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MRI-free targeting of deep brain regions using the 10–20 system

Dear Editor,
Many disorders of brain function involve neural networks situ-

ated deep in the brain, including limbic, basal ganglia, thalamic, and 
brain stem networks [1–3]. Emerging noninvasive neuromodulation 
techniques, including transcranial focused ultrasound [4] and spatially 
interfering electric fields [5] have the potential to modulate these deep 
brain structures selectively. However, these selective brain stimula-
tion approaches require precise guidance, which has presented key 
challenges.

MRI-based neuronavigation [6] provides high accuracy, but the 
need to take MRI scans limits the accessibility and scalability of treat-
ments. To address this, we have recently developed an MRI-free neuro-
navigation approach [7] based on fitting a template brain to anatomical 
landmarks of the head. Using facial anatomical landmarks, the ap-
proach can achieve 5.8 ± 3.0 mm (mean ± SD) accuracy for deep brain 
targets including the cingulate cortex and the anterior and posterior 
commissures. Although promising, this level of error is still large for 
selective targeting of deep brain nuclei and circuits [8].

To improve accuracy, in this study, we train and evaluate models 
that directly relate anatomical landmarks of the head, based on the 
standard 10–20 system, to specific brain targets. We find that this 
approach can target deep brain regions, acheiving sub-4 mm accuracy.

To train the models, we gathered T1-weighted scans of the head 
from 15 repositories available on OpenNeuro.org (RRID: SCR_005031). 
Identifiers can be found in the supplementary material. We included 
all subjects without severe defacing or known conditions associated 
with major structural abnormalities; 430 in total (mean ± SD age of 
31.3 ± 11.0; nasion to inion distance of 357.1 ± 16.9 mm; LPA to RPA 
distance of 320.3 ± 19.4 mm; head circumference of 562.8 ± 20.9 mm; 
53.2% female).

In these scans, we manually localized the principal anatomical 
landmarks of the 10–20 system: the nasion, left and right helix-scalp 
junctions (used instead of left and right preauricular points due to 
difficulty of localization in MRI), and the inion. The remaining 10–20 
points were collected using a series of five image slices that connected 
principal markers, and percentile distances were measured along the 
resulting scalp perimeters. The 10–20 points included Fpz and Oz, thus 
providing 25 points in total. A detailed description of this process is 
available in the supplementary materials.

The brain regions were taken from the 696-parcel Yale Brain At-
las (YBA) [9], which spans 6 lobes, 38 sublobar brain regions, and 
150 gyri. We used BrainSuite (RRID:SCR_006623, version 23a) to re-
move imaging artifacts and correct for nonuniformity. Subsequently, 
we used the linear and non-linear image registration tools in FSL 
(RRID:SCR_002823, version 6.0.7.16) to transform a template brain to 

each subject. Then, to find YBA regions in each patient, this trans-
formation was applied to YBA coordinates derived from the same 
template.

We evaluated three models: a brain template registration model 
for comparison with the previous study [7], and two new model-
based approaches. These approaches, based on linear models, map the 
10–20 surface points to brain target coordinates. The first linear model 
used the Moore–Penrose pseudo-inverse. The second linear model used 
machine learning (ML) with an adaptive moment estimation optimizer 
and mean-squared error loss (𝜔 = 0.001, 𝜀1 = 0.9, 𝜀2 = 0.99). To 
evaluate generalizability, the models were trained and tested using 
leave-one-subject-out cross-validation, and results were averaged over 
all subjects. The prediction accuracy was measured as the Euclidean 
distance between the predicated and actual (YBA) target locations.

We evaluated the performance of the three models across all major 
brain regions (Fig.  1). The type of model had substantial leverage 
on the prediction accuracy (model main effect: 𝜗2,1289 = 120, 𝜛 <
0.001, two-way repeated measures ANOVA), with the matrix inversion 
regression achieving the lowest error in all areas. As apparent from 
Fig.  1, the particular brain region also has significant leverage on the 
targeting accuracy (region main effect: 𝜗18,23202 = 692.0, 𝜛 < 0.001, 
two-way repeated measures ANOVA). Moreover, there was a significant 
interaction between the two effects (𝜗36,23202 = 16.1, 𝜛 < 0.001).

We then analyzed cingulate and global targeting accuracy in depth 
and found that the matrix inversion model achieved the lowest mean er-
ror (Fig.  1, orange). For deep brain, cingulate targets (Fig.  1, Cingulate), 
the model attained an accuracy of 3.9 ± 1.7 mm (mean ± SD). For all 
brain regions defined in the YBA, the model attained an average 4.9 ±
2.5 mm accuracy (Fig.  1, Global Average). The accuracy of this model 
substantially exceeded our previous template matching approach [7], 
which produced errors of 5.2 ± 2.0 and 6.5 ± 2.8 mm, respectively 
(cingulate: 𝜗2,838 = 80.9, 𝜛 < 0.001, one-way ANOVA; global average: 
𝜗2,821 = 129.1, 𝜛 < 0.001, one-way ANOVA). Games–Howell post-hoc 
analysis confirmed that both regression models outperformed template 
registration (𝜛 < 0.001), for both target groups.

This study evaluated the feasibility of predicting the coordinates 
of deep brain targets from 10–20 landmarks of the head, with the 
primary goal of eliminating the need for MRI. We found that the model-
based approach used here provided substantially improved accuracy 
for targeting deep brain regions compared to our previous brain tem-
plate registration approach [7]. Specifically, for deep brain targets, 
the previous method using facial anatomical landmarks achieved an 
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Fig. 1. Target prediction accuracy. Mean ± s.d. targeting accuracy, separately for each model (color), for the average across all regions (left), and for individual 
regions (right). Accuracy denotes the distance from true target. The models were trained and tested on data of 430 subjects using leave-one-subject-out cross-
validation.

average accuracy of 5.8 mm [7], whereas the best-performing method 
in this paper (matrix inversion) achieved an accuracy of 3.9 mm—a 33% 
improvement.

These findings present a favorable tradeoff between targeting ac-
curacy and the potential scaling of emerging brain stimulation ap-
proaches. Although higher accuracy could be achieved under MRI 
guidance, circumventing MRI increases access to treatments in areas 
where MRI is not available or its cost presents a substantial barrier.

Notably, the models in this study have been built on a training set in 
which the principal landmarks of the 10–20 system were labeled manu-
ally. Labeling these landmarks automatically would likely improve the 
consistency of the training set and thus improve the accuracy of the 
brain target prediction further. Additionally, because the landmarks in 
the training set were labeled using MRI, the results represent theoretical 
accuracy subject to error in clinical measurement of 10–20 markers. 
Our results (Suppl. Fig. 1) show that the machine learning regression 
is relatively insensitive to this error. Finally, this does not consider 
focal shifts due to subject-specific anatomy. Nonetheless, existing meth-
ods can address this issue. For instance, when using ultrasound, it is 
possible to account for these shifts without requiring a head MRI [10].

In summary, we provide a method for MRI-free targeting of deep 
brain structures based on standard 10–20 landmarks of the head. The 
model-based approaches are found to attain sub-4 mm accuracy, which 
can be sufficient for many emerging noninvasive brain stimulation 
approaches. Together, this study shows that it is possible to target deep 
brain structures based on easily accessible and routine measurements of 
10–20 landmarks of the head, thus potentially circumventing the need 
for MRI.
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