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Transcranial brain atlas
Xiang Xiao1, Xiaoting Yu1, Zong Zhang1, Yang Zhao1, Yihan Jiang1, Zheng Li1,2,3,
Yihong Yang4, Chaozhe Zhu1,2,3*

We introduce here the concept of a transcranial brain atlas (TBA), a new kind of brain atlas specialized for transcranial
techniques. A TBA is a probabilistic mapping from scalp space to atlas label space, relating scalp locations to
anatomical, functional, network, genetic, or other labels. TBAs offer a new way to integrate and present structural
and functional organization of the brain and allow previously subsurface and invisible atlas labels visible on the scalp
surface to accurately guide the placement of transcranial devices directly on the scalp surface in a straightforward, visual
manner. We present here a framework for building TBAs that includes (i) a new, continuous proportional coordinate
system devised for the scalp surface to allow standardized specification of scalp positions; (ii) a high-resolution, large
sample–based (114-participant) mapping from scalp space to brain space to accurately and reliably describe human
cranio-cortical correspondence; and (iii) a two-stepMarkov chain to combine the probabilistic scalp-brainmappingwith
a traditional brain atlas, bringing atlas labels to the scalp surface. We assessed the reproducibility (consistency of TBAs
generated from different groups) and predictiveness (prediction accuracy of labels for individuals without brain images)
of the TBAs built via our framework. Moreover, we present an application of TBAs to a functional near-infrared
spectroscopy finger-tapping experiment, illustrating the utility and benefits of TBAs in transcranial studies. Our
results demonstrate that TBAs can support ongoing efforts tomap the humanbrain using transcranial techniques, just
as traditional brain atlases have supported magnetic resonance imaging and positron emission tomography studies.
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INTRODUCTION
Brain atlases aremaps that relate brain locations in standard stereotaxic
space [for example, Talairach and Montreal Neurological Institute
(MNI)] to specific anatomical (1, 2), functional (3), network (4), and
gene expression labels (5). Brain atlases provide a platform to integrate
and present our knowledge about the brain and are immensely im-
portant, acting as prior knowledge in support of ongoing efforts to map
structural and functional organization of the human brain. Noninvasive
brain mapping approaches used in these efforts can be divided broadly
into two categories. The first category uses three-dimensional (3D)
brain imaging techniques, for which information from the 3D brain
atlases canbedirectly incorporated.The secondcategoryuses transcranial
brain imaging/stimulation techniques, such as functional near-infrared
spectroscopy (fNIRS) and transcranial magnetic stimulation (TMS).
Because of the nature of these transcranial techniques, information
from current brain atlases (in the brain space only) cannot be directly
used in these techniques (6, 7).

Noninvasive transcranial brain mapping techniques are growing
rapidly given their potential for investigating brain mechanisms and
treating brain disorders (8, 9). TMS, for example, can examine causal
relationships between specific brain regions and behaviors (10) and
has potential treatment efficacy for various neuropsychiatric disorders
(11) including treatment-resistant depression (12). On the other hand,
fNIRS offers a good balance between temporal and spatial resolution as
well as loose constraint on the subject, ease of usage, and low cost com-
pared to functional magnetic resonance imaging (fMRI). Thus, fNIRS
can be easily applied in a near-natural environment (13) and used to
study special populations such as infants (14), which other imaging
modalities find very challenging.
Transcranial brain mapping devices are placed on the visible scalp
surface, while the target areas of stimulation or imaging are located
inside the brain, invisible from the researcher during placement. This
disconnect makes optimal placement of devices given a target brain
region (in the invisible brain space) very difficult, and problems in
the placement may result in inconsistent experimental results and even
conflicting conclusions. The positioning of the TMS coil is one of the
major theoretical and practical issues for TMS applications, and prac-
tically, inconsistency of TMS coil placement for treating depression
could result in divergent treatment outcomes (15). Similarly, the place-
ment of fNIRS probes is critical; improper placement may result in
recordings from different parts of cortex, missing the targeted cortical
regions of interest (ROIs) (16). Accurate placement of fNIRS probes to
cover ROIs and maintain high interparticipant correspondence at
multiple channel positions is critical for group-level analysis and re-
mains a pressing challenge (6, 17). The disassociation between the
visible device placement space and the invisible target space, where
brain atlases are currently located, impedes the direct use of brain atlases
to support transcranial brain mapping.

To overcome this fundamental difficulty, we propose a new brain
atlas: a transcranial brain atlas (TBA). A TBA is a mapping from
the scalp surface to standard brain atlas labels. Once built, it can be used
to provide atlas information while requiring only scalp positional
information, which can be easily obtained with a magnetic digitizer
(18) or an optical-tracking system (19). Moreover, a TBA visualizes the
previously subsurface and invisible brain atlas labels on a virtual scalp
surface, offering a direct and convenient presentation of atlas information
for transcranial studies. TBAs can be combined with online or, in the
future, augmented reality navigation systems (20) to guide the positioning
of devices to precisely and accurately target ROIs.

Here, we present a framework for building TBAs that includes (i) a
new continuous proportional coordinate (CPC) system devised for the
scalp surface to allow standardized specification of scalp positions; (ii) a
high-resolution, large sample–based (114-participant) mapping from
scalp space to brain space to accurately and reliably describe human
cranio-cortical correspondence; and (iii) a two-step Markov chain to
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Fig. 4. TBAbuilt from the LPBA40. Labels are simplified to themajor lobes in the upper panels. (A)MPMof TBA114_LPBA_LOBE, showing theprobability of themost likely label
via BNUprojection. (B) MLLMof TBA114_LPBA_LOBE, showing the label with highest likelihood. (C) MPMof TBA114_LPBA. (D) MLLMof TBA114_LPBA. (E) MLLMof TBA114_LPBA
rendered using perspective projection on the scalp of a randomly selected participant.

Fig. 3. Probabilistic transcranial mapping. (A) Given one CPC point s = (0.4, 0.6), (B) we identify the corresponding single point on each individual scalp (black dots) using the
CPC definition and determine the position of the cortical projection point b (yellow dots) via the balloon inflationmodel in individualMRI space.We then register these projection
points toMNI space. (C) Distribution of the registered projection points is the probabilistic transcranial mapping for s. (D) Variability of the probabilistic transcranial mapping built
from our data, quantified by the SD of the MNI coordinates b (in millimeters).
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The discrepancy between the TBA92 labeling (prediction) and the
ground truth labeling was the prediction error.

TBA92 (Fig. 5A) is very similar to the ground-truth labeling of an
example testing group participant (Fig. 5B). The prediction accuracy
map (Fig. 5C), showing accuracy as a fraction correct across the 22 test-
ing participants, suggests high prediction accuracy (median, 0.955) over
most of the scalp. The areas colored yellow in Fig. 5D are predicted with
an accuracy higher than 90%, while red areas, mostly at region bound-
aries, had an accuracy lower than 90%. To evaluate TBA predictiveness
for individuals of a different race (ourmain data set consisted ofChinese
adults), we used data from a group of 24 Caucasian adults (age, 23.43 ±
4.6; 17 males and 7 females) as another independent testing group, re-
sulting in slightly lower prediction accuracy (median, 0.917; fig.S8A).

TBA application
Weconducted an fNIRS finger-tapping studywith seven participants to
illustrate TBA usage and its potential benefits. We selected the left pre-
central gyrus from the AAL2 atlas as the imaging ROI. We developed a
TBA-based navigation system that uses amagnetic digitizer for localiza-
tion (see Materials and Methods) to guide the placement of the fNIRS
probe array, here 3 × 5. For comparison, we used the widely accepted
International 10-20 System to guide placement: We set the midline of
the probe block along the T3-C3-Cz line, with the lower edge of the
block at T3 to approximately cover the central sulcus (25, 26). Figure
6A shows the intended location for each approach. We assume each
fNIRS channel location to be the midpoint between an emitter and a
detector. Radii of red discs in Fig. 6B depict the SDs across participants
of the cortical projections of the actual channel locations (calculated
using sMRI data), illustrating placement consistency for each approach
(top, TBA; bottom, 10-20). The SDs for TBA-guided placement were
smaller (5.32 ± 1.3 mm versus 10.19 ± 1.75 mm; t21 = 13.28; P <
Xiao et al., Sci. Adv. 2018;4 : eaar6904 5 September 2018
0.001, paired two-tailed t test). The number of channels covering the
left precentral gyrus (Fig. 6D, yellow channels) was 26% higher, on av-
erage, for the TBA-guided placement. The difference did not reach a
statistical significance (Wilcoxon signed-rank test, single-sided P =
0.13; signed rank = 2), possibly due to the small sample size (n= 7). Last,
we examined the group-level oxygenated hemoglobin (HbO) activation
pattern during finger-tapping (Fig. 6C) for the TBA-guided placement
(top) and 10-20–guided placement (bottom). Channel 9, located in the
hand knob, was significantly activated [HbO general linear model
(GLM) analysis; t6 = 6.45; P < 0.05, two-tailed one-sample Bonferroni-
corrected t test] for data acquired under the TBA guidance, but no
channel under the 10-20 guidance passed the corrected threshold. It
showed a higher peak activation under the TBA guidance (channel 9,
t6 = 6.45) thanunder the 10-20 guidance (channel 11, t6 = 4.79).We com-
pared individual-level activation between the two peak channels, that is,
channel 9 of TBA versus channel 11 of 10-20. Across the subjects, a sig-
nificant differencewas found between these two conditions (t6 = 2.83;P=
0.03, paired two-tailed t test). Further, the activation focality was
measured by the difference of the activation strength between the
peak-activated channel and the average of the rest channels. The TBA
method showed a significantly higher focality than the 10-20 method
(t6 = 2.45; P = 0.049, paired two-tailed t test).
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CPC system
The CPC system has important advantages over existing methods. In
3D volume-based coordinate systems (for example, native MRI space),
not all coordinates have a corresponding scalp location, due to the in-
herent mismatch of the 3D systemwith the 2D nature of the scalp. This
makes using these systems cumbersome for specifying scalp locations
and complicating registration. The currently accepted scalp reference
system, the International 10-20 System (and its derivatives), is enumera-
tive,meaning that not all scalp locations have a corresponding coordinate
value, making it impossible to specify most scalp points. Thus, both
volume-based and 10-20–based systems, due to the lack of one-to-one
mapping, are suboptimal for use as scalp coordinate systems. In contrast,
the CPC system provides a one-to-one mapping for all scalp locations.

Cranio-cortical correspondence
Identifying a brain location from a scalp location is a critical and chal-
lenging step in building a TBA, which requires a fairly consistent scalp-
brain mapping, or cranio-cortical correspondence, across individuals.
Cranio-cortical correspondence is a fundamental issue for transcranial
techniques in general and has been investigated since the 10-20 system
was developed. On the basis of this reference system, correspondence
has been investigated at multiple spatial scales (for example, in terms of
brain regions, gyrii, and voxels) using various approaches, such as cadaver
examination, x-ray, computed tomography, andMRI [reviewed in (27)].
In a first attempt to quantify cranio-cortical correspondence of the 10-20
system,Okamoto et al. (26) usedMRI data from17 participants, identify-
ing 10-20 reference points and their cortical projection points in MNI-
registered volumes. They reported an average SD of 7.9 mm for the
spread of each projected 10-20 reference point. A follow-up study re-
peated the analysis on the same data and reduced the average SD to
6.6 mm by replacing the manual 10-20 reference point localization
procedure with Jurcak’s automatic positioning algorithm (28). These
10-20–based studies provide preliminary quantitative evidence for a
consistent cranio-cortical correspondence between individuals.
Fig. 5. TBA label prediction performance. (A) MLLM for TBA92 (the prediction),
built from the construction group participants. (B) Label map for an example testing
group participant (the ground truth), built from individual sMRI data. (C) Prediction
accuracy, as a fraction of testing group participants correctly labeled. (D) Thresholded
prediction accuracy map with yellow above 90% and red below 90%.
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Here, we measured the SD of cortical points projected from a much
larger set of scalp locations using our 114-participant data set. This was
the first time that all scalp locations (limited by our sampling resolu-
tion), not just 10-20 reference points, weremapped to cortical locations.
Averaged over all CPC space, the SD of projected point locations was
5.31 ± 1.49 mm. Assuming a 3D Gaussian distribution, about 61% of
the projected points will be within this distance from themean position,
and 99% of the projected points will be within 10.62mm (26). Themap
of the SDs (Fig. 3D) shows that the highest variability is mainly located
at boundary regions between brain structures, such as the medial lon-
gitudinal fissure and lateral fissures; for most of the brain, variability is
lower than the 5.31mmaverage. Thismap is, to our knowledge, the first
high-resolution, large sample–based quantitative description of cranio-
cortical correspondence for humans. Our results strongly suggest that
there is a fairly consistent cranio-cortical correspondence between in-
dividuals and that transcranial mapping can predict, with limited error,
locations in brain space using only scalp coordinates, a fundamental re-
quirement for practical TBAs.

TBA application
A TBA, a probabilistic mapping P(L|S), provides two distinct ways to
support transcranial brain mapping studies. In the forward direction of
this mapping, we can use P(L|S) to obtain a label from a scalp location,
informing us of the recording or stimulation target of a placed device. In
the backward direction, we can use P(L|S) to estimate the scalp location
that best records or stimulates a given target brain region. Our fNIRS
Xiao et al., Sci. Adv. 2018;4 : eaar6904 5 September 2018
finger-tapping experiment demonstrated the improvement in group-
level HbO activation pattern (Fig. 6C) that TBA-guided placement
can facilitate. The improvement is likely attributable to two factors:
better coverage of ROI (Fig. 6D) and better consistency among partici-
pants (Fig. 6B).

For some transcranial studies, such as those using instruments with
cost and other advantages over MRI, additional sMRI scanning is
seldom conducted. TBAs are well suited to support these studies. Our
predictiveness validation showed that, in this situation, the median
labeling accuracy was higher than 90%, and errors occur mostly near
boundaries of label regions. However, for other applications, such as
clinical TMS, accuracy is paramount. A TBA is only a summary of
the commonality between individuals and does not inform us of an in-
dividual’s deviation from the mean, so we advise caution here. In this
case, if the individual’s sMRI data are available, an individual-specific
TBA can be constructed based on the individual (nonprobabilistic)
transcranial mapping computed from sMRI data, providingmore as-
sured labeling accuracy. This removes the variability due to transcranial
mapping differences among individuals.

Extensions
Two areas in which the present work can be extended are the choice of
brain atlas and transcranial mapping method. In terms of brain atlas,
besides the four brain atlases we examined here, atlases of different
data modalities and of different populations are potentially useful to
researchers. For data modalities, functional atlases (3), connectivity
Fig. 6. fNIRS finger-tapping study with TBA-guided probe placement (top) versus 10-20–guided placement (bottom). (A) Intended probe locations. Black dots indicate
channel locations. Red dots indicate emitters, and blue dots indicate detectors. (B) Consistency of channel locations. Standard deviations across participants of the projected
cortical locations for each channel are represented as radii of red discs. (C) Spatial pattern of group-level oxygenated HbO activation during finger-tapping. Color scale
depicts t values. (D) ROI coverage. First to seventh columns illustrate the actual ROI coverage of each probe placement. A channel is colored yellow if its projected cortical
location was within the precentral gyrus. ROI coverage was summed channel by channel across the subjects, and the group sums are illustrated in the last column. In (B) and (C),
the results are represented on the ICBM152_2009b template (41) provided by MRIcroGL (http://www.mccauslandcenter.sc.edu/mricrogl/).
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