


tES targeting accuracy

Figs. 7 and 8 show the results of the tES targeting experiment. ICBM-
NY outperforms INCG FEM, ICBMBEM, and evenWARP BEM in terms of
both the relative error of the achieved electric field intensity at the tar-
get and the Jaccard index of peak area distribution similarity. However,
similar to what is observed in EEG source localization, ICBM-NY
performs less well than REF BEM and REF SHE, as the latter models ben-
efit from knowledge of the reference anatomy, which would require
costly MR imaging in practice.

Discussion

With theNewYorkHead (ICBM-NY),we intended to create themost
accurate general-purpose electrical volume conductor model possible
today by integrating the currently most detailed anatomical templates
of the average adult human head with state-of-the-art electrical and
computational modeling. Our results indicate that the ICBM-NY is
indeed highly competitive in terms of EEG source imaging and tES
targeting. According to the performance metrics we evaluated, it out-
performs arbitrary reference head models, as well as the relatively
widely used BEM of the ICBM152. This suggests that one should use
the New York Head for targeting and source localization whenever

neither individual MR images nor digitized electrode coordinates are
available. To facilitate using our model, all required data are made
available online in Matlab format.

Relation to the state-of-the-art

There are few software packages in the neuroimaging and
neuromodulation communities to date that integrate the ICBM152
anatomical template as the reference model. The most commonly
used ‘standard’ head is the Colin27 head (Holmes et al., 1998), in-
cluded as a BEM in LORETA (Pascual-Marqui et al., 1994), EEGLAB-
NFT (Acar and Makeig, 2010), Brainstorm (Tadel et al., 2011), and
FieldTrip (Oostenveld et al., 2011); and as an FEM in COMETS (Jung
et al., 2013) and BrainStimulator released with SCIRun 5.0 (Institute,
2015). Brainstorm added the ICBM152 v2009 (at 1 mm3 resolution) re-
cently for boundary element modeling, but similar to Colin27, its
FOV is limited to the brain area. The ICBM-NY, in contrast, employs
highly detailed finite element modeling of six tissues including the
CSF at 0.5 mm3 resolution. Its FOV moreover covers the entire
head. This extended FOV is important for tES targeting, where it is
common to place reference electrodes far away from the scalp
(Huang et al., 2013).
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Fig. 7. Relative error in electric field intensity incurred across all cortical locationswhen targeting a cortical location in individual subjects using an electrodemontage optimized in a head
model that is either based on an incongruent anatomy or uses a different electrical model in the matching reference anatomy. Smaller values indicate better targeting performance. All
graphs analogous to Fig. 4; see caption for detail.
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An alternative to the ICBM-NY is a BEM of the ICBM152 head that is
warped to an individual's outer head shape (Leahy et al., 1998; Darvas
et al., 2006; Acar and Makeig, 2010). This procedure can be used even
in the absence of an individual MRI; however, it requires a (potentially
error prone) digitization of the individual electrode positions. Our eval-
uation shows that warped ICBM152 models compare favorably against
the ICBM-NY in terms of EEG source localization accuracy, but are
outperformed by ICBM-NY with respect to tES targeting accuracy.

Another approach designed to replace individual head models in
EEG source imaging has been proposed by (Valdés-Hernández et al.,
2009). They used BEM to compute the lead fields for 305 individual
heads, and then averaged either the cortical surfaces or the calculated
lead fields in contrast to averaging the entire anatomy (MR images) of
the head as was done to obtain ICBM152 and ICBM-NY. Their approach
has been found to bemore accurate than approaches based on averaged
anatomies in terms of EEG source localization. However, for their study,
the individual BEM was regarded as the ‘ground truth’ model. Further-
more, no assessment of tES targeting accuracy is provided.

Limitations

The current evaluation is based on individual models of the heads of
four Caucasian males serving as the ‘ground truth.’ Whether the ICBM-
NY is a good approximation for the general population must be studied

using larger numbers of more diverse reference heads. It also needs to
be pointed out that the applicability of ourmodel depends on the demo-
graphics of the population forming the original ICBM152 template.
While an age range of 18.5–43.5 years has been reported in (Fonov
et al., 2011), we are not aware of any additional demographic details
in the literature describing the ICBM152 (Mazziotta et al., 1995,
2001a, 2001b; Grabner et al., 2006; Fonov et al., 2009, 2011).

One of our main goals here was to evaluate the ICBM-NY in terms
practically relevant to the neuroimaging and neuromodulation commu-
nities; that is, in terms of EEG source localization and tES targeting
performance. While the achieved accuracies arguably fall in ranges ac-
ceptable for most practical purposes (e.g., 10.3 mm average EEG source
localization error), it should be noted that the results reported here com-
prise only those parts of the overall error that are due to approximate for-
ward modeling. In practice, additional factors can substantially increase
the overall error. Sources of error include incorrect electrode placement
as well as high impedances due to insufficient contact between scalp
and electrodes. In case of EEG, (measurement and physiological) noise
represents an additional nuisance factor, as well as the fact that the EEG
inverse problem is ill-posed and does typically not yield a unique solu-
tion. We minimized the influence of the latter two factors here by simu-
lating only one cortical source at a time and by disregarding potential
noise sources, enabling an unbiased comparison of headmodels. The var-
iability of electrical conductivities across different individuals also
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Fig. 8. Jaccard spatial similarity index achieved across all cortical locationswhen targeting a cortical location. Smaller values indicate better targeting performance. All graphs analogous to
Fig. 4; see caption for detail.
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contributes to the overall error. Lastly, it should be noted that even the
‘ground truth’ model of the reference head (in our case an FEM) is by
definition only an approximation to the real world and contributes a
share to the global error.

Point-like electrodes (see ##Segmentation and electrode placement
section) are not entirely realistic in the context of tES, where sponge
pads or high-definition disc electrodes are typically used (Nitsche and
Paulus, 2000; Edwards et al., 2013). However, we did not perform
realistic electrode modeling here, as our goal was to provide maximal
flexibility w.r.t. electrode montage in order to make the ICBM-NY as
widely applicable as possible. Modeling each electrode as a point
allowed us to compute a single lead field for 231 candidate electrode lo-
cations covering the entire scalp. By selecting appropriate parts, that
same lead field can be used for all montages involving subsets of these
231 electrode locations. Modeling a disc electrode with conductive gel
underneath each of the 231 candidate locations would artificially in-
crease the conductance of the scalp surface, and introduce errors for
montages involving fewer than 231 electrodes, which is the default
case in tES and even EEG. As an alternative, one might physically
model specific electrode montages. However, in order to make such an
approach widely applicable, this would have to be performed separately
for each possible electrode montage, which is computationally prohibi-
tive. An analysis of one bipolar montage (C4-Iz) shows that the electric
field distribution in the brain obtained from using point-like electrodes
only deviates by 4% from the field obtained using disc electrodes on
average. It has also recently been shown that one can use an array of
high-definition disc electrodes to approximate pad electrodes (Kempe
et al., 2014).

Due to lack of diffusion tensor imaging (DTI) data for the ICBM152,
we did not include WM anisotropy, nor did we differentiate between
skull spongiosa and compacta for the ICBM-NYmodel. As aworkaround,
one could incorporate anisotropy by registering the diffusion tensor
images of one arbitrary adult individual to the ICBM-NY anatomy. How-
ever, the result will be noisy because one individual cannot represent
the average WM tractography across 152 subjects in the same way as
the ICBM152 MRI does for the anatomy. Generally, it is still debatable
whether or not WM anisotropy and inhomogeneous skull should be in-
cluded in the modeling of EEG and tES. Many studies have shown that
these two factors can lead to significant changes in the electric field dis-
tributions in the brain (Sadleir and Argibay, 2007; Dannhauer et al.,
2011;Windhoff et al., 2011; Suh et al., 2012;Wagner et al., 2014). How-
ever, a recent study (Vorwerk et al., 2014) shows that explicit modeling
of different skull layers might not be necessary especially when an
optimized conductivity value is used, and it is admissible not to include
white matter anisotropy considering the complexity and limitation of
the modeling approach (e.g., uncertainties on converting diffusion im-
aging data into anisotropic conductivities (Shahid et al., 2013)). Most
importantly, without validation from experimentally recorded data,
no solid conclusion can be made regarding the necessity to model
these details. Nevertheless, one should add this level of detail in the
future when DTI data for ICBM152 and reliable modeling approaches
become available.

Evaluation criteria

The evaluation of tES targeting is sensitive to the orientation of the
electric field at the target. The results presented here are based on
maximizing the electric field along the normal direction of the corti-
cal surface at the target. Further experiments show that, if the elec-
tric field is maximized without fixing its orientation at the target
(i.e., maximizing its magnitude, (Dmochowski et al., 2013)), ICBM-NY
performs better than all the BEMs (REF BEM, REF SHE, WARP BEM,
ICBM BEM). The lack of the highly conductive CSF layer in 3-shell
BEMs leads rather different current directions on the cortical surface
as compared to the more realistic FEMs. There, shunting of currents by
CSF results in predominant currents in direction normal to cortical

surface. This systematic difference in field orientation introduces a
bias if the electric field ismaximizedwithout considering its orientation
at the target (BEM tends to have stronger fields in radial direction,
whereas FEM tends to favour tangential fields). To avoid biases in the
evaluation, we here optimized the field along the direction perpendicular
to the cortical surface, which is the most physiologically meaningful ori-
entation as the specific direction of the field is determined by the local
anatomy of the cortex (i.e., radial at gyri and tangential at sulci). Analo-
gously, we assumed normal oriented current when simulating source
currents in the evaluation of EEG source imaging. It should be noted,
however, that the errormetrics used for tES targeting and EEG source im-
aging are invariant to field orientation, as they are computed using the
fieldmagnitude and span. Therefore, the variability of the lead fields due
to differing native spaces does not affect the validity of the evaluation.

Conclusions

We presented the New York Head (ICBM-NY), a highly detailed
FEM of the average adult human head. The ICBM-NY integrates the
currently most detailed anatomical templates with state-of-the-art
electrical and computational modeling implementing the guidelines
of (Vorwerk et al., 2014). Our model outperforms reference head
models of ‘arbitrary’ individuals, as well as a BEM of the ICBM152
in terms of source localization and tES targeting accuracy. It is more-
over competitive to individualized BEMs in terms of tES targeting ac-
curacy. We therefore propose it as a new standard model for tES
targeting and EEG source localization whenever an individual MRI
is not available. All model data are made available online in Matlab
format to facilitate broad adoption.
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