFee and Johnston [15]. The lead vectors

define the relationship between the measured signal in the

lead and the current sources in the volume conductor fol-

lowing Eq. 1 [12]. In the optimal measurements the lead

vectors and current source vectors are oriented parallel.

VLE ¼
Z

1

r
JLE � Jidv ¼

Z
1

r
� JLE

�� �� � Ji

�� �� � cosðaÞdv; ð1Þ

where VLE is the lead voltage, JLE is the lead field 1
cm2

� �
; Ji

is the current source density vector A
cm2

h i
; r is the con-

ductivity at the source location in the volume conductor
1

Xcm
� �

; and a is the angle between lead vector and source

vector. | . | is the L2-norm.

The lead field in the volume conductor can be

established by applying the reciprocity theorem of

Helmholtz. The current field in the volume conductor

raised by the reciprocal unit current (Ir = 1 A) applied to

the measurement electrodes corresponds to the lead

current density and hence to the lead field JLE [15]. The

lead field defines the magnitude and direction of sensi-

tivity of the measurement lead at all source locations

within the volume conductor.

2.2 The concept of region of interest sensitivity ratio

Equation 2 defines ROISR as a ratio between average

sensitivity of a predefined ROI volume and the average

sensitivity at the rest of the source volume, hereafter called

as a nonROI volume. For example, in the case of EEG the

nonROI volume consists of the brain volume excluding the

ROI volume. ROISR, thus defines how well the measure-

ment sensitivity is concentrated within the selected ROI,

i.e. how specific the measurement is to the signals gener-

ated within the ROI.

ROISR ¼
1

VROI

R
VROI

JLE

�� ��dv
1

VnonROI

R
VnonROI

JLE

�� ��dv
; ð2Þ

where VROI is the ROI source volume [cm3] and VnonROI is

the nonROI source volume [cm3].

The ROISR in (Eq. 2) is obtained by taking into account

the magnitudes of the lead vectors within the ROI and

nonROI volumes. This approach is most suitable in cases

where the sensitivity distribution is optimally oriented, i.e.

cos (a) in (Eq. 1) equals one or in cases where the direc-

tions of the sources are unknown. The angles between the

lead vectors and the current source vectors within ROI or

nonROI should be taken into account whenever these are

known, thus enabling more precise calculations.

For example, it has been recognized that measurable

EEG potentials are generated by pyramidal neurons of

same orientation and the sources are described with

equivalent dipoles [17, 18]. In this case, the direction of

equivalent source within the ROI is known but the direc-

tions of sources within nonROI are still unknown. Thus the

directions of sensitivities within the ROI can be applied in

the calculation of ROISR. However, because the orienta-

tions of the noise sources in any measurement are almost

impossible to know, the worst-case approximation is that

they are oriented parallel to the lead vectors. These prin-

ciples are applied in Eq. 3, describing a case where the

angles between current source vectors and lead vectors

within ROI are known.

ROISRa ¼
1

VROI

R
VROI

JLE

�� �� � cosðaÞdv
1

VnonROI

R
VnonROI

JLE

�� ��dv
; ð3Þ

where a is angle between the current source vector and lead

vector at each location within ROI.

In (Eqs. 2 and 3), the averages of sensitivities within the

ROI and nonROI volumes are applied in the ROISR cal-

culation. This approach is applied because, the source

distribution within the volume conductor is not known

exactly and thus it cannot be stated if the ROI contains only

the sources of interest or if these sources fill the whole ROI.

There is the same problem with sources in nonROI; the
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estimation of noise source distribution is even more

difficult.

2.3 ROISR analysis of bipolar EEG leads

We applied the new ROISR parameter in analyzing the

effects of interelectrode distance on the specificities of

bipolar EEG leads. We calculated the sensitivity distribu-

tions of 70 bipolar EEG leads whose interelectrode

distances varied from 180� to 2.57�. The sensitivity dis-

tributions were calculated within the brain volume of a

three-layer spherical head model with the analytical

method introduced by Rush and Driscoll [21]. The model

includes the layers of scalp, skull and brain, with radii of

92, 85 and 80 mm, respectively. The resolution of the

model is 2 mm 9 2 mm 9 2 mm containing altogether

267,730 nodes. Each node in the model describes a 8 mm3

volume in the brain region. There is no certainty of the

correct scalp/brain/skull resistivity ratio, and a variety of

values have been introduced in different studies [7, 9, 19,

21]. We executed our calculations with 1/15/1 scalp/skull/

brain resistivity ratio [19].

In addition, we studied how ROI location affects the

specificities of bipolar leads and thus calculated the

ROISRs for two different ROIs, one lying on the cortex

and the other deeper in the brain. Both ROIs were

spherical volumes with a 20 mm radius. The coordinates

for the centre of the ROI lying on the cortex were x = 0

mm, y = 0 mm and z = 80 mm and for the deeper ROI

x = 0 mm, y = 0 mm and z = 30 mm. Fig. 1 presents

two bipolar electrode pairs with the 5.14� and 180�

electrode distances applied in this study, and the loca-

tions of the ROIs in the brain in a 2D yz-plane. We

studied the effects of electrode distance with three dif-

ferent assumptions about the source orientation within

ROI. ROISRs were calculated with unknown source

orientation by applying (Eq. 2) and with known source

orientation by applying (Eq. 3). For simplicity, the

known source orientations were selected to be positive

y- and z-directions illustrated in Fig. 1.

2.4 Relationship between ROISR and SNR

We claim that the ROISR parameter has a strong correla-

tion to the SNR of a bioelectric measurement, here EEG.

Eq. 4 describes the SNR of a measurement based on lead

vector approach (Eq.1). We assume that required signal is

raised by sources lying in the ROI and unwanted noise

originates from the sources in the nonROI volume.

SNR =
Signal

Noise
¼
R

VROI

1
r JLE

�� �� � Ji

�� �� � cosðaÞdvR
VnonROI

1
r JLE

�� �� � Ji

�� �� � cosðbÞdv

�
Ji

�� �� � RVROI
JLE

�� ��dvR
VnonROI

JLE

�� ��dv
; ð4Þ

where a is angle between the current source vector and lead

vector at each location within ROI and b is angle between

the noise current source vector and lead vector at each

location within nonROI.

In (Eq. 4) we have simplified the original SNR

equation based on the following assumptions. Firstly, the

conductivity r is reduced from the equation because ROI

and nonROI are within the brain volume having constant

conductivity. Secondly, the sources in EEG can be

described as equivalent dipoles. We assume that the

sources within the ROI can be replaced by an equivalent

dipole vector Ji; which has constant direction and mag-

nitude. We also assume that the measurement set up is

optimally selected and thus the sources within ROI are

parallel to the sensitivities and thus the cos (a) equals

one in each source location. Thirdly, spatially random

dipoles have been applied to model the sources gener-

ating background EEG, i.e. noise [3, 10, 11]. Because

the orientations or magnitudes of the random noise

source dipoles cannot be estimated accurately, we

approximate the magnitude of Ji within nonROI to be

equal to one. In the worst case, the sources within

nonROI are parallel to the sensitivities and thus the cos

(b) equals one in each source location. Now, we observe

that the estimation of SNR is proportional to the previ-

ously presented ROISR parameter in (Eq. 3). Next, we

examine the relationship between the ROISRs and SNRs

of two different leads.

Fig. 1 Cross-section of the three-layer spherical head model with

5.14� and 180� electrode distances. The cortical ROI and non-cortical

ROI located within the brain are indicated with dark grey circles
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Equation 5 presents the straight correlation between the

ratio of ROISRs and ratio of SNRs of two different mea-

surement leads, which are applied to the measurement of

the same source.

ROISR1

ROISR2
¼

1
VROI

R
VROI

J1;LE

�� ��dv
1

VnonROI

R
VnonROI

J1;LE

�� ��dv
�

1
VROI

R
VROI

J2;LE

�� ��dv
1

VnonROI

R
VnonROI

J2;LE

�� ��dv

¼
R

VROI
J1;LE

�� ��dvR
VnonROI

J1;LE

�� ��dv
�
R

VnonROI
J2;LE

�� ��dvR
VROI

J2;LE

�� ��dv

SNR1

SNR2
¼

Ji

�� �� � RVROI
J1;LE

�� ��dvR
VnonROI

J1;LE

�� ��dv
�

Ji

�� �� � RVROI
J2;LE

�� ��dvR
VnonROI

J2;LE

�� ��dv

¼
R

VROI
J1;LE

�� ��dvR
VnonROI

J1;LE

�� ��dv
�
R

VnonROI
J2;LE

�� ��dvR
VROI

J2;LE

�� ��dv
ð5Þ

In (Eq. 5) ROISR1 and SNR1 corresponds to

measurement lead one and ROISR2 and SNR2 to

measurement lead two. The ROI volume is the same for

both leads. Because of the two different leads, the lead

vectors have different magnitudes, J1;LE and J2;LE: In the

latter equation, the Ji between the two different

measurement setups is constant, because the source of

the measurement is the same. Based on the assumptions,

the correlation is assumed to be highest, very close to one,

when ROI optimally covers signal sources and current

source vectors are oriented parallel to the lead vectors

within ROI or the directions of sources are applied in

ROISR calculation.

2.5 Preliminary clinical study of the correlation

between ROISR and SNR

We demonstrate here with a preliminary visual evoked

potential (VEP) experiment, how well the ROISRs and the

SNRs of real measurements correlate. The VEPs were

measured with Neuroscan (SynAmp, Neuroscan) and 256-

channel EEG cap containing 254 EEG channels and 2 ECG

channels. The VEP experiment was based on checkerboard

stimulation procedures described in [2]. The stimulations

were made with Stim (Neuroscan). During the experiment,

we measured 290 evoked responses (hereafter epochs). The

measurements were conducted with two volunteers, male

and female, hereafter testee 1 and testee 2, respectively.

The sensitivity distributions and further ROISRs for

measurement leads of both testees were calculated with the

three-layer spherical head model. The electrode locations

applied in the calculations were digitized during the mea-

surements with FastTrak (Polhemus) and fitted afterwards

on the surface of the spherical model. Fig. 2 presents the

numbering and locations of the centreline electrodes of

testee 2.

Fig. 2 Illustration of locations

for electrodes 121 to 135

applied in the measurements

and fitted on the spherical

model. The region of interest is

illustrated in dark grey
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SNRs of the measured VEPs were calculated with

equations adopted from Raz et al. [20]. The interest was in

the P100 component of VEP response and thus we calcu-

lated the SNRs of the time interval between 70 to 130 ms

after the stimulus. For each lead 290 epochs were included

in the calculation of SNRs.

The visual evoked responses are generated on the pri-

mary visual cortex which can be approximated to lie under

electrodes 130–134 illustrated in Fig. 2 [23]. The highest

correlations between ROISRs and SNRs could be achieved

when the ROI is located in this region. We selected the

ROI as a spherical segment of 20 mm radius on the cortex

by observing anatomical images and previous studies of the

size of primary visual cortex [1]. First we evaluated the

correlation, by selecting the ROI volume to be located at

the centre of the visual cortex, under the electrode 131

illustrated in Fig. 2. The ROISRs and SNRs were calcu-

lated for all 254 leads and applied in Eq. 6 to calculate the

correlation coefficient between these quantities.

correlation

¼ n
P

n XYð Þ �
P

n X
P

n Yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n
P

n X2 �
P

n X
� �2

h i
n
P

n Y2 �
P

n Y
� �2

h ir ð6Þ

where n is the number of data points (254 leads), X is the

SNRs of 254 leads Y is the ROISRs of 254 leads.

We also studied how the location of ROI affects the cor-

relation between ROISR and SNR and thus we calculated

ROISRs for ROIs having centres on the centreline of the

sphere under the electrodes from 121 to 135 illustrated in

Fig. 2. We also studied how the correlation is affected when

different source directions within ROI are assumed and

applied in ROISR calculation. We applied the positive y- and

z- directions as possible source directions within ROI.

3 Results

3.1 Effect of electrode distance

Figure 3 presents the normalized magnitudes and direc-

tions of sensitivities for electrode distances 5.14� (a) and

180� (b) on the yz-plane. Figure 4 presents the ROISRs

calculated with (Eq. 2) for a cortical ROI (a) and a non-

cortical ROI (b) as a function of the electrode distance.

Figure 4 presents also the sensitivity ratios in cases where

the sources are supposed to be in y- or z-direction within

the ROI, these sensitivity ratios are called as ROISRy and

ROISRz, respectively

From Fig. 3a it can be seen that with 5.14� electrode

distance the sensitivity is high within the cortical region

while on the other regions it is close to zero. In Fig. 3 it

is also shown that the sensitivities within the cortical

ROI are mostly oriented along the y-direction with 5.14�
electrode distance and along the z-direction with 180�
electrode distance. This is reflected in the values of the

ROISRy and ROISRz presented in Figure 4a. It can be

observed that when decreasing electrode distance, the

measurement becomes more specific to the sources

directed in either y-or z-direction, but with short enough

electrode distances the specificity to the sources in

z-direction begins to decrease.

Figure 1 shows the location of non-cortical ROI and

Fig. 4b presents the ROISRs as a function of electrode

distance for same ROI. The behaviours of the ROISR,

ROISRy and ROISRz are seen to differ little bit from

Fig. 4a. The ROISRy starts to rise rapidly when electrode

distance is decreased and the ROISRz does not increase as

the electrode distance is reduced, but instead it starts to

decrease with electrode distances shorter than 100�.

Fig. 3 Sensitivity distributions

of the leads with 5.14� (left) and

180� (right) electrode distances

in plane y = 0. Cortical ROI and

deep ROI presented with white
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3.2 Correlation between ROISR and SNR

When the ROI was located under electrode 131, the cor-

relations between ROISR and SNR for testees 1 and 2 were

82% and 94%, respectively. Figure 5 presents the corre-

lations between ROISR and SNR as a function ROI

location under electrodes 121–135 for both testees. The

correlations were calculated with ROISRs applying three

different assumptions of source orientations within ROI;

unknown (a), positive y-axis (b) and positive z-axis (c). The

ROISR and SNR have high correlations ([ 75%) when the

ROI is located under 131–134 but very low for other ROI

locations. This observation corresponds to the assumptions

made based on the knowledge of the location of primary

visual cortex. Figure 5b shows that if the sources are

assumed to be in positive y-direction high correlation

between the ROISRy and SNR is achieved for the same

ROI locations as in Fig. 5a. As presented in Fig. 5c, the

correlations are notably lower when sources are assumed to

be in positive z-direction.

4 Discussion

4.1 New ROISR parameter

In the present paper, we have introduced a concept of

ROISR for analysing the ability of an EEG measurement

setup to concentrate relatively high sensitivity on the pre-

defined ROI. The results of this study are very promising,

although we had limited number of testees and applied a

three-layer spherical head model in sensitivity distribution

calculations. Even though the spherical head models have

been verified to be feasible in modelling EEG forward and

inverse problems [16, 22], we will adopt realistically

shaped head models in the future studies. In the future, we

will also conduct studies with different evoked potentials

and numbers of testees. More extensive study should also

be conducted to find a way of selecting the correct ROI and

how the size of the ROI affects the correlation between

ROISR and SNR.

4.2 Effect of electrode distance

Electrode distance affects many properties of measurement

sensitivity, and these effects are also dependent on the

location of the ROI. The effects depend on whether the

target source region is in the cortex or deeper in the brain.

Malmivuo and Suihko [14] showed in their study that the

spatial resolution of EEG is increased with shorter elec-

trode distances and together with the present study we can

state, that in general if the target region is on the cortex the

electrode distance should be as short as possible. It should

be noticed that Malmivuo and Suihko did not analyse the

effect of the direction of sensitivity in their calculations.

Based on the results presented here, we propose that the

direction of the source should be considered in the mea-

surement setup optimization, and the locations of the

electrode should be adjusted above the ROI to obtain the

optimal orientation. However, in many cases the electrodes

can be arranged so that the sensitivity is optimally oriented.

4.3 Correlation between ROISR and SNR

The ideal situation to aim at in designing an electrode setup

to measure bioelectric signals such as EEG, is to design a

measurement configuration giving the highest possible

SNR. Here, we demonstrated with a preliminary evoked

potential study that the ROISR has a substantial correlation

to the SNR of EEG leads when ROI is properly located.

Similar correlation studies could be applied in the future to

evaluate if the ROI is optimally selected, because corre-

lation should be highest when the ROI contains all the

signal sources and none of the noise sources. This approach

could have some applications in source localization

purposes.

Fig. 4 ROISR, ROISRy and

ROISRz as a function of

interelectrode distance when the

interest of measurement is on

the sources within cortical ROI

(a) and non-cortical ROI (b)
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Also, the direction of sensitivity has effect on the cor-

relation and based on the theory behind ROISR, the highest

correlation should be achieved when the proper direction of

sensitivity is applied in the calculations and (Eq. 3) is used.

The correlation studies between models and measurements

could be applied to estimate the source directions within

the ROI.

The results of this study imply that the sources pro-

ducing P100 component in primary visual cortex are most

likely oriented to the positive y-direction than to the

positive z-direction because the correlation was higher

when sensitivities to the positive y-direction were applied.

Similar results of source directions have been achieved in

previous studies where cortical dipole sources has been

analysed and modelled [4–6, 8]. Even higher correlations

might have been achieved with realistic models of testees’

heads and with more precise assumptions of source ori-

entation and ROI location.

5 Conclusions

In the present study we have introduced a new concept,

ROISR, which describes how well the measurement is

focused on the ROI and demonstrated the connection

between ROISR and the SNR of measured EEG. We can

conclude that ROISR serves an efficient modelling-based

approach to evaluate EEG measurement setups. Although

the method was applied only in analysing EEG measure-

ments, we believe that the method is applicable in other

bioelectrical measurements because it is based on the

sensitivity distribution approach, which is universal for all

bioelectrical sources.
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