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Correlation between Live and Post Mortem Skull Conductivity
Measurements
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Abstract— The skull is a tissue with a widely controversial
range of conductivity values. This article correlates live skull
conductivity measurements with post mortem conductivity
measurements with a scaling factor ranging between 2.5 and
4. The scaling factor is validated by a mathematical model
that determines the skull conductivity using saline and CSF
conductivities and correlated with published physical live and
post mortem skull conductivity measurements which show
support for this live-to-post mortem scale factor.

I. INTRODUCTION

Analyzing and estimating neuroelectric sources from elec-
troencephalograms (EEGs) is an area of interest in the field
of neurology. Modeling the head as a volume conductor
is a common approach to study these source potentials,
solving either the forward or inverse problem. These models
critically rely upon the accuracy of the head tissue conduc-
tivities as well as the model geometries. Using the correct
conductivities and dimensions enables the model to more
accurately locate internal electrical sources and to more
correctly model current densities, lead fields, and sensitivity
distributions. When inaccurate tissue conductivities or model
dimensions are used, the results contain error. Lead field
distortions and localization errors influence researchers to
draw incorrect conclusions. The literature on head tissue
conductivities is quite limited in experimental findings but
shows that several studies repeatedly refer to the same data
[1].

The cornerstone model by Rush and Driscoll [2] estab-
lished head conductivity values that are still used in models
over three decades later. They used a brain-to-skull conduc-
tivity ratio op, : ogx of 80:1 and defined the conductivity
of the scalp og. equal to the brain op,. As a result of
a wide range of conductivity values in the literature, the
following sections review, analyze, and discuss appropriate
conductivity values for the skull conductivity and brain-to-
skull conductivity ratio. In order to propose revised values,
a way of assessing live tissue versus post mortem tissue
measurements versus numerically estimated conductivities is
addressed.

The key to selecting an appropriate skull conductivity is
evaluating the experimental setup of reported measurement
results. Without assessing the significance of the correspond-
ing measurement procedures, undue weight would be given
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to several post mortem tissue samples. In the early 1980s,
research by Kosterich et al. [3], [4] determined that bone
conductivity is primarily dependent on the conductivity of the
fluid perfusing the bone tissue, supporting the hypothesis of
Rush and Driscoll [2]. Their research comparing the effect
of natural cellular fluids against saline solutions perfusing
bone tissue has been overlooked [3]. Furthermore, their
research was performed on rat femurs within 90 minutes
after the animal was sacrificed, then again within 50 hours
post mortem, and once more one week post mortem. Their
findings report that bone conductivity decreases by a factor
of 2.5 to 3 in the DC conductivity range over the live-to-50
hour post mortem time and no change between 50 hours and
the one week post mortem measurements. There should only
be insignificant changes in the specimen because the living
cellular components would have died and the natural fluids
washed away prior to the 50 hour measurements with no
significant change after the tissue fixation. Consequently, this
overlooked factor is crucial to evaluating live tissue samples
with natural fluids against moistened and saline immersed
post mortem samples.

II. METHODS

A simple mathematical model used along with the live-
to-post mortem conductivity ratio further supports the live
conductivity measurements. The formula introduced by Rush
and Driscoll [2] and verified by Kosterich et al. [4]

Sk = O fluid/80 (D

states that the skull conductivity og is dependent on the
fluid permeating the skull o f,;4. Since the model by Rush
and Driscoll [2] was based on a post mortem skull sample,
(2) scales the post mortem skull conductivity value ogsi,,,
with the live-to-post mortem conductivity factor f to approx-
imate a living skull sample conductivity value osy, ,, .-

OSkLive — f X OSkpun (2)
III. RESULTS

Applying the commonly modeled saline and cerebrospinal
fluid (CSF) conductivity values 1.3 S/m [5], [6] and 1.79 S/m
[1], respectively, to (1) yielded the unadjusted skull con-
ductivities of 0.016 S/m and 0.022 S/m, respectively. The
values of 2.5 and 3 were used for the live-to-post mortem
conductivity factor f [3], and then inserted into (2) with
the values from (1) to produce the lower and higher live-
adjusted skull conductivity values. The saline-live-adjusted
skull conductivities ranged from 0.041 S/m to 0.049 S/m,
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Fig. 1. Reported conductivity values of live skull samples temporarily
removed during epileptic surgery plotted against patient age. The blue trend
with circles graphs raw data, and the gray trend with dots graphs the least
squares fit [7].

whereas, the CSF-live-adjusted skull conductivities ranged
from 0.056 S/m to 0.067 S/m.

Introducing results from living skull fragments by
Hoekema et al. [7] enables graphical comparisons testing our
live-to-post mortem scaling factor. Using their results, we de-
fined the average adult skull conductivity as 0.053 S/m by av-
eraging tissue samples from patients aged 26 to 50 years old.
Including the tissue sample of the eleven year old increased
the average skull conductivity from 0.053 S/m to 0.063 S/m
(Fig. 1). Their measurements came from skull fragments
temporarily removed during epileptic surgery. Using the av-
erage adult-live skull conductivity measurement and the all-
ages-averaged live skull conductivity measurement, these live
measurements are plotted against commonly reported brain
conductivities [2], [6], [8], [9], [10], to depict plausible brain-
to-skull conductivity ratios (Fig. 2). Additionally, Fig. 2(a)
includes both the scaled live-modeled trends and unscaled
post mortem trends according to (1) and (2), while Fig. 2(b)
tests the scale factor on published post mortem results against
the live measurements.

IV. DISCUSSION

The live-to-post mortem conductivity scaling factor f
closely correlates modeled data with live physical skull
conductivity measurements. The modeled skull conductivity
value using the CSF scaled by 2.5 (0.056 S/m) nearly
matches the skull conductivity value of the adult live skull
tissue, using 0.053 S/m as the average live skull conductivity;
therefore, the CSF-calculated skull conductivity scaled by
2.5 nearly reflects the average adult-live trend in Fig. 2(a).
Also, the CSF-modeled skull conductivity scaled by a factor
of 3 (0.067 S/m) closely resembles the all-ages-averaged live
trend. These nearly correlated trends lend support to the live-
to-post mortem scaling factor according to the mathematical
model based upon natural skull-perfusing fluids; however,
the live-to-post mortem scaling factor falls short of scaling

the saline-modeled skull conductivity to the average adult-
live skull conductivity. A more appropriate scaling factor
for converting a saline model into a live CSF model would
require a slightly higher factor in the range of 3 to 4,
which estimates 0.049 S/m and 0.065 S/m respectively. It
makes sense that a higher scaling factor is required when
converting a lower conducting saline-solution-based model
to an approximated realistically live skull conductivity.

In order to validate a mathematical model, the live-
to-post mortem scaling factor should be weighed against
physical measurements. Comparing the live measurements
of Hoekema et al. [7] with the post mortem skull sample
of Oostendorp et. al [6] yields a ratio average of slightly
over 3, and Law [11] yields a ratio range of 4 + 1.8 based
on the overall skull average, thus supporting the need for
a live-to-post mortem scale factor (Fig. 2(b)); however, the
ratio range of 3 to 4 more appropriately fits the conversion of
these saline-immersed post mortem skull conductivity values.
The skull sample measured by Oostendorp et al. [6] was
a frozen post mortem skull rewarmed to body temperature
performed in a saline environment rather than in natural CSF.
Measurements of the frozen and thawed tibia by Saha and
Williams [12] are even lower because they were performed in
a 100% humidity chamber without fluid perfusion at 27 °C.
Measuring the specimens ten degrees below natural body
temperature lowers the resultant conductivity values due to
a decrease in diffusion and ionic motion [1]. By more accu-
rately categorizing and assessing the physical experimental
setup of previously measured post mortem samples, we can
better utilize post mortem tissue findings to apply towards
living tissue sample conductivities.

The live-to-post mortem scaling factor appears to be a
plausible way to convert fluid perfused post mortem con-
ductivities into the conductivity range of the state of living
tissue. The results from the mathematical models supported
the physical experimental scaled results. Taking the ratio
of CSF to saline solution yielded a ratio of 1.4. Since the
CSF-live-adjusted-adult scaling factor nearly approximated
2.5 when scaling a CSF solution into a CSF-based-skull
conductivity, we scaled the ratio of 2.5 by 1.4 yielding
3.5 to compare it against the saline-converted-post mortem
physcial measurements. It is evident that the results of
the mathematical models support the scaled physical setups
of the 100% fluid perfusion experiments at natural body
temperature.

Finally, it is relevant to address electrical impedance
tomography (EIT) estimated conductivities that support post
mortem findings. EIT estimates the skull conductivity by
solving the inverse problem, which has an un-unique so-
lution. Oostendorp et al. [6] supports their physical post
mortem skull conductivity measurements by a volume con-
ductor that fixes the scalp conductivity equivalent to the
brain conductivity. Other groups, Lai et al. [13] and Clerc
et al. [14], also recently fixed the scalp to the same brain
conductivity, whereas, Ferree et al. [15] cited brain to scalp
conductivity ratios slightly less than two in their models.
Furthermore, Lai et al. [13] derived their brain-to-skull con-
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(b) Post Mortem vs. Live measurements

Brain-to-skull conductivity ratios plotted against common brain conductivities. All of the red dotted and blue dashed trend lines in (a) and (b)

identify the post mortem (PM) skull conductivity trends by a factor of 1 and scale the PM skull conductivity to the live-adjusted conductivity by 2.5
(circles) and 3 (triangles). The black trends with circles in (a) and (b) use the average adult live skull conductivity 0.053 S/m [7], and the black trends
with triangles in (a) and (b) use all-ages-averaged live skull conductivity 0.063 S/m [7]. (a) The red dotted trends represent the conductivity ratio using the
conductivity of saline solution, 1.3 S/m, in (1) and (2). The blue dashed trends in (a) use the CSF conductivity, 1.79 S/m. (b) The red dotted trends use
the average skull conductivity 0.013 S/m reported by Law [11], and the blue dashed trends in (b) use the average skull conductivity 0.015 S/m reported

by Oostendorp et al. [6].

ductivity ratios correlating pediatric scalp recordings from
patients aged 8 to 12 years old using an adult sized volume
conductor. Considering these discrepancies, it is plausible
that solutions to the un-unique inverse problem correlated to
the measured post mortem tissue findings.

V. CONCLUSION

After evaluating live and post mortem skull conductivity
data along with a supporting mathematical model of the
skull conductivity, a recommendation of 0.053 S/m for
the skull conductivity reflects this discussion. This report
proposed and evaluated a live-to-post mortem scaling factor
that depends on fluid conductivity, percent of fluid per-
fusion, and temperature of the post mortem conductivity
measurements. Finally, the brain-to-skull conductivity ratio
is in the vicinity of 5, not 80 as reported by Rush and
Driscoll [2](Fig. 2); however, the brain-to-skull conductivity
ratio ranging from 5 to 10 should be investigated. Focusing
subsequent investigations on a slightly broader range will
possibly accommodate for variations in skull thickness and
perhaps the higher conducting diploe encased between pos-
sibly lower conducting bone material. A three layer bone
model would better represent the skull by including the
porous diploe that possibly has a higher conductivity since
more higher-conducting fluid plausibly perfuses this region
than the denser outer and inner skull surfaces [16]; however,
only isotropic homogeneous skull conductivities have been
published to date.

Furthermore, this report concludes that there is a further
need for live tissue measurements to confirm a live-to-
post mortem scale factor correlating measurement types.
The subject’s age needs to be recorded along with the
conductivity measurements to validate the decrease in skull
conductivity with age [7], [17]. Also, the skull measurement
recording locations should be included to address decreases
in conductivity near sutures [11] and conductivity variations
due to localized skull thickness variations [11], [16].

Suggesting a brain-to-skull conductivity ratio ranging from
5 to 10 impacts forward and inverse EEG problems. This
conclusion implies that the spatial resolution of the EEG half
sensitivity volume (HSV) is much smaller than the magne-
toencephalogram (MEG) HSV as calculated by Malmivuo
and Suihko [18].

VI. ACKNOWLEDGMENTS

The authors would like to acknowledge the support of
the Finnish Funding Agency for Technology and Innovation
(TEKES) and the Ragnar Granit Foundation.

REFERENCES

[1] S. Baumann, D. Wozny, S. Kelly, and F. Meno, “The electrical
conductivity of human cerebrospinal fluid at body temperature,” IEEE
Transactions on Biomedical Engineering, vol. 44, no. 3, pp. 220-223,
March 1997.

[2] S. Rush and D. Driscoll, “EEG electrode sensitivity — An application
of reciprocity,” IEEE Transactions on Biomedical Engineering, vol. 16,
pp. 15-22, January 1969.

4287



[3]

[4]

[5]

[6]

[8]

[9]

[10]

J. D. Kosterich, K. Foster, and S. Pollack, “Dielectric permittivity and
electrical conductivity of fluid saturated bone,” IEEE Transactions on
Biomedical Engineering, vol. 30, no. 2, pp. 81-86, February 1983.
J. Kosterich, K. Foster, and S. Pollack, “Dielectric properties of fluid-
saturated bone — The effect of variation in conductivity of immersion
fluid,” IEEE Transactions on Biomedical Engineering, vol. 31, no. 4,
pp. 369-373, April 1984.

T. Oostendorp and J. Delbeke, “The conductivity of the human skull
in vivo and in vitro,” in Proceedings of The First Joint BMES/EMBS
Conference. 1EEE Biomedical Engineering Society and IEEE Engi-
neering in Medicine and Biology Society, October 1999, p. 456.

T. Oostendorp, J. Delbeke, and D. Stegeman, “The conductivity of
the human skull: Results of in vivo and in vitro measurements,” IEEE
Transactions on Biomedical Engineering, vol. 47, no. 11, pp. 1487—
1492, December 2000.

R. Hoekema, G. Huiskamp, G. Wieneke, F. Leijten, C. van Veelen,
P. van Rijen, and A. van Huffelen, “Measurement of the conductivity
of the skull, temporarily removed during epilepsy surgery,” Brain
Topography, vol. 16, no. 1, pp. 29-38, Fall 2003.

L. Geddes and L. Baker, “The specific resistance of biological
materials—a compendium of data for the biomedical engineer and
physiologist,” Med. Biol. Eng., vol. 5, pp. 271-293, 1967.

D. Barber and B. Brown, “Applied potential tomography,” J. Phys. E.:
Sci. Instrum., vol. 17, pp. 723-733, 1984.

G. Huiskamp, M. Vroeijenstijn, R. van Dijk, G. Wieneke, and A. van
Huffelen, “The need for correct realistic geometry in the inverse EEG
problem,” IEEE Transactions on Biomedical Engineering, vol. 46,
no. 11, pp. 1281-1287, November 1999.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

4288

S. Law, “Thickness and resistivity variations over the upper surface of
the human skull,” Brain Topography, vol. 6, no. 2, pp. 99-109, 1993.
S. Saha and P. Williams, “Electric and dielectric properties of wet
human cortical bone as a function of frequency,” IEEE Transactions
on Biomedical Engineering, vol. 39, pp. 1298-1304, December 1992.
Y. Lai, W. van Drongelen, L. Ding, K. Hecox, V. Towle, D. Frim,
and B. He, “Estimation of in vivo human brain-to-skull conductivity
ratio from simultaneous extra- and intra-cranial electrical potential
recordings,” Clin. Neurophysiol., vol. 116, pp. 456-465, Feb. 2005.
M. Clerc, G. Adde, J. Kybic, T. Papadopoulo, and J. Badier, “In vivo
conductivity estimation with symmetric boundary elements,” BEM &
NFSI Conference Proceedings, pp. 307-310, 2005.

T. Ferree, K. Eriksen, and D. Tucker, “Regional head tissue conduc-
tivity estimation for improved EEG analysis,” IEEE Transactions on
Biomedical Engineering, vol. 47, no. 12, pp. 1584-1592, December
2000.

N. Lynnerup, J. Astrup, and B. Sejrsen, “Thickness of the human
cranial diploe in relation to age, sex and general body build,” Head
& Face Medicine, 20 December 2005.

A. Peyman, A. Rezazadeh, and C. Gabriel, “Chnages in the dielectric
properties of rat tissue as a function of age at microwave frequencies,”
Physics in Medicine and Biology, vol. 46, pp. 1617-1629, 2001.

J. Malmivuo and V. Suihko, “Effect of skull resistivity on the spa-
tial resolutions of eeg and meg,” IEEE Transactions on Biomedical
Engineering, vol. 51, pp. 1276-1280, July 2004.



	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


