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e) For stimulated segments of regular geometries (e.g. circle, 

square, etc.), calculate the surface area (As) directly. If 

irregular, simplify it to the closest regular shape(s) possible. 

f) Find the complex focality form factor with Eq. (6) to (8), the 

specific focality (11), and the complex focality diagram. 

B. Specific Focality in a Target Volume (sfV) 

The volumetric specific focality (sfV) of the E-field was 

obtained from recurrent calculation of the surface specific 

focality (sfS) over consecutive secant planes. The target was 

divided into multiple trapezoidal sections of different cross-

sectional areas and variable heights to cover the entire volume.  
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Eq. (12) calculates the volumetric sf as the summation of the 

products between: a) the average surface specific focality of the 

two planes that define a trapezoidal section; b) the average 

volume of the section, normalized with respect to the total 

volume of the target. Similar to the surface specific focality, the 

volumetric specific focality provides dimensionless values.  

C. Nomenclature 

Equation (13) shows the proposed nomenclature for its general 

use in results of the specific focality of the E-field for TMS coils. 
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The nomenclature in (13) allows to express the specific 

focality in a unique symbol with four parameters. a) The focal 

distance (z) represents the separation between the lower point 

of the coil and the target plane. In volumes, this distance is 

considered up to the mid-depth of the target volume. b) The 

stimulation threshold (th) is the minimum required E-field in 

points considered as “stimulated”, shown in terms of Emax to 

allow comparison against safety criteria. c) The target area (At) 

is the area intended to be stimulated. d) The stimulated area (As) 

is the resulting area of the stimulated surface. When reporting 

volumetric specific focality, At and As should be replaced by 

their volumetric equivalences Vt and Vs. Sub-index X should be 

replaced for “V” for volumetric and “S” for surface sf.  

D. Simulation Results 

For validation of the methodology, we performed finite 

element simulations on ANSYS Maxwell 3D Software with 

three focal TMS-coils over a realistic head model. Our model, 

obtained from magnetic resonance imaging (MRI) of a healthy 

adult subject, includes: scalp, skull, cerebrospinal fluid (CSF), 

gray matter and white matter. Though the electromagnetic 

properties of these layers vary in the literature due to 

uncertainties and physiological reasons between subjects    

[13]–[15], we have used the values found in Table I [13]. As the 

induced E-fields do not depend on permittivity values in tissues 

at TMS frequencies [16], εr in Table I are merely informative. 

TABLE I 
HEAD MODEL PROPERTIES 

Layer εr σ (S/m) µr Layer εr σ (S/m) µr 

Skin (scalp) 1.2×104 0.465 ≈1 Gray M. 1.2×104 0.274 ≈1 

Skull 0.8×104 0.010 ≈1 White M. 1.2×104 0.126 ≈1 

CSF 0.6×104 1.654 ≈1 Air (outside) 1.00058 3×10−15 ≈1 

The stimulation target is a volume in the First Dorsal 

Interosseus (FDI) region of the primary motor cortex (M1), in 

the left lobe of the brain. When stimulated, this region produces 

an involuntary thumb twitch in the subject. To define the exact 

volume of stimulation we obtained the intersection between the 

mentioned region and a cylinder of outer diameter (OD) of 13 

mm and 5 mm of depth, shown in purple in Fig. 5a. 

    
Fig. 5 - Simulation setup. a) Target in the FDI region defined by the purple 

cylinder b) Figure-of-eight (Fo8) coil; c) Quadruple butterfly coil (QBC); 

d) Quintuple AISI 1010 Carbon Steel Core Coil (QCC). 

As shown in Fig. 5 b to d and Table II, the coils simulated 

were: 5b) Figure-of-eight (Fo8) coil; 5c) Quadruple Butterfly 

Coil (QBC) [5], [17], [18]; 5d) Quintuple AISI 1010 Carbon 

Steel Core Coil (QCC) [12]. In Table II: OD = outer diameter, 

ID = inner diameter, Φ1&2 = opening angle between coils, NT = 

number of turns (# of layers x turns), Xsect = dimensions of the 

cross-sectional area (width x height), H = height of the coil. 

TABLE II 

PARAMETERS OF THE SIMULATED TMS COILS 

Coil Parameters 

QBC 
OD1 = 70 mm, OD2 = 28 mm, Φ1&2 = 45°, NT1&2 = 1x9,                                 
Xsect1 = 5×1 mm , Xsect2 = 2×1 mm. 

Fo8 ID = 52 mm, OD = 88 mm, H = 7 mm, NT = 2x9, Xsect = 7×1 mm. 

QCC 
NT = 2x25, Xsect = elliptic: semi-major axis = 10.6 mm,                   
semi-minor axis = 2.8 mm, H = 25.4 mm. 

The stimulation current was a single bipolar pulse of 5kA 

(peak), with sine waveform at 2.5kHz. The coils were placed 

over the stimulation point, tangentially to the scalp surface, at 

45° from the horizontal plane in a front-view of the head. 

Using a transient solver, we defined 20 time-steps for a 

period and used adaptative meshing of variable size tetrahedra. 

Restricting the elements to sizes ≤ 3 mm in the gray matter and 

≤ 7 mm in the surroundings, we refined the target to ensure sizes 

≤ 0.3 mm and 15 tetrahedra/mm2 for proper gradient resolution. 

We have post-processed the resulting E-field with smoothing 

algorithms based on spatial average. This allowed us to obtain 

more continuous transitions based on the gradients of the 

original field. Along with the refined mesh in the target, this 

minimizes the appearance of outliers that result from the 

integration of the vector field. 

TABLE III 

RESULTS OF THE SURFACE sf vs. EXISTING DEFINITIONS (Z = 5 mm) 

Coil 
th = Emax/2 Conclusion from sfS 

using th = Emax/2 

th = Emax/√2 Conclusion from sfS 

using th = Emax/√2 AE½ sfS AεE sfS 

Fo8 
189 
mm2 

0.4437 
(44.37 %) 

Moderately focal target 

stimulation + moderate 

overstimulation 

165 
mm2 

0.8254 
(82.5 %) 

Focal target 

stimulation + low 

overstimulation  

QBC 
151 

mm2 
0.9736 
(97.36 %) 

Highly focal target 

stimulation + minimal 
overstimulation 

132 

mm2 
0.9556 
(95.5 %) 

Very focal target 
stimulation + low 

overstimulation  

QCC 
3.00 
mm2 

0.00096 
(0.096 %) 

Poorly focal target 

stimulation + minimal 

overstimulation 

5 
mm2  

0.0016 
(0.16 %) 

Poorly focal target 

stimulation + 
minimal 

overstimulation  

a)                                  b)                c)                 d) 
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For the quantification of both the surface and volumetric 

specific focalities, we defined eleven secant planes and obtained 

ten trapezoidal segments of the target volume. Then, the surface 

specific focality was calculated by plane defining a stimulation 

threshold as a fraction of Emax. Ultimately, the volumetric 

specific focality was computed over the target volume for each 

coil, with a discretized calculation based on (12). 

Table III compares the existing definitions of half-value area 

(AE½) and half-energy density area (AεE) against the surface 

specific focality (sfS) at z = -5 mm. We have used the same 

thresholds (th) of such definitions as criteria to find the edges 

of the stimulated areas in sfS. Table IV does the same comparing 

the existing half-value area (A½) and tangential fields spread 

(S½) with the results of volumetric specific focality (sfV). 

TABLE IV 

RESULTS OF THE VOLUMETRIC sf ALONG WITH EXISTING DEFINITIONS 

Coil 
AE½ 

mm2 

S½ 

mm2 

Volumetric 

sf (sfV) 

Conclusion of the volumetric specific 
focality (sfV) 

Fo8 94.5 126.20 
0.4701 
(47.01%) 

Moderately focal target stimulation + 
high overstimulation outside 

QBC 75.5  100.96 
0.8224 

(82.24%) 
Highly focal target stimulation + 
moderate overstimulation outside 

QCC 358 477.12 
6.2654×10-44 

(0.00%) 
Non-focal target stimulation + very 

high overstimulation outside 

The surface and volumetric specific focalities are 

dimensionless figures of merit compatible with the existing 

definitions, since they do not contradict the information these 

definitions provide by themselves (size of the covered area in 

surface units). However, tables III and IV show how sfS and sfV 

allow to conclude about the suitability of each coil to stimulate 

a given target. The figures of merit quantified such suitability 

in percentage terms, which enabled to rank the coils for this 

particular application (stimulation of the FDI region). They also 

allowed to describe the operation of the coils in terms of 

scenarios of focal or under-stimulation of the target, with high, 

moderate, low or null overstimulation of the adjacencies. 

V. DISCUSSION  

The numerical results –valid for the specific target in this 

text, not directly applicable to other targets– show how the joint 

use of the specific focality and existing definitions, improves 

the information available for operating conditions of coils, 

allowing to evaluate their suitability for a specific application.  

The defined focality form factor (dn) and complex focality 

form factor (dnc) allowed us to estimate the level of overlap 

between multiple segments of stimulated area, with respect to 

multiple segments of the target area. This made it possible to 

draw conclusions about the quality of stimulation, which 

includes both the precision on the target and the level of 

overstimulation of the adjacent areas. 

The use of the proposed AES-erfc and CAES-erfc functions 

offers the possibility to evaluate scenarios of stimulation in 

normalized and percentage terms, defining the specific focality 

as a dimensionless quantity. Hence, both the surface and the 

volumetric specific focality are useful for the assessment and 

comparison of coils for TMS (and other types of stimulation of 

biological tissues), given a stimulation threshold for the E-field. 

In addition, the proposed nomenclature makes it possible to 

report focality values along with their parameters of focal 

distance, stimulation threshold, target area and stimulated area 

(or their volumetric equivalences), for both evaluation and 

design purposes. In design tasks, the manufacturer or designer 

should particularly report unitary –or almost unitary– specific 

focalities, with a list of all the possible/tested conditions or 

applications for which the coils have been designed.  

Ultimately, the proposed nomenclature has the potential to 

be used in research, industrial and clinical settings. This 

provides researchers and manufacturers with the possibility to 

create standards around the specific focality, fixing parameters 

for testing and measurement in different TMS applications.  
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