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ABSTRACT Transcranial magnetic stimulation (TMS) is a popular method for the non-invasive stimulation
of neurons in the human brain. It has become a standard instrument in experimental brain research and
approved for a range of diagnostic and therapeutic applications in neurology and psychiatry. For major
depressive disorder, TMS offers effective treatment with lower side effects than other therapies. Depression
treatment is currently either performed with focal figure-of-eight coils or with rather distributed H1-type
coils. In conventional protocols, the latter appears to even show superior performance. Still, their use is
rather limited due to the complexity of the H coil. The H coil furthermore includes various segments that
complicate manufacturing and drive the cost. In this paper, we present an electromagnetic equivalent for
the H1 coil, which we call surface-projected, Hlsp, through vector projection and Huygens’ and Love’s
equivalence principle. The latter in principle allows to generate the electromagnetic field distribution inside a
closed equivalence volume, e.g., a sphere, exclusively with currents on any closed surface around the volume.
We aim at an anatomy-independent equivalent, i.e., the coil should generate the same induced electric field
conditions as the original coil for any anatomy inside this equivalence volume, which matching in even a
high number of sample anatomies could not fulfill. As the highest current utilization and efficiencies are
achieved when all coil winding elements are as close to the target—i.e., the brain—as possible, we derived
an equivalent entirely residing on a spherical shell on top of the head. In contrast to other coil design or
optimization approaches, the procedure does not require any ad-hoc steps or heuristics but is an explicit
forward Hilbert-space vector projection or base change. The resulting equivalent coil generates by design
the same field conditions for any head anatomy inside but omits many complexity-, loss-, and leakage-flux-
generating features of the initial H1 coil, such as the vertical coil winding segments or hard-to-manufacture
sharp turns. For the same induced electric field magnitude and spatial profile, the equivalent H coil requires
<65% of the magnetic field energy and <55% of the wire length. The comparably simple winding pattern
promises the use of notable thicker wire than the initial H1 coil design with several relatively sharp corners.

INDEX TERMS Neuroscience, transcranial magnetic stimulation (TMS), coil design, coil equivalencies,
H coil, treatment of major depression.

I. INTRODUCTION circuits process endogenous signals they receive [§]. TMS
Magnetic stimulation uses strong brief magnetic pulses to has become a key tool in experimental brain research and
induce currents into the neural tissue and activate nerves [1], is widely used in medical diagnosis and treatment [9], [10],
[21, [3], [4], [5]. Its transcranial form called TMS allows writ- [11], [12]. It is, for example, cleared in various countries for
ing artificial signals into neurons and neural circuits inside the treatment of depression, bipolar disorder, obsessive com-
the brain across the skull [6], [7]. Certain pulse rhythms and pulsive disorder, smoking addiction, and migraine as well as
patterns can modulate neuronal circuits, i.e., influence how for various diagnostic procedures and cortical mapping [13],
[14], [15], [16], [17], [18], [19], [20], [21], [22], [23], [24],
The associate editor coordinating the review of this manuscript and [25], [26]. TMS is also under investigation for many other
approving it for publication was Zhe Zhang . disorders [6], [9], [27], [28], [29].

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
VOLUME 12, 2024 For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 59861


https://orcid.org/0000-0001-9641-9129
https://orcid.org/0000-0002-1944-0714
https://orcid.org/0000-0001-8407-3167

IEEE Access

M. Koehler, S. M. Goetz: Simplified H1 Coil With a Single Layer of Surface Conductors

The spatial distribution of the induced electric field deter-
mines which brain circuits are activated. The spatial field
distribution is already substantially determined during the
coil design phase where the shape of the conductors in the
stimulation coil is set and positioning of the coil during
stimulation [30]. Device manufacturers and researchers have
developed a variety of different coils for TMS [31].

For clinical depression, TMS demonstrated effective treat-
ment with fewer side effects as associated with convulsive
interventions and many forms of medication, such as apathy
and memory loss [14], [32], [33], [34], [35]. The approved
procedures are twofold. Most prevalent is the focal stimula-
tion in the dorsolateral prefrontal cortex with figure-of-eight
coils [14], [15], [16], [17]. Figure-of-eight coils are prac-
tically part of every TMS device and therefore readily
available. However, such focal stimulation requires good
knowledge of the target and sophisticated technology [36].
Routine clinical settings, which often use rudimentary target-
ing, likely suffer from large position variability, resulting in
low efficacy [37], [38].

The alternative procedure uses a comparably distributed
stimulation pattern generated by the so-called H1 coil [13],
[15], [17]. Potentially because of larger tolerance to inaccu-
rate placement, maybe also due to the specific co-activation
of various targets associated with the wider spread of the
field, the treatment protocol used in conjuncture with the
H coil demonstrated considerably higher remission rates
(~33%) and response rates (>38%) compared to the figure-
of-eight coil (~20% remission, ~28% responders) in the
double-blinded studies underlying the initial approval [13],
[14]. Novel pulse patterns might enable reduced treatment
durations [16], [39].

Despite the presumably superior efficacy according to the
approval studies, the H coil is notably less frequently used for
depression treatment than figure-of-eight coils. Furthermore,
there is also substantially less research on improving it, e.g.,
with accelerated protocols. The reasons for the less frequent
application are not of medical nature but mostly technical and
logistical. The dominant reasons include the limited availabil-
ity of H coils. Figure-of-eight coils, on the other hand, are
standard equipment of practically every TMS set. The limited
availability of H coils seems closely linked to the notably
higher technical effort to manufacture these coils due to an
involved complicated winding, further increasing manufac-
turing cost. Figure-of-eight coils, however, are comparably
simple.

Moreover, the winding contains segments that are far from
the head or even pointing away from the head surface, result-
ing in high pulse energies for sufficient stimulation strength,
additional ohmic loss, and heating. Several relatively sharp
edges and similar small features in the winding also require
the use of wire with sufficient bending flexibility and there-
fore small enough cross section. Although many of those
winding features might not reach into the brain due to the spa-
tially low-pass-filtering influence of the coil-brain distance
and be smaller than the manufacturing tolerance of the coils,
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the low cross section impacts the performance as it further
increases heating. The heating in turn entails the need for a
more powerful and therefore typically active cooling system.
The consequence is a further increase in manufacturing com-
plexity and cost.

There have been previous attempts to simplify histori-
cally complicated coils but many of such attempts have been
widely ad-hoc, contain heuristic steps, or are fully manual.
As the H coil was approved with the intricate winding fea-
tures, however, any change would have to be substantially
equivalent. Thus, the coil should generate the same induced
electric field distribution with a deviation maybe only on the
order of the manufacturing tolerance of the H1 coil to allow
comparable activation patterns and maintain the regulatory
clearance [40]. Accordingly, such a simplification of a coil
winding should ideally not happen through manual trial and
error. Instead, a transformation or projection guaranteeing
mathematical and physical equivalence would be preferable.
Previous research has optimized coils, which could in prin-
ciple also serve for deriving equivalent coils [41], [42], [43],
[52]. However, the use of a global optimization framework,
typically including search heuristics, does not necessary
guarantee equivalence and further appears computationally
excessive if instead a forward projection transformation were
possible, which is comparatively resource-efficient.

This article derives a notably simplified version of the
HI coil through projection, which we call Hlsp for surface
projection. The coil winding resides on a spherical surface
with small distance to the head and eliminates coil elements
pointing radially outwards as they can—following Huygens’
and Love’s principle and Maxwell’s equations—not con-
tribute to the magnetic or induced electric field inside. The
simplifications reduce the field energy outside the head and
also the winding resistance, while the coil winding features
are simplified to allow for thicker wires with lower bending
flexibility.

Il. MATCHING PROCEDURE

This article aims at simplifying the H1 coil used for the
treatment of major depression by finding an equivalent fully
residing on a shell with 110 mm radius around the head
through projection operation only. This radius ensures that
the coil is applicable to a large part of the population while
still not leaving large gaps between coil and head, which
cost field energy; larger or smaller radiuses can be generated
with the same formalism. The derived coil should generate an
equivalent induced electric field profile as the H1 coil for any
patient.

Since the coil should generate a practically equivalent
induced electric field profile to the original H1 coil in
any patient, i.e., any conceivable head and brain anatomy,
we used a precursor of the induced electric field for match-
ing. Matching based on the resulting induced electric field
would require an entire ensemble of realistic head anatomies
covering the full bandwidth of possible anatomic variability
including of abnormalities to allow for a sufficiently tolerant
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equivalency. As both the original H1 coil and the surface-
projected H1 would generate the same anatomy-independent
electromagnetic precursor of the electric field as suggested
here, both would generate also the same electromagnetic (i.e.,
induced electric field) and physiological outcomes for any
head anatomy as the same input to the Maxwell equations
and all physiology enforces the same outcome.

The chosen matched physical quantity is the magnetic
vector potential A inside the spherical shell, which fully deter-
mines the magnetic flux density B inside the shell through
B (r) = curlA (r) = V x A (r) at the location r with the curl
operator curl [44]. With sufficiently equal magnetic vector
potential A and magnetic flux density B inside the sphere, the
induced electric field E inside will likewise match the original
coil, no matter which anatomy or object is inside the volume.

The induced electric field can be derived through Faraday’s
law of induction, which reads E (r) = —%A (r) —grad¢ (r)
for the vector potential and the electrical potential distribution
¢ (r) in the vector analysis formalism [45], [46]. The first
summand is often called the primary electric field, the sec-
ond one the secondary electric field. The electrical potential
underlying the secondary electric field is generated by the
currents flowing in response to the induced currents, which
accumulate at conductivity changes, e.g., at tissue interfaces
or durae.

As a general solution space for all possible resulting coils,
we define current distributions on a shell encompassing the
head. To describe practically any possible coil residing on
the surface, we use a continuous vector-valued current dis-
tribution j(r) at position r. Its current distribution can also
be represented by a sum of currents. If the solution space is
designed as a complete infinite vector space, it can be given
a vector base, and every possible solution can be represented
as a sum of base vectors b;(r) each scaled appropriately by
yi following j (r) = >, y;b; (r). Without loss of generality,
we used the harmonics on the spherical surface to form an
orthonormal and complete basis in the coil current space.

The problem of finding the H1 coil match therefore
becomes the finding for weights or coordinates y;. In con-
trast to any previous coil optimization approaches that use
iterative search we defined a forward projection operation.
We isomorphically matched the basis b; of the coil current
space with a corresponding basis a; in the space of mag-
netic vector potentials according to a; = 2{b;}, where
the functional 2l calculates the magnetic vector potential of
the current distribution in its argument. Due to the linear-
ity of 2, A(>;vibi)) = X %2 b;). We calculated the
magnetic vector potential through Biot—Savart following the
literature [45], [47]. We furthermore defined a bilinear inner
product as (A;, A;) := [A; (r) Aj(r) d3r for any vectors A;
for the necessary projection of a magnetic vector potential on
the basis vectors and projected the magnetic vector potential
Ap(r) of the H1 coil inside the region of interest VRIO
onto the magnetic vector potentials of each coil current base
vector a; (r) = 2A(b;) up to order n = 14 here with the
above-defined inner product per y; = (Agi(r), a;(r)) =
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fVRm Agi (r) A (b;) d3r. The spherical region of interest had
a radius of 85 mm, approximately representing the dimen-
sions human head. Spherical representations with those
dimensions are well established in TMS [48], [49]. Impor-
tantly, the approach does not assume any spherical anatomy
or similar simplification as used in the past, nor one or many
real example anatomies but only uses the magnetic vector
potential and thus the primary electric field for matching.
The sphere restricts only the region of interest within which
the same field conditions are generated and which should
be larger than any expected head anatomy but stays naive
with respect to a specific anatomy. As the coil current space
is designed isomorphic to the space of corresponding vec-
tor potentials, applying the resulting weighting coefficients
results in the equivalent current distribution jequiv(r).

1Il. DISCRETIZATION OF THE EQUIVALENT SURFACE
CURRENT DISTRIBUTION INTO COIL WIRE
We subsequently discretized the equivalent coil current dis-
tribution jequiv into specific wire turns a coil. In contrast to
previous work that discretized continuous currents for a coil
typically generated multiple unconnected closed loops first
and then manually linked them more or less abruptly, we gen-
erate continuous wire representations along integral curves
through a vector field which we generate from combining
above jequiv With an auto-generated weighted gradient field
Jerad ) = N(r) X jequiv (r), where f is the normal vector
of the surface in the point r, which introduces the outward
spiral. Combination of these two fields results in jres (r) =
Jequiv (*) + k - ”.Jg"L(r), where the weighting coefficient k
.]grad(l')||2
controls the number of turns and thus the inductance.
Validation simulations in realistic head models were per-
formed in SimNIBS v3.2.6 with the Ernie reference model.

IV. IMPLEMENTATION OF THE EQUIVALENT H1 COIL

We derived equivalent H1sp coils with various numbers of
turns, representing different inductivities (Fig. 1). Out of
these, we implemented a variant the factor £ of 0.05 but
enhanced the conductor length do form 12 turns, resulting
in 16 ©H to be in the upper range of typical TMS coils for
moderately high currents in a prototype (Fig. 3). We trans-
ferred the winding pattern to a spherical polymer support
and wound the coil with 5.4 m of 4 mm? magnet wire. The
coil winding was connected to two 10 AWG braided cables
(Alpha Wire 391045, Elizabeth (NJ), USA), resulting in a
diameter of 10.5 mm?2, and an Anderson connector (Anderson
Power SB-350, Ideal Industries, Sycamore (IL), USA). The
coil with cable and connector was measured at 17.4 uH
(Hameg Instruments HM8118, Frankfurt, Germany).

We sampled the induced electric field of the Hlsp pro-
totype under spherical constraints using an automated field
probe as described in more detail in the literature [49]. The
coil was connected to a commercial MagVenture MagLite
pulse source (Tonica, Farum Denmark) with biphasic pulses
(standard mode).
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FIGURE 1. Three equivalent quantizations of the H1 coil on a spherical
surface (left: front view, right: back view) with different k factors 0.05
(10.36 pH), 0.1 (5.79 1H), and 0.15 (3.93 pH).

V. PROJECTION RESULTS
The equivalent mapping process leads to an H1sp coil embod-
iment with relative primary field error

1
8

2Eprim,Hlorig,max
3
X / ||Eprim,Hlorig (r) — Eprim Hisp (1) “2 d’r
Vrot

of 8.4%.

Figure 1 displays three discretized Hlsp coils with dif-
ferent numbers of turns. The coils feature a high winding
density in the frontal area at the same point where the original
HI1 coil, Hlorig, has the highest winding density, leading to
a strong induced electric field underneath. The Hlorig coil
does not have any windings posterior as the turns lift off
the head not too far from the central gyrus and connect to a
junction box. The winding and the current have to be closed,
and the equivalent H1sp intentionally does not want to lift the
winding but keep it on the spherical surface to avoid leakage
flux that does not interact with the brain but unnecessarily
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FIGURE 2. Electric field distributions of (a) the original H1 and (b) the
equivalent H1sp coil simulated in a realistic head to demonstrate the field
fingerprint in the dorsolateral prefrontal cortex and the depth in the
sagittal section. The color coding is standardized to the same amplitude
in both (a) and (b), where the maximum value would correspond to an
electric field amplitude of 50 V/m at 20 A/us (e.g., 1700 A for 3 kHz) here.

increases the field energy and the resistance. Therefore, the
mapping spreads the windings out in the posterior part, effec-
tively reducing the induced electric field there. In contrast
to the Hlorig coil, the H1sp does not have any sharp edges,
suggesting that those features would not be induced into the
brain anyway due to the smoothening effect of the coil-brain
distance.

The frontal winding part still has a long almost straight
transverse section, reflecting the corresponding parts of the
Hlorig coil. The Hlorig coil, however, needs two overlapping
sets of windings to generate the same frontal field pattern,
which the H1sp coil projected onto the simple resulting shape.
The overall Hlsp shape is not fully symmetric between the
left and the right side, which reflects the subtle asymmetry
of the Hlorig coil, where a large share of the windings lifts
off the head approximately one inch more anterior than on
the left side [50]. This asymmetry seems justified considering
the primary treatment focus on the left dorsolateral prefrontal
cortex (DLPFC). In the spherical Hlsp coil, this asymmetry
leads to a somewhat trapezoidal character of the innermost
turns.

Figure 2 displays the induced electric fields of the original
H1 coil and the spherically projected Hlsp side-by-side in
one specific head anatomy. Since the magnetic vector poten-
tial and therefore the primary and—for the same anatomies
as well as coil positions—also the secondary electric fields
are matched by design in general anatomies, the induced
electric field in the realistic head models in Fig. 2 demonstrate
comparable distribution and spread in depth as expected. For
both, the dominant field is in the prefrontal cortex, whereas
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FIGURE 3. Implemented demonstrator of the equivalent H1 coil from
various perspectives: (a) front, (b) right, (c) back, and (d) left.

FIGURE 4. Measured electric field distribution of the prototype of
Figure 3: (a) front-right, (b) front-left, (c) back and (d) top.

the field drops similarly slowly with half of the maximum
field strength reached at a bit more than 2 cm below the
cortex. The substantially deeper penetration of the electric
field than figure-of-eight coils is a well-known feature of the
HI1 coil and may contribute to its high treatment efficacy [51].

The practical implementation of the H1sp on the shell (see
Fig. 3) was simple compared to the original H1 with its two
sets of overlapping windings, which need good insulation
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coordination in between, sharp features, and a terminal block,
which drive the manufacturing cost. Matched to generate
equivalent field strength for the same current, the coil has only
approximately 52% of the length of the wire of an original
HI coil, which would allow reducing the heating by 48% for
the same wire cross section and same induced electric field.
The reduction in inductance and thus also the magnetic field
energy amounts to 37.5%. Although, systematic projection
and optimization methods may be new, the electromagnetics
of coils is well understood, and models known to be highly
accurate [53], [54], [55], [56], [57], [58], [59], [60]. Accord-
ingly, the measured field (Fig. 4) does not entail surprises but
reflects the simulations with a strong frontal component and
little posterior field, features that have been discovered and
promoted previously for the original H1 coil.

VI. CONCLUSION

This article derived a simpler equivalent of the H1 coil used
primarily for the treatment of major depressive disorder on
a (spherical) surface closely encompassing the head. The
equivalency was generated by design using Huygens’ and
Love’s principle that a field distribution inside a volume can
be generated also by a current distribution on a shell around
this volume so that no overlapping or vertical winding ele-
ments as used in the original H1 coil are physically necessary.
The magnetic vector potential of the original H1 coil was
mapped onto surface currents out of which a new coil with
discrete windings could be generated.

In contrast to any previous coil optimization or design
approaches, we used an explicit forward procedure without
any iterations, optimization, or heuristic elements and can
generate very simple projected H1 coils with practically any
inductance. The H1sp coil has a simpler winding with only
one continuous wire path without any overlaps or vertical
elements, which promises to substantially streamline man-
ufacturing of H1 coils in the future. These constraints on
the winding pattern, primarily the non-overlapping of the
conductors on a predefined surface, enable winding on a
prefabricated polymer former which, firstly, can nowadays
be produced cost-effectively using additive manufacturing
methods as well as plastic molding and, secondly, greatly
simplifies the winding process while drastically increasing
accuracy and reproducibility With less than half the coil
heating, a reduction of the enormous cooling system needed
in previous H1 coils appears obvious and promises further
cost reductions for manufacturers and ideally also users.

AVAILABILITY
The coil specifications and design data are available upon
request.
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