
Evaluation of local electric �elds generated by transcranial direct current stimulation 2147

a cephalic reference electrode while tDCS with an extracephalic reference electrode evoked
a two-fold increase in current density in the spinal cord, the location of which is not very
distant from that of the brainstem, relative to the tDCS with a cephalic reference electrode.
The main reason for this difference is that the brainstem is located inside the skull, which
has much lower electrical conductivity than the skin. Previous simulation studies have shown
that most current is conducted via the skin, and only a little penetrates through the skull for
brain stimulation (Mirandaet al2006, Holdeferet al2006, Im et al2008). Our result suggests
that the use of an extracephalic reference electrode does not signi�cantly increase the amount
of current penetration through the skull. Interestingly, the current density in the spinal cord
was much stronger than that in the cerebral cortex in all simulations. These results indirectly
support the above explanations because the spinal cord is surrounded by vertebrae that have
many holes through which electric currents can �ow, whereas the cerebral cortex is enclosed
by the skull. We also illustrated the energy density distribution on the skin surface when the
deltoid references were used (�gure4). Our simulation led to an interesting result showing
concentrated energy density on the neck surface, but fortunately the maximum energy density
around the neck was still lower than that around the active and reference electrode locations,
demonstrating that the increased energy density around the neck would not provoke any
side effects on the skin. Summarizing our simulation results, we did not detect any evidence
suggesting that tDCS with an extracephalic reference electrode would be less safe than tDCS
with a cephalic reference electrode.

Our FE body model had a resolution corresponding to 2.7 mm× 2.7 mm× 2.7 mm voxel
size, which was relatively lower compared to a recent study (Sadleiret al 2010) where
1.1 mm× 1.1 mm× 1.4 mm regular voxels were used. Although our model was constructed
from 1 mm× 1 mm × 1 mm resolution MRI data, it was necessary for us to �nd the
compromise between the solution accuracy and the computational load. Considering that
our model included a large portion of the body, it was dif�cult to use a higher resolution
model for the practical �eld analyses. In addition, we did not consider some complex tissue
structures including muscles and eyes due to the dif�culty in modeling. Although the electrical
conductivities of those structures were not signi�cantly different from the surrounding tissues
compared to that of fat or bone, such simpli�cation might affect the accuracy of the �eld
simulations to some extent, especially for the cases when extracephalic reference electrodes are
attached on the facial muscles. Therefore, it will be an interesting future topic to investigate the
in�uences of modeling accuracy, model simpli�cation, element shapes, and model resolution
on the solution accuracy of the electric �eld analyses. Indeed, such studies have been
extensively carried out in the �eld of electroencephalography (EEG) source imaging (e.g.
Ferguson and Stroink (1997)).

In this study, we determined electrical conductivity values for each tissue based on
previously published results (Haueisenet al 1997, Sadleiret al 2010, Oostendorpet al 2000,
Gabrielet al 1996a, 1996b, Holsheimer1987). Since electric current �ow is in�uenced by
electrical conductivity values, it is obvious that an accurate estimation of tissue electrical
conductivity would enhance overall accuracy of the analysis results. Indeed, some researchers
even attempted to take tissue anisotropy into account for enhanced current density estimation
(Suhet al2009). Despite progress in medical imaging technology, the estimation of individual
conductivity pro�les has not yet reached to a practical level (Woo and Seo2008). Nevertheless,
considering that some EEG studies assumed large variations of individual conductivity values,
up to ± 50% of the mean value (Haueisenet al 1997), it would be interesting to investigate
the in�uences of individual tissue conductivity variations on the accuracy of 3D �eld analysis
results.



2148 C-H Im et al

Acknowledgment

This work was supported by the National Research Foundation of Korea (NRF) grant funded
by the Korea government (MEST) (no 2011-0017884).

References

Accornero N, Li Voti P, La Riccia M and Gregori B 2007 Visual evoked potentials modulation during direct current
cortical polarization Exp. Brain Res. 178261�6

Antal A, Kincses T Z, Nitsche M A, Bartfai O and Paulus W 2004 Excitability changes induced in the human primary
visual cortex by transcranial direct current stimulation: direct electrophysiological evidence Invest. Ophthalmol.
Vis. Sci. 45 702�7

Antal A, Nitsche M A and Paulus W 2001 External modulation of visual perception in humans NeuroReport 12 3553�5
Arfai E, Theano G, Montagu J D and Robin A A 1970 A controlled study of polarization in depression Br.

J. Psychiatry 116433�4
Bernardini F, Mittleman J, Rushmeier H, Silva C and Taubin G 1999 The ball-pivoting algorithm for surface

reconstruction IEEE Trans. Vis. Comput. Graph. 5 349�59
Berryhill M E, Wencil E B, Coslett H B and Olson I R 2010 A selective working memory impairment after transcranial

direct current stimulation to the right parietal lobe Neurosci. Lett. 479312�6
Boggio P S, Nunes A, Rigonatti S P, Nitsche M A, Pascual-Leone A and Fregni F 2007 Repeated sessions of

noninvasive brain DC stimulation is associated with motor function improvement in stroke patients Restor.
Neurol. Neurosci. 25 123�9 PMID: 17726271

Carney M W P 1969 Brain negative polarization in the treatment of manic states Ir. J. Med. Sci. 2 133�5
Christ A et al 2010 The Virtual Family�development of surface-based anatomical models of two adults and two

children for dosimetric simulations Phys. Med. Biol. 55 N23�38
Cignoni P, Corsini M and Ranzuglia G 2008 Meshlab: an open-source 3D mesh processing system ERCIM News

73 45�6
Cogiamanian F, Marceglia S, Ardolino G, Barbieri S and Priori A 2007 Improved isometric force endurance after

transcranial direct current stimulation over the human motor cortical areas Eur. J. Neurosci. 26 242�9
Datta A, Bansal V, Diaz J, Patel J, Reato D and Bikson M 2009 Gyri-precise head model of transcranial direct

current stimulation: improved spatial focality using a ring electrode versus conventional rectangular pad Brain
Stimul. 2 201�7 PMID: 20161455

Datta A, Bikson M and Fregni F 2010 Transcranial direct current stimulation in patients with skull defects
and skull plates: high-resolution computational FEM study of factors altering cortical current �ow
NeuroImage 52 1268�78

Dmochowski J P, Datta A, Bikson M, Su Y and Parra L C 2011 Optimized multi-electrode stimulation increases
focality and intensity at target J. Neural Eng. 8 046011

Ferguson A S and Stroink G 1997 Factors affecting the accuracy of the boundary element method in the forward
problem�I: calculating surface potentials IEEE Trans. Biomed. Eng. 44 1139�55

Ferrucci R, Mameli F, Guidi I, Mrakic-Sposta S, Vergari M, Marceglia S, Cogiamanian F, Barbieri S, Scarpini E
and Priori A 2008 Transcranial direct current stimulation improves recognition memory in Alzheimer disease
Neurology 71 493�8

Fertonani A, Rosini S, Cotelli M, Rossini P M and Miniussi C 2010 Naming facilitation induced by transcranial direct
current stimulation Behav. Brain Res. 208311�8

Fregni F, Boggio P S, Nitsche M and Pascual-Leone A 2005 Transcranial direct current stimulation Br.
J. Psychiatry 186446�7

Fregni F, Freedman S and Pascual-Leone A 2007 Recent advances in the treatment of chronic pain with non-invasive
brain stimulation techniques Lancet Neurol. 6 188�91

Fregni F and Pascual-Leone A 2007 Technology Insight: noninvasive brain stimulation in neurology-perspectives on
the therapeutic potential of rTMS and tDCS Nature Clin. Pract. Neurol. 3 383�93

Fregni F, Thome-Souza S, Nitsche M A, Freedman S D, Valente K D and Pascual-Leone A 2006 A controlled clinical
trial of cathodal DC polarization in patients with refractory epilepsy Epilepsia 47 335�42

Gabriel C, Gabriel S and Corthout E 1996a The dielectric properties of biological tissues: I. Literature survey Phys.
Med. Biol. 41 2231�49

Gabriel S R, Lau W and Gabriel C 1996b The dielectric properties of biological tissues: II. Measurements in the
frequency range 10 Hz�20 GHz Phys. Med. Biol. 41 2251�69

http://dx.doi.org/10.1007/s00221-006-0733-y
http://dx.doi.org/10.1167/iovs.03-0688
http://dx.doi.org/10.1097/00001756-200111160-00036
http://dx.doi.org/10.1192/bjp.116.533.433
http://dx.doi.org/10.1109/2945.817351
http://dx.doi.org/10.1016/j.neulet.2010.05.087
http://www.ncbi.nlm.nih.gov/pubmed/17726271
http://dx.doi.org/10.1007/BF02958921
http://dx.doi.org/10.1111/j.1460-9568.2007.05633.x
http://dx.doi.org/10.1016/j.brs.2009.03.005
http://www.ncbi.nlm.nih.gov/pubmed/20161455
http://dx.doi.org/10.1016/j.neuroimage.2010.04.252
http://dx.doi.org/10.1088/1741-2560/8/4/046011
http://dx.doi.org/10.1109/10.641342
http://dx.doi.org/10.1212/01.wnl.0000317060.43722.a3
http://dx.doi.org/10.1016/j.bbr.2009.10.030
http://dx.doi.org/10.1016/S1474-4422(07)70032-7
http://dx.doi.org/10.1111/j.1528-1167.2006.00426.x
http://dx.doi.org/10.1088/0031-9155/41/11/001
http://dx.doi.org/10.1088/0031-9155/41/11/002


Evaluation of local electric �elds generated by transcranial direct current stimulation 2149

Galea J M, Jayaram G, Ajagbe L and Celnik P 2009 Modulation of cerebellar excitability by polarity-speci�c
noninvasive direct current stimulation J. Neurosci. 29 9115�22

Halko M A, Datta A, Plow E B, Scaturro J, Bikson M and Merabet L B 2011 Neuroplastic changes �owing
rehabilitative training correlate with regional electrical �eld induced with tDCS NeuroImage 57 885�91

Haueisen J, Ramon C, Eiselt M, Brauer H and Nowak H 1997 In�uence of tissue resistivities on neuromagnetic �elds
and electric potentials studied with a �nite element model of the head IEEE Trans. Biomed. Eng. 44 727�35

Holdefer R N, Sadleir R and Russell M J 2006 Predicted current densities in the brain during transcranial electrical
stimulation Clin. Neurophysiol. 1171388�97

Holsheimer J 1987 Electrical conductivity of the hippocampal CA1 layers and application to current-source-density
analysis Exp. Brain Res. 67 402�10

Hummel F C, Heise K, Celnik P, Floel A, Gerloff C and Cohen L G 2010 Facilitating skilled right hand motor function
in older subjects by anodal polarization over the left primary motor cortex Neurobiol. Aging 31 2160�8

Im C H, Jung H H, Choi J D, Jung K Y and Lee S Y 2008 Determination of optimal electrode positions for transcranial
direct current stimulation (tDCS) Phys. Med. Biol. 53 N219�25

Jin J 2002 The Finite Element Method in Electromagnetics 2nd edn (New York: Wiley)
Kincses T Z, Antal A, Nitsche M A, Bartfai O and Paulus W 2004 Facilitation of probabilistic classi�cation learning

by transcranial direct current stimulation of the prefrontal cortex in the human Neuropsychologia 42 113�7
Koenigs M, Ukueberuwa D, Campion P, Grafman J and Wassermann E 2009 Bilateral frontal transcranial direct

current stimulation: failure to replicate classic �ndings in healthy subjects Clin. Neurophysiol. 12080�4
Lippold O C and Redfearn J W 1964 Mental changes resulting from the passage of small direct currents through the

human brain Br. J. Psychiatry 110768�72
Mahmoud H, Haghighi A B, Petramfar P, Jahanshahi S, Salehi Z and Fregni F 2010 Transcranial direct current

stimulation: electrode montage in stroke Disabil. Rehabil. 33 1383�8
Mendonca M E, Santana M B, Baptista A F, Datta A, Bikson M, Fregni F and Araujo C P 2011 Transcranial

DC stimulation in �bromyalgia: optimized cortical target supported by high-resolution computational models
J. Pain 12 610�7

Mignon A, Laudenbach V, Guischard F, Limoge A, Desmonts J M and Mantz J 1996 Transcutaneous cranial electrical
stimulation (Limoge�s currents) decreases early buprenorphine analgesic requirements after abdominal surgery
Anesth. Analg. 83 771�5 PMID: 8831319

Miranda P C, Correia L, Salvador R and Basser P J 2007 Tissue heterogeneity as a mechanism for localized neural
stimulation by applied electric �elds Phys. Med. Biol. 52 5603�17

Miranda P C, Lomarev M and Hallett M 2006 Modeling the current distribution during transcranial direct current
stimulation Clin. Neurophysiol. 1171623�9

Moliadze V, Antal A and Paulus W 2010 Electrode-distance dependent after-effects of transcranial direct and random
noise stimulation with extracephalic reference electrodes Clin. Neurophysiol. 1212165�71

Monti A, Cogiamanian F, Marceglia S, Ferrucci R, Mameli F, Mrakic-Sposta S, Vergari M, Zago S and Priori A
2008 Improved naming after transcranial direct current stimulation in aphasia J. Neurol. Neurosurg.
Psychiatry 79 451�3

Nitsche M A, Boggio P S, Fregni F and Pascual-Leone A 2009 Treatment of depression with transcranial direct
current stimulation (tDCS): a review Exp. Neurol. 21914�9

Nitsche M A, Doemkes S, Karakose T, Antal A, Liebetanz D, Lang N, Tergau F and Paulus W 2007 Shaping the
effects of transcranial direct current stimulation of the human motor cortex J. Neurophysiol. 97 3109�17

Nitsche M A et al 2008 Transcranial direct current stimulation: state of the art Brain Stimul. 1 206�23
Nitsche M A and Paulus W 2000 Excitability changes induced in the human motor cortex by weak transcranial direct

current stimulation J. Physiol. 527633�9
Oostendorp T F, Delbeke J and Stegeman D F 2000 The conductivity of the human skull: results of in vivo and in

vitro measurements IEEE Trans. Biomed. Eng. 47 1487�92
Park J H, Hong S B, Kim D W, Suh M and Im C H 2011 A novel array-type transcranial direct current stimulation

(tDCS) system for accurate focusing on targeted brain areas IEEE Trans. Magn. 47 882�5
Poreisz C, Boros K, Antal A and Paulus W 2007 Safety aspects of transcranial direct current stimulation concerning

healthy subjects and patients Brain Res. Bull. 72 208�14
Priori A 2003 Brain polarization in humans: a reappraisal of an old tool for prolonged non-invasive modulation of

brain excitability Clin. Neurophysiol. 114589�95
Priori A, Berardelli A, Rona S, Accornero N and Manfredi M 1998 Polarization of the human motor cortex through

the scalp NeuroReport 9 2257�60
Priori A, Mameli F, Cogiamanian F, Marceglia S, Tiriticco M, Mrakic-Sposta S, Ferrucci R, Zago S,

Polezzi D and Sartori G 2008 Lie-speci�c involvement of dorsolateral prefrontal cortex in deception Cereb.
Cortex 18 451�5

http://dx.doi.org/10.1523/JNEUROSCI.2184-09.2009
http://dx.doi.org/10.1016/j.neuroimage.2011.05.026
http://dx.doi.org/10.1016/j.clinph.2006.02.020
http://dx.doi.org/10.1016/j.neurobiolaging.2008.12.008
http://dx.doi.org/10.1088/0031-9155/53/11/N03
http://dx.doi.org/10.1016/S0028-3932(03)00124-6
http://dx.doi.org/10.1016/j.clinph.2008.10.010
http://dx.doi.org/10.1192/bjp.110.469.768
http://dx.doi.org/10.3109/09638288.2010.532283
http://dx.doi.org/10.1016/j.jpain.2010.12.015
http://www.ncbi.nlm.nih.gov/pubmed/8831319
http://dx.doi.org/10.1016/j.clinph.2006.04.009
http://dx.doi.org/10.1136/jnnp.2007.135277
http://dx.doi.org/10.1016/j.expneurol.2009.03.038
http://dx.doi.org/10.1152/jn.01312.2006
http://dx.doi.org/10.1016/j.brs.2008.06.004
http://dx.doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
http://dx.doi.org/10.1109/TBME.2000.880100
http://dx.doi.org/10.1109/TMAG.2010.2072987
http://dx.doi.org/10.1016/j.brainresbull.2007.01.004
http://dx.doi.org/10.1097/00001756-199807130-00020


2150 C-H Im et al

Redfearn J W, Lippold O C and Costain R 1964 A preliminary account of the clinical effects of polarizing the brain
in certain psychiatric disorders Br. J. Psychiatry 110773�85

Sadleir R J, Vannorsdall T D, Schretlen D J and Gordon B 2010 Transcranial direct current stimulation (tDCS) in a
realistic head model NeuroImage 51 1310�8

Schlaug G, Renga V and Nair D 2008 Transcranial direct current stimulation in stroke recovery Arch.
Neurol. 65 1571�6

Si H 2008 Adaptive tetrahedral mesh generation by constrained Delaunay re�nement Int. J. Numer. Methods
Eng. 75 856�80

Suh H S, Kim S H, Lee W H and Kim T S 2009 Realistic simulation of transcranial direct current stimulation via 3-D
high-resolution �nite element analysis: effect of tissue anisotropy Proc. IEEE Ann. Int. Conf. EMBC pp 638�41

Vandermeeren Y, Jamart J and Ossemann M 2010 Effect of tDCS with an extracephalic reference electrode on
cardio-respiratory and autonomic functions BMC Neurosci. 11 38

Vollmer F, Mencl R and M¤uller H 1999 Improved Laplacian smoothing of noisy surface meshes Comput. Graph.
Forum 18 131�8

Wagner T, Fregni F, Fecteau S, Grodzinsky A, Zahn M and Pascual-Leone A 2007a Transcranial direct current
stimulation: a computer-based human model study NeuroImage 35 1113�24

Wagner T, Valero-Cabre A and Pascual-Leone A 2007b Noninvasive human brain stimulation Ann. Rev. Biomed.
Eng. 9 527�65

Wesselink W A, Holsheimer J and Boom H B K 1998 Analysis of current density and related parameters in spinal
cord stimulation IEEE Trans. Rehabil. Eng. 6 200�7

Williams J A, Imamura M and Fregni F 2009 Updates on the use of non-invasive brain stimulation in physical and
rehabilitation medicine J. Rehabil. Med. 41 305�11

Woo E J and Seo J K 2008 Magnetic resonance electrical impedance tomography (MREIT) for high-resolution
conductivity imaging Physiol. Meas. 29 R1�26

http://dx.doi.org/10.1192/bjp.110.469.773
http://dx.doi.org/10.1016/j.neuroimage.2010.03.052
http://dx.doi.org/10.1001/archneur.65.12.1571
http://dx.doi.org/10.1002/nme.2318
http://dx.doi.org/10.1186/1471-2202-11-38
http://dx.doi.org/10.1016/j.neuroimage.2007.01.027
http://dx.doi.org/10.1109/86.681186
http://dx.doi.org/10.2340/16501977-0356
http://dx.doi.org/10.1088/0967-3334/29/10/R01

	1. Introduction
	2. Methods and materials
	2.1. 3D FEM
	2.2. 3D realistic modeling of an adult male human upper body

	3. Results
	4. Discussion
	Acknowledgment
	References

