


Onemajor risk is temperature increase exceeding innocuous thresholds due to coupling of the emitted radio frequency (RF) pulse

during imaging. Thus, we developed and tested a stimulator cable configuration with floating ground cable traps and filter plate

connectors.

Methods: We measured temperature, resonance of the stimulation electrodes, and current interference using unmodified and

modified stimulation cables.Measurements were conducted across three sites using different 3TMRI scannermodels, stimulators,

and stimulation strengths with phantoms and human participants.

Results: The modified compared to the unmodified cable considerably reduced RF heating as the relative temperature increase

stayed well below the 2 K threshold specified by the ASTM F2182 standard. Additionally, in accordance with ASTM 2119, we can

rule out potential distortion and signal loss around the electrodes due to current flow from the stimulator and demonstrate that

impaired image quality in brainstem and midbrain regions is recovered using the modified cable.

Conclusions: We show that adding floating ground cable traps to the stimulator cable allows the safe use of taVNS with fMRI

and may improve image quality in functional imaging. To enable other researchers to modify their hardware in the same way, we

provide details of the modifications.

1 Introduction

Transcutaneous stimulation of the auricular branch of the vagus

nerve (taVNS) is a promising technique to noninvasively target

the vagus nerve, the main pathway connecting visceral organs,

including the gut, lungs, and heart, with the nucleus of the

solitary tract (NTS) in the brainstem [1]. In contrast to implanted

cervical vagus nerve stimulators, taVNS capitalizes on the inner-

vation of the ear by vagal afferents, specifically the auricular

branch of the vagus nerve in the cymba conchae and, to a lesser

extent, the tragus areas of the outer ear [2]. In recent years, taVNS

has gained traction, as vagal signaling has been shown to be

implicated in appetitive functions [3], such as reward learning [4],

motivation [5], and energy tracking [6], but has also been shown

to increase pupil dilation [7] and influence cognitive functions

associated with reward seeking [8–10]. Moreover, taVNS has been

successfully applied to reduce symptoms in a range of mental

health and neurological disorders such as major depressive

disorder [11], epilepsy [12–14], and tinnitus [15].

Although a variety of areas have been identified in which taVNS

may have beneficial effects, we currently lack insight into how to

personalize taVNS treatments to elicit a clinically useful response

in most individuals. One of the major challenges in addressing

this problem is to isolate the effects of different parameter settings

on outcomes of interest (for an overview, see Farmer et al. [16] or

Ludwig et al. [17]). The second important area for future research

is to uncover themechanisms of action underlying clinical effects

of taVNS. To this end, taVNS can be combinedwith imaging tech-

niques, such as functionalmagnetic resonance imaging (fMRI), to

explore stimulation- and sensation-related activations along the

vagal afferent pathway, including theNTS, andprojection regions,

such as the locus coeruleus (LC), by comparing active taVNS to

sham stimulation [18]. Pioneering work points to increases in

brain signaling after taVNS, which was mainly seen throughout

the brainstem (i.e., NTS, LC, substantia nigra, dorsal raphe, and

periaqueductal gray), but also in the insula, thalamus, nucleus

accumbens, putamen, anterior cingulate cortex, and amygdala

(see Teckentrup et al. [19] and Ludwig et al. [17] for a review).

Commonhandheld taVNSdevices enable themodulation of vagal

signal transmission within the magnetic field from a battery-

powered stimulator. This stimulator can remain in the control

roomconnected to the earpiecewith nonferromagnetic electrodes

via a long MR-compatible cable. In the literature to date, the

cable connecting the current source to the electrodes was either

passed through the waveguide into the scanner roomwithout any

further safety-relatedmodifications [20–23] or routed through the

radio frequency (RF) filter plate [24, 25]. However, the majority

of studies do not provide further details on safety modifications

or cable routing, as there is little consensus on which aspects

of the setup should be reported [11, 26–37]. One aspect that

is not commonly reported is RF energy-induced heating due

to the stimulation setup, even though this can be considered

an important prerequisite to safely operate electrically powered

stimulation devices within the magnetic field of the MRI scanner

[38, 39].

For implanted medical devices used within magnetic fields,

the American Society for Testing and Materials (ASTM) F2182

standard (applicable at 1.5T and 3T) allows a maximum device-

mediated increase in the temperature of the tissue of a human

being undergoing an MRI scan of 2 K. Within the RF field

of an MRI scanner, such local temperature increases of tissue

can result not only from direct deposits of RF energy but also

from conductive leads such as the taVNS device cables (for

review, see Winter et al. [40]). Coupling between a conductor

and the RF transmitting field transforms the lead into a current-

carrying antenna, potentially amplifying the heating locally due

to RF energy deposition. Human skin acts as a capacitor in this

context and can retain the charge, which may lead to burns at

the point of contact, that is, where the electrodes are touching

the skin [41]. Moreover, the current flow along the cable can

generate RF emissions that, similar to susceptibility artifacts,

can result in magnetic field inhomogeneities, leading to local

geometric distortions or signal loss [42, 43]. Here, theASTMF2119

standard provides specifications for the experimental setup and

themeasurement of artifact sizes. Given that there are no specific

guidelines for noninvasive stimulation devices, such as those used

for taVNS, the ASTM F2119 and F2182 standards—even though

developed for passive and implanted devices, which, due to their

positioning enclosed by tissue, arguably pose a higher risk [44]—

may serve as a sensible reference for the experimental protocols

used here. By following these standards, we aim to test the

performance of a modified taVNS system in anMR environment.
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Taking the criteria laid out in the ASTM F2182 and F2119

standards as a reference, we applied and tested a modification of

the stimulator cable. We sought to mitigate the risks of heating

and unsafe operation as well as assess the effects of taVNS

on MR image quality. We added common-mode suppressing

floating ground cable traps that were fixed on the cable with

a distance matching the RF wavelength of the respective MRI

scanner to reduce the induction of RF currents and, thus,

heating along the cable. We incrementally tested the effect of

our modification on temperature and image quality based on

ASTM F2182-compatible phantoms and human participants at

three scanner sites (University of Tübingen [Site 1], University

of Magdeburg [Site 2], and University of Bonn [Site 3]) housing

different 3T MRI scanners. We modified two commonly used

handheld taVNS devices. To further minimize interference with

MR imaging, Bayonet Neill–Concelman (BNC) connectors were

added to the device cable, allowing routing of the cable through

the filter plate of the Faraday cage. Both stimulators were then

tested in the active (delivering current) and inactive (switched

off) state while we continuously measured the temperature at the

electrodes, the cable, and a reference point. During temperature

measurements, we ranMR sequences that deposit a high amount

of RF power into the tissue, leading to a high specific absorption

rate (SAR). Although the change in temperature came close to

the threshold of 2 K in measurements based on the unmodified

cable, the modification successfully lowered the change in tem-

perature below the threshold, even when setting the stimulation

strength to the maximum the device could deliver. Examining

artifacts surrounding the electrodes at Site 2, we primarily iden-

tified cancellation artifacts. These reached a maximum size of

10.40± 1.25 mm, which did not affect signal quality for functional

imaging. Extending this observation, functional imaging data

acquired from Site 3 in a human participant showed that image

quality in the brainstem and midbrain—which was impaired

using the unmodified cable—was recovered using the modified

cable.

To conclude, modifying the cable of the taVNS stimulator with

floating ground cable traps is a viable approach to reduce RF

energy-induced heating when applying taVNS during 3T MR

imaging. We further demonstrate that our modified setup allows

for high-quality imaging as artifacts elicited by the electrodes

are small, and the reduced image quality due to distortions

in brainstem and midbrain regions with the unmodified cable

is recovered with the modification applied. To enable other

researchers planning to use taVNS concurrent with fMRI to

implement the safetymeasures reported here,we provide detailed

reports of themodifications and refer qualified technical research

staff to instructions on how to construct them.

2 Methods

Measurements of temperature change due to RF energy-induced

heating were performed at two sites with the University of

Tübingen as Site 1 and theUniversity ofMagdeburg as Site 2. Both

sites performed measurements using MR-compatible phantoms.

Further, at Site 1, measurements with a human participant were

conducted. Measurements characterizing distortion and signal

loss artifacts linked to the electrodes were performed at Site 2.

Additional measurements characterizing distortion and signal

loss artifacts in functional imaging of a human brain were

performed at the University of Bonn as Site 3. Measurements

including human participants received IRB approval from the

ethics committees of the University of Tübingen and University

of Bonn. All sites used comparable but not identical setups

regarding the stimulator, parameters of the modification, and the

imaging sequences used, as themeasurements reported herewere

conducted as independent validation efforts of the efficacy of the

modification.

2.1 Stimulation Device

Site 1 used the NEMOS stimulator (tVNS Technologies GmbH,

Erlangen, Germany) with two different cables (one unmodified,

one modified), each comprising an adjustable earpiece with

bipolar titanium electrodes (tVNS Technologies legacy electrode).

The earpiece connects to a battery-operated stimulator. For usage

within an MRI scanner, MR-compatible cables with an extended

length of 7 m were provided by the manufacturer (Figure 1).

The device delivers a biphasic signal with a frequency of 25 Hz

and a pulse width of 250 µs. The stimulation protocol consists

of 30-s OFF and 30-s ON stimulation cycles during which the

NEMOS stimulator applies a ramp-up from 0 mA to the selected

current strength and a ramp-down back to 0 mA, automatically

switching between the phases. The device delivers the desired

current independent of skin conductance until a maximum value

of 18 kOhm is reached without direct current. The device current

setting ranges between 0.1 and 5 mA. This stimulation intensity

is typically adjusted on an individual basis prior to commencing

the experimental protocol. Frangos et al. [21] observed a range

for taVNS current of 0.3–0.9 mA in their taVNS–fMRI study. As

heating scales with current strength, we ensured that ourmethod

is reflective of the upper stimulation bound in human taVNS, and

the current was set to 1.1 mA in all measurements at Site 1. We

refer to measurements performed under these conditions at Site 1

as the “Average Load” condition for temperature measurements.

Site 2 used themore recent tVNSR stimulator (tVNSTechnologies

GmbH,Erlangen,Germany; research-focused version of the tVNS

device), with one cable (modified) comprising an adjustable

earpiece with bipolar titanium electrodes (tVNS Technologies

legacy electrode). The stimulator was connected to a computer

in the control room via Bluetooth Low Energy connection, and

stimulation parameters could be set individually with a dedicated

smartphone application (Figure 2). As Site 2 exclusively used

a phantom and the taVNS R stimulator allows more flexible

control of stimulation parameters than the NEMOS, we chose

a stimulation protocol at the limits of what the stimulation

device can deliver to ensure our modification is safe even for the

most extreme use case. Hence, the device delivered continuous

stimulationwith a frequency of 25Hz, a pulsewidth of 250 µs, and

a current of 5mA (highest possible intensity setting of the device).

We refer to measurements performed under these conditions

at Site 2 as the “Maximum Load” condition for temperature

measurements.

Measurements at Site 3 were performed using the NEMOS and

tVNS R stimulators (both tVNS Technologies GmbH, Erlangen,

Germany), with the NEMOS stimulator paired with the modified

cable and both the NEMOS and tVNS R stimulators paired with
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FIGURE 1 Phantom setup for Site 1 (University of Tübingen). (A) Site 1 used theNEMOS stimulator, fiber optic temperature sensors, and a Siemens

Prisma 3T MRI scanner. The stimulator (red box) was placed in the control room with the MR-compatible cable (red line) routed through the filter

plate via Bayonet Neill–Concelman connectors (upper dotted black line). Temperature was measured using an OpSens signal transducer (black box)

in the control room with three fiber-optic sensors (black line) routed through the waveguide (lower dotted black line). (B) MR-compatible stimulator

cable with extended (7 m) length. The cable has been modified with four floating ground cable traps (FCTs), which have been fixed with a 26-cm

distance (
�

10
) from each other, matching the 3T radiofrequency wavelength to prevent heating along the cable. (C) Head phantom with two openings to

match the distance between the two titanium electrodes of the NEMOS earpiece. At this opening, each electrode comes into contact with the American

Society for Testing and Materials (ASTM) 2182 gel (ASTM International) contained within the phantom. (D) Placement of the temperature sensors in

relation to the stimulation electrodes. One sensor was placed on the right (Electrode 1) and another on the left (Electrode 2) stimulation electrode. A

reference temperature sensor was placed above the electrodes on the head phantom. All sensors were then secured with medical tape. (E) Setup for the

phantom-based measurements at Site 1 with (from top to bottom) the head phantom (filled with ASTM 2182 gel) in the 64-channel head coil, two 2-L

bottle phantoms to mimic the shoulders, a box filled with ASTM 2182 gel to mimic the torso, and a 5-L bottle phantom to mimic the right leg. For the

temperature measurements, stimulation was performed with 30-s ON and 30-s OFF cycles with a frequency of 25 Hz, a pulse width of 250 µs, and a

current of 1.1 mA (see Table 1).
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FIGURE 2 Phantom setup for Site 2 (University of Magdeburg). Site 2 used the tVNS R stimulator with a 3T Siemens Skyra MRI scanner for

temperature and artifact measurements. (A) For temperature measurements, the stimulator was placed in the control room, and the MR-compatible

cable for the stimulator (electrode cable: red line) was modified with Bayonet Neill–Concelman (BNC) connectors and routed through the filter plate

(dotted black line). Temperature measurements were collected using an OPTOcon signal transducer placed in the technical room with four fiber optic

temperature sensors that were routed through the waveguide. (B) The left image shows the cable was equipped with three floating ground cable traps

fixed with a 60-cm distance (
�

4
) from each other as defined by RF noise measurements (see Section 2.2 for more details). The right image shows the two

temperature sensors attached to the two ear electrodes (blue), one temperature sensor attached to the cable (white), and a reference temperature sensor

submerged in the phantom (yellow). (C) For artifact measurements, the stimulator was placed in the control room again, and the MR-compatible cable

for the stimulator (electrode cable: red line) modified with BNC connectors was routed through the filter plate (dotted black line). (D) The left image

shows the two ear electrodes of the stimulator (blue) in the phantom and the ceramic needle (yellow) used as a reference. The right image shows the

routing of the modified cable with floating cable traps. For both temperature and artifact measurements, continuous stimulation was performed with a

frequency of 25 Hz, a pulse width of 250 µs, and a current of 5 mA (see Table 1).
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FIGURE 3 Setup for artifact measurements with a human partici-

pant at Site 3 (University of Bonn). Artifact measurements were carried

out using a 3T Siemens Trio MRI scanner and NEMOS and tVNS R

stimulators with the same modified stimulator cable that was previously

used in measurements conducted at Site 1, but another unmodified

stimulator cable was used together with the tVNS R stimulator. The

stimulator was placed in the control room, and the MR-compatible

cable for the stimulator (electrode cable: red line) was routed through

the waveguide (broken black line), with the Bayonet Neill–Concelman

connectors of the modified cable connected to each other. To prevent

heating along the cable in the MR room, four floating ground cable traps

were affixed to the cable with a 26-cm distance (
�

10
) from each other.

This distance matched the RF wavelength of the 3T MRI scanner (cf.

Figure 1). The stimulator earpiecewas positioned directly on the ear of the

human participant, with the two titanium electrodes placed on the cymba

conchae. For the artifact measurements, stimulation was performed with

30-s ON and 30-s OFF cycles with a frequency of 25 Hz, a pulse width of

250 µs, and a current of 0.1 mA (see Table 1).

unmodified cables (Figure 3). While the NEMOS stimulator was

paired with the same cables that had previously been used for

the measurements performed at Site 1, the tVNS R stimula-

tor was connected to another (unmodified) cable comprising

an adjustable earpiece with bipolar titanium electrodes (tVNS

Technologies legacy electrode). Site 3 exclusively performed

measurements to assess the severity of artifacts in functional

imaging of the human brain where the lower stimulation bound

was taken to investigate if artifacts can be observed even at the

lowest possible current flow. Hence, both stimulators were set

to deliver 30-s OFF and 30-s ON stimulation cycles without any

ramp-up or ramp-down with a current of 0.1 mA (the lowest

intensity setting of the device), a frequency of 25 Hz, and a pulse

width of 250 µs. In the results section, we include images for

the unmodified cable condition using the tVNS R stimulator.

As both stimulators were operated with the same settings and

led to comparable levels of artifacts, the images recorded from

the NEMOS stimulator paired with the unmodified cable can be

regarded as interchangeable.

2.2 Modifications

For measurements at Site 1 and Site 3, we used two vendor-

supplied MR-compatible cables (tVNS Technologies “legacy

cable”). One cable was left unmodified, while the second cable

was equipped with four floating ground cable traps (FCTs,

Figure 4), which were 60 mm in length with a diameter of

20 mm (Figure 1A). The first cable trap was placed as close as

practically possible to the earpiece with the titanium electrodes.

All remaining cable traps were spread along the cable with a

26-cm distance from each other, that is, spaced about
�

10
apart,

to suppress the common mode and reduce potential heating of

the tissue. With the modified setup, all cable traps were located

inside the MRI transmit body coil. Following the general design

of Seeber et al. [45], each cable trap consisted of an outer and

inner conductive cylinder, which were separated by a dielectric

Teflon cylindrical support structure and electrically connected at

both ends. For this, we first inserted a copper cylinder formed

out of 3M adhesive copper tape into the Teflon support structure.

Next, we wrapped the entire Teflon structure using a wider

adhesive copper tape forming a larger copper cylinder on the

outer surface of the Teflon support. Then, the inner and outer

copper tapes were soldered together at both ends. After that,

we made an incision in the middle of the outer copper cylinder

and soldered two chip capacitors separated by 180 degrees in the

cut. To ensure maximum attenuation of signal propagation along

the outer surface of the cable shield, each cable trap was tuned

to the Larmor frequency of the MRI scanner (123.25 MHz) by

choosing appropriate values of the two chip capacitors. Also, to

tune the traps, two current probes were connected to a vector

network analyzer (E 5071C, Agilent Technologies). To protect

the outer copper cylinder, each cable trap was covered with

heat-shrink tubing. Finally, all cable traps were placed on the

MR-compatible (nonferromagnetic) coaxial cable. For this, the

cable was cut, resulting in a 2-m-long cable connecting to the

stimulator unit. Four cable traps were then placed onto the

remaining 5-m-long cable connecting to the stimulator earpiece.

Thereafter, a nonmagnetic BNC connector was soldered to each

of the bipolar (positive and negative) electrode leads, which

allowed us to route the cable through the filter plate of the

Faraday cage at Site 1. Both the unmodified and modified

cables were reused for measurements at Site 3, which was not

equipped with a filter plate. Hence, the BNC connectors of the

modified cable (stimulator and earpiece cable segments) were

connected to each other, and the cable was routed through the

waveguide (Figure 3).

For measurements at Site 2, one vendor-supplied MR-compatible

cable was also modified with BNC connectors and routed

through the filter plate. The cable was equipped with three FCTs

(Figure 4). The first cable trap was fixed at a 32-cm distance

from the electrodes as defined by RF noise measurements.

The remaining cable traps were fixed with a 60-cm distance

from each other, that is, spaced about
�

4
apart. This distance

was chosen to achieve effective RF suppression for the specific

conditions of the local MR environment (Table 1). Similar to

the design at Site 1, each cable trap consisted of an outer and

inner conductor, which were separated by a dielectric support

structure and connected via discrete capacitors. The 3D-printed

structure was 60 mm in length, with an outer radius of 10 mm

and an inner radius of 0.95 mm. Again, the capacitors were

chosen so that the FCTs had a resonance at the Larmor fre-

quency of 123 MHz to ensure maximum attenuation of the RF

signal.
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FIGURE 4 Floating cable traps (FCTs) were built following Seeber et al. [45]. (A) Each trap featured an inner and outer conductive cylinder,

separated by a Teflon dielectric cylindrical support structure and electrically connected at both ends (images show FCTs built for Site 2). FCTs measured

60mm in length, with a diameter of 20mm. Capacitors were embedded in the outer cylinder andwere tuned to the Larmor frequency of theMRI scanner

for maximum attenuation of signal propagation along the outer surface of the cable shield. (B) To protect the outer copper cylinder, each cable trap was

covered with heat-shrink tubing (images show FCTs built for Site 1 and Site 3). For measurements at Site 1 and Site 3, the first FCT was placed as close

as practically possible to the earpiece with the electrodes. The remaining three cable traps were spread along the cable with a 26-cm distance from each

other, that is, spaced about
�

10
apart. For measurements at Site 2, the first FCT was placed 32 cm from the electrodes, with the remaining traps spaced

60 cm, that is, spaced
�

4
apart.

2.3 Setup for Measurements With Phantoms

For temperature measurements at Site 1, we used an ASTM 2182-

compliant gel made of polyacrylic acid gelling agent and sodium

chloride (NaCl). We included a box to mimic the torso, two 2-

L bottle phantoms to mimic the shoulders, and one 5-L bottle

phantom to mimic the right leg (Figure 1E). Additionally, a head

phantom was filled with ASTM 2182 gel. On the right side of the

head phantom are two openings, matching the distance between

the two titanium electrode contacts. This positioning mimicked

the placement of the stimulation electrodes on the cymba con-

chae of the ear (Figure 1C). To generate a conductive connection

between the electrodes and the gel inside the head phantom, we

rolled tissue into two cones, soaked them in the gel, and inserted

one cone into each opening. The electrode contacts were secured

to the conductive media using tissue-padded medical tape.

For temperature measurements at Site 2, a box filled with

an ASTM 2182-compliant gel made of hydroxyethyl cellulose

gelling agent and sodium chloride (NaCl) was used. To bring

the electrodes of the stimulator unit into contact with the gel,

electrodes were lightly immersed in the gel and held in this

position by glass fibers fixed to the rim of the box.

Artifact measurements at Site 2 used an additional experimental

setup wherein the stimulating electrodes were immersed in a

Plexiglas cylinder (height: 16 cm, diameter: 14 cm) filled with

cupric sulfate (CuSO4) solution (1.5 g/L, according to ASTM 2119).

Electrodes remained fixed at a distance of at least 4 cm from the

walls of the cylinder. Additionally, a ceramic needle was inserted

into the cylinder to serve as a reference structure to verify artifact

size. The body coil was used to record 15 slices covering the entire

area around the electrodes.

2.4 Setup for Measurements With Human
Participants

To prevent potential temperature spikes resulting from active

stimulation within the scanner from reaching the skin of the

Journal of Neuroimaging, 2025 7 of 17

 1
5

5
2

6
5

6
9

, 2
0

2
5

, 6
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/jo

n
.7

0
0

9
8

 b
y

 D
eu

tsch
es Z

en
tru

m
 fu

r N
eu

ro
d

eg
en

era E
rk

ran
k

u
n

g
en

 e. V
. (D

Z
N

E
), W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

7
/1

1
/2

0
2

5
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n

lin
e L

ib
rary

 fo
r ru

les o
f u

se; O
A

 articles are g
o

v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



TABLE 1 Overview of the magnetic resonance imaging setups and technical modifications of the stimulator for transcutaneous auricular vagus

nerve stimulation at Site 1 (University of Tübingen), Site 2 (University of Magdeburg), and Site 3 (University of Bonn).

Site 1
University of Tübingen

Site 2
University of Magdeburg

Site 3
University of Bonn

Stimulation NEMOS (control room) tVNS R (control room) NEMOS/tVNS R (control room)

30 s ON/OFF Continuous 30 s ON/OFF

25 Hz 25 Hz 25 Hz

250 µs 250 µs 250 µs

1.1 mA 5 mA 0.1 mA

Scanner 3T Siemens Prisma 3T Siemens Skyra 3T Siemens Trio

Modification Extended cable (7 m) Extended cable (13 m) Extended cable (7 m)

Four floating cable traps
∙ Fixed with a 26-cm distance

from each other

Three floating cable traps
∙ First was fixed at a 32-cm

distance

∙ Remaining cable traps have

been fixed with a 60-cm

distance

Four floating cable traps
∙ Fixed with a 26-cm distance

from each other

BNC connectors BNC connectors BNC connectors

Filter plate Filter plate Waveguide

Computer that can be

time-synchronized with

stimulation and connected with

scanner

Phantom:

temperature

measurements

No phantom measurements

Siemens 64-channel head coil No head coil

ASTM 2182 gel ASTM 2182-compliant gel made of

hydroxyethyl cellulose gelling

agent and natrium chloride

Box filled with ASTM 2182 gel, two

2-L bottle phantoms mimicking

the shoulders, one 5-L bottle

phantom mimicking the right leg

Head phantom: holes drilled into

the bottle to establish conductive

contact between the electrodes

and the gel within the phantom

Electrodes were lightly immersed

in the gel and held in this position

by glass fibers fixed to the rim of

the box

Sensor 1: right electrode

Sensor 2: left electrode

Sensor 3: reference, above the

electrodes on the phantom

Sensor 1: right electrode

Sensor 2: left electrode

Sensor 3: cable

Sensor 4: reference, placed in the

gel of the phantom

TSE sequence parameters:
∙ TR: 1.5 s

∙ TE: 0.103 s

∙ Flip angle: 180◦

∙ Slices: 18

∙ Voxel size: 0.8 × 0.8 × 3 mm

∙ FOV: 400 × 400 mm

∙ Matrix size: 256 × 256

∙ Averages: 3

∙ Concatenations: 3

∙ Duration: 6 min

TSE sequence parameters:
∙ TR: 4.82 s

∙ TE: 0.013 s

∙ Flip angle: 169◦

∙ Slices: 45

∙ Voxel size: 2 mm

∙ FOV: 500 × 500 mm

∙ Matrix size: 256 × 256

∙ Averages: 5

∙ Duration: 15 min

(Continues)
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TABLE 1 (Continued)

Site 1
University of Tübingen

Site 2
University of Magdeburg

Site 3
University of Bonn

EPI sequence parameters:
∙ TR: 1.4 s

∙ TE: 0.03 s

∙ Flip angle: 65◦

∙ Voxel size: 2 mm3 isotropic

∙ FOV: 220 × 220 mm

∙ Matrix size: 110 × 110

∙ Multiband factor: 4

Phantom: artifact

measurements

No Plexiglass cylinder:
∙ Height: 16 cm

∙ Diameter: 14 cm

∙ Filled with cupric sulfate

(CuSO4) solution (1.5 g/L,

according to ASTM 2119)

Fixed electrodes:
∙ Distance of at least 4 cm to the

walls of the cylinder

Ceramic needle:
∙ Reference structure to verify

artefact size

Sequence parameters:
∙ Slice thickness: 3 mm

∙ Matrix size: 256 × 256

∙ FOV: 160 mm

∙ Receiver vs. transmitter coil:

body coil

SE sequence (conductivity

artefacts):
∙ TR: 0.1 s

∙ TE: 0.015 s

∙ Flip angle: 90◦

GRE sequence (susceptibility

artefacts):
∙ TR: 0.5 s

∙ TE: 0.02 s

∙ Flip angle: 30◦

Human

measurements

No measurements in human

participants

Earpiece connected to the cymba

conchae via a plastic tube filled

with conductive agar preparation:
∙ 20 mL of purified water

∙ 0.15 g of salt

∙ 0.15 g of agar

Earpiece with electrodes in direct

contact with the skin of the cymba

conchae

(Continues)
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TABLE 1 (Continued)

Site 1
University of Tübingen

Site 2
University of Magdeburg

Site 3
University of Bonn

TSE sequence parameters:
∙ TR: 1.5 s

∙ TE: 0.103 s

∙ Flip angle: 180◦

∙ Slices: 18

∙ Voxel size: 0.8 × 0.8 × 3 mm

∙ FOV: 400 × 400 mm

∙ Matrix size: 256 × 256

∙ Averages: 3

∙ Concatenations: 3

∙ Duration: 6 min

EPI sequence parameters:
∙ TR: 2.66 s

∙ TE: 0.03 s

∙ Flip angle: 77◦

∙ Number of slices: 40

(ascending)

∙ Voxel size: 3 × 3 × 3.3 mm

∙ Matrix size: 64 × 64

∙ FOV: 192 × 192 mm

∙ Duration: 10 min

Abbreviations: EPI, echo-planar imaging; FOV, field of view; GRE, gradient echo; SE, spin echo; TE, echo time; TR, repetition time; TSE, turbo spin echo.

ear, a conductive agar solution was prepared at Site 1. For this,

20 mL of purified water, 0.15 g of salt, and 0.15 g of agar were

mixed in an Erlenmeyer flask, covered with foil, and kept on a

hot plate until cooked. The cooled agar preparationwas filled into

a plastic cylinder with open ends on both sides. One side of the

agar tube was then attached to the right cymba conchae of the

pilot participant. The titanium electrodes of the stimulator were

then attached to the other side of the tube. Thus, current from the

activated stimulator could flowdue to the conductive preparation,

while any potential heating at the electrodes would be prevented

from reaching the skin.

Artifact measurements at Site 3 took place after the measure-

ments at Site 1 and Site 2. Hence, safety in terms of potential

temperature increases had been established, and the earpiece was

placed directly on the ear, with the two titanium electrodes being

placed in the cymba conchae.

2.5 MR Image Acquisition

A full overview of the sequence parameters for all sites is provided

in Table 1. MRI data at Site 1 were acquired using a 3T Siemens

Prisma scanner (Siemens, Erlangen, Germany) equipped with

a 64-channel RF head receiver coil as well as a built-in body

transmit coil. To induce a high RF load in the phantommeasure-

ments, we used a turbo spin echo (TSE) sequence that ran with

97% of the allowed SAR (TR: 1.5 s, TE: 0.103 s, flip angle: 180◦,

measurement time: 6 min). To evaluate potential temperature

increases within realistic operational conditions for functional

measurements, we further used a multiband-accelerated echo-

planar imaging (EPI) pulse sequence (University of Minnesota

Center for Magnetic Resonance Research, CMRR EPI; TR: 1.4 s,

TE: 0.03 s, multiband factor: 4). Finally, we evaluated potential

temperature increases for measurements in a human participant

using the same TSE sequence described above for phantom-based

measurements.

MRI data at Site 2 were acquired using a 3T Siemens Skyra

scanner (Siemens, Erlangen, Germany) equipped with the built-

in body transmit coil. To induce a high RF load in the phantom

measurements, we used a TSE sequence (TR: 4.82 s, TE: 0.013 s,

flip angle: 169◦, measurement time: 15 min). To capture the full

breadth of artifacts in a phantom, we used a spin echo (SE)

sequence (TR: 0.1 s, TE: 0.015 s), which is more sensitive to

conductivity artifacts, and a gradient echo (GRE) sequence (TR:

0.5 s, TE: 0.02 s), which ismore sensitive to susceptibility artifacts.

MRI data at Site 3 were acquired using a 3T Siemens Trio scanner

(Siemens, Erlangen, Germany) equipped with a 32-channel RF

head receiver coil as well as a built-in body transmit coil. To

evaluate artifacts due to current flow along the stimulator cable

within realistic operational conditions for measurement in a

human participant, we used an EPI sequence (TR: 2.66 s, TE:

0.03 s, flip angle: 77◦, measurement time: 10 min) with 40 slices

covering the whole brain.

2.6 Phantom fMRI–taVNS for Temperature
Measurements

For Site 1, we acquired a 10-min reference measurement without

an active sequence to evaluate baseline temperature fluctuations

of the electrodes within the static magnetic field. After this,

we ran a localizer and positioned the slices over the electrodes

attached to the phantom. Then, we acquired a 2-min baseline

measurement before running the TSE sequence for 7 min, fol-

lowed by another 2 min of baseline recording. This measurement

was then repeated with an active current running through the

cable. For this, we set the stimulator to 1.1 mA and activated the

stimulation prior to starting the 2-min baseline recording.

For Site 2, we first acquired a 20-min reference measurement

without an active sequence to evaluate baseline temperature

fluctuations of the electrodes within the static magnetic field.

After this,we ran theTSE sequence for 15minwithout active stim-

ulation, followed by a third measurement block of 15 min with

5 mA continuous stimulation during TSE sequence acquisition.

For brevity, we only detail the sequences underlying the results

reported in the main text here. The full list of MR sequences and

the respective temperature trajectories can be found in Table 1.

10 of 17 Journal of Neuroimaging, 2025

 1
5

5
2

6
5

6
9

, 2
0

2
5

, 6
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/jo

n
.7

0
0

9
8

 b
y

 D
eu

tsch
es Z

en
tru

m
 fu

r N
eu

ro
d

eg
en

era E
rk

ran
k

u
n

g
en

 e. V
. (D

Z
N

E
), W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

7
/1

1
/2

0
2

5
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n

lin
e L

ib
rary

 fo
r ru

les o
f u

se; O
A

 articles are g
o

v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



2.7 Human taVNS–fMRI

At Site 1, we first acquired a 2-min reference measurement

without an active sequence to evaluate baseline temperature

fluctuations of the electrodes within the static magnetic field.

Then, we ran a localizer and positioned the slices over the cymba

conchae of the ear before starting the stimulation, with the

current intensity set to 1.1 mA. Finally, during active stimulation,

we acquired a 2-min baseline measurement before running the

TSE sequence for 7 min, followed by another 2 min of cool-down

recording.

At Site 3, we ran a localizer and positioned the slices to cover

the full brain before starting the stimulation, with the current

intensity set to 0.1 mA. We ran the EPI sequence for 10 min, once

with the unmodified cable and once with the modified cable.

2.8 Temperature Measurements

Tomeasure temperature at Site 1, we used anOpSens temperature

signal transducer and three fiber optic temperature sensors.

Temperature was recorded using SoftSens version 2.23.0 (Opsens

Solutions, Québec, Canada). For phantom-based measurements,

we attached one sensor to each of the titanium electrodes of

the stimulator, while the third sensor was placed above the

electrodes on the phantom and served as a reference (Figure 1B).

Padded electrode covers, provided by the manufacturer, were

soaked in ASTM 2182 gel and used to firmly position the

temperature sensors to the electrodes. All cables (for stimulation

and temperature recording) were placed along the right side of

the phantom at the level of the ear’s cymba conchae (Figure 1D).

Formeasurements in the human participant, the reference sensor

was placed on the sheet that was covering the participant, on the

left side of the upper body. The other two sensors were attached

to each of the titanium electrodes (i.e., identical to the phantom

measurements). For each temperature sensor, we determined the

temperature offset (left electrode: 1 K, right electrode: 0.5 K,

reference: 1.1 K). During measurements, we accounted for all

offsets in the SoftSens recording software.

Site 2 used an OPTOcon GmbH FOTEMP4-16 temperature signal

transducer with four fiber optic temperature sensors. One sensor

was attached to each of the titanium electrodes of the stimulator

unit (Figure 2A). A third sensor was attached to the cable, while

a fourth sensor, placed in the gel of the phantom, served as the

reference.

To obtain accurate values for maximum temperature increase

at the electrodes for each measurement condition, we corrected

the time series of temperature readouts for different sources

of drift in our analyses. To account for baseline temperature

in each channel, we used the baseline measurements acquired

within the static magnetic field (without an active sequence or

stimulation) and subtracted the average baseline temperature

of each channel from the respective channel’s measurements

derived under Average and Maximum Load conditions. To fur-

ther account for slow drifts in the temperature of the ASTM 2182

gel over time, we used the temperature measurements derived

from the reference channel in each measurement condition and

ran a linear regression predicting the trajectory of temperature

measurements in this channel by time to capture slow linear

increases. We then subtracted the predicted values from each

channel to obtain the final temperature trajectories.

2.9 Characterization of Artifacts

Distortion and signal loss artifacts from the titanium electrodes

could affect the MR signal in brain regions of interest, includ-

ing brainstem nuclei located about 4 cm from the electrodes.

Therefore, we performed additional artifact measurements at Site

2. Artifacts were evaluated according to ASTM 2119 standard

specifications. This resulted in collecting the following: (1) MR

image of the phantom with reference structure, without test

object; (2) MR image of the phantom with reference structure

and test object (switched off); (3) MR image of the phantom

with reference structure and test object (continuous stimulation,

5 mA); and (4) repetition of all images with reversed phase/read

encoding direction. First, we calculated difference images by

subtracting the reference images from those with the electrodes

and normalized these images to the reference. To boost edge

detection, all voxels with an intensity <0.3 were set to zero and

all voxels with an intensity ≥0.3 were set to 1. The electrodes

were approximated as cylinders with dimensions of 3.9 × 11.75

mm2, and the artifact diameter was determined by measuring

the distance between the edge of the electrodes and the last

voxel of the artifact in the MR images. Then, the electrode size

was subtracted from the artifact diameter. For each sequence

separately, we took the largest value based on this method as

the artifact size. Given the sequence parameters, reported artifact

sizes include an uncertainty of 2 ×
160 mm

256
= 1.25mm.

3 Results

3.1 Temperature Measurements Across
Conditions and Stimulation Current Loads

Using a TSE sequence and active stimulation prior to modifica-

tions with an average stimulation strength of 1.1 mA applied to

a phantom (data from Site 1), we measured the highest overall

maximum temperature increase of 1.95 K (Figure 5A). With the

FCTs added to the stimulator cable (Site 1, Average Load condi-

tion), we measured a maximum temperature increase of 0.1 K (∆

max. temperature modified − unmodified = −1.86 K; Figure 5C). Using a

similar TSE sequence (see Table 1), a stimulator cable equipped

with FCTs, and active stimulation at the maximum stimulation

strength of 5 mA (Site 2, Maximum Load condition) applied to a

phantom, the maximum temperature increase was 1.51 K

(∆max. temperaturemodified − unmodified =−0.44K; Figure 5B).Using

the same sequence, a stimulator cable equipped with FCTs,

and active stimulation at the average stimulation strength of

1.1 mA (Site 1, Average Load condition) applied to the human

ear, we measured the overall lowest maximum temperature

increase of 0.06K (∆max. temperaturemodified − unmodified =−1.89K;

Figure 5D). To assess potential temperature increases within

realistic operational conditions for functional measurements,

we also measured temperature increase using a multiband-

accelerated EPI sequence, a stimulator cable equipped with

FCTs, and active stimulation at the average stimulation strength

of 1.1 mA (Site 1, Average Load condition) applied to a
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FIGURE 5 Modification of the cable attenuates the stimulation-induced temperature increase. All panels show temperature relative to the start

of the measurement in K for the right (Electrode 1, green), left (Electrode 2, red), and reference (blue) temperature sensors. Areas shaded in gray

mark periods during which no active sequence was run. White areas reflect the active turbo spin echo (TSE, A–D) or echo-planar imaging (EPI, E)

sequence. The temperature change in Electrode 1 approaches the limit of a 2-K increase (red dashed line) for the unmodified cable (A), but themaximum

temperature increase for the modified cable under maximum load (5 mA) was 1.51 K (B). Under average load (1.1 mA), none of the temperature change

trajectories for the modified cable exceed an increase of 0.1 K. This is true for both a turbo spin echo sequence in phantom-based (C) or human-based

measurements (D), and for measurements using an echo-planar imaging sequence in a phantom (E).

phantom and found a maximum temperature increase of 0.03 K

(Figure 5E).

3.2 Phantom-Based Assessment of Artifacts at
the Stimulation Electrodes

For the GRE sequence with no active stimulation, we observed a

maximum artifact size of 10.4mm (±1.25mm).With active stimu-

lation (continuous stimulation, 5 mA), themaximum artifact size

was 10.1 mm (±1.25 mm) and fell within the range of uncertainty

for the measurement. Hence, active stimulation did not affect the

size of the artifact (Figure 6). For the SE sequence without active

stimulation, we observed an overall smaller maximum artifact

size of 4.9 mm (±1.25 mm). With active stimulation, observed

artifacts increased in size, with amaximumartifact size of 5.9mm

(±1.25 mm), once again falling within the range of uncertainty for

the measurement.

3.3 Assessment of taVNS Artifacts During
Functional Imaging of the Human Brain

With the unmodified cable and stimulation intensity set to

0.1 mA, we observed distortions in mid- and hindbrain regions

containing main areas of interest for taVNS research such as

NTS, LC, or the dopaminergic midbrain. Using the modified

cable and the same stimulation intensity setting of 0.1 mA,

image quality was recovered in all areas previously affected

(Figure 7A). We calculated temporal signal-to-noise ratio (tSNR)

for the intracranial volume to quantify the extent of distortion.

For functional MR data acquired using the unmodified cable,
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FIGURE 6 Modification of the cable does not affect image quality. The ear electrodes were examined at Site 2 (University ofMagdeburg) according

to standard testingmethods for evaluation ofMR image artifacts from passive implants (ASTM 2119, ASTM International) with andwithout active taVNS

stimulation (continuous stimulation, 5 mA). The increase in artifact size from inactive to active stimulation is marked in red. The extent of artifacts was

measured concurrent to gradient echo (A and B) and spin echo (C and D) sequence acquisition. ASTM, American Society for Testing and Materials.

we measured a mean tSNR of 77.74 (range = 5.86–304.81), which

was well below the mean tSNR of 145.30 (range = 4.94–515.89)

measured using the cable modified with FCTs (Figure 7B).

4 Discussion

To explore more precise neurostimulation applications in

research and for clinical applications, investigating the effects

of taVNS on changes in brain activation with fMRI has rapidly

gained traction [3, 25, 32, 35, 46]. However, a current lack of

detailed guidelines on how to safely implement concurrent

taVNS–fMRI without harming people or equipment precludes

the widespread use of this technique by imposing unnecessary

burden for the approval of new studies. Therefore, we present a

modification for an fMRI–taVNS setup that prevents excessive

RF-induced heating and reducesMR artifacts to a level that poses

no threat to image quality in taVNS–fMRI studies.

Fixing RF chokes to cables operating within RF transmitting

fields, such as the MR environment, is a standard approach to

attenuate RF current flow, resulting in reduced heating of the

component and an improved signal-to-noise ratio [47]. However,

the retroactive fitting of RF chokes to commercial devices is

commonly seen as difficult because the chokes need to be in

direct electrical contact with the cable shield. To this end, the

protective coating needs to be opened, which can lead to loss of

manufacturer approval. In contrast, FCTs do not require a direct

electrical connection while still attenuating the RF frequencies in

the MRI’s spectrum [48, 49]. Following the instructions in Seeber

et al. [45], FCTs can easily be produced by qualified technical

research staff and can be freely positioned on the cable to match

the specific RF wavelength of an MRI scanner. Hence, FCTs are

easily adaptable to local MRI setups and solve common problems

with approval when attempting to retroactively modify commer-

cial stimulation devices for improved reduction of RF-induced

currents and subsequent heating of components.

To assess the effectiveness of our modification in reducing RF-

induced heating at the electrodes of a transcutaneous vagus

nerve stimulation device, we ran temperature measurements in

phantoms and a human participant contrasting unmodified and

modified stimulator cables under different stimulation strengths.

Approaching the limit of a 2-K temperature increase specified by

the ASTM F2182 standard, we observed a maximum temperature

increase of 1.95 K in the unmodified cable under theAverage Load

condition using a phantom. In this condition, the stimulator was

producing a stimulation strength of 1.1 mA, which is commonly

used in behavioral taVNS studies [21]. As expected, adding FCTs

to the cable resulted in decreased heating. Compared to the

unmodified cable, we observed a 95% decrease in RF-induced

heating using a phantom and a 97% decrease for the human

participant.

Still, as the stimulator produces a maximum stimulation strength

of 5 mA, it cannot be ruled out that higher stimulation intensities

would exceed the threshold of 2 K. However, operating the

stimulator at the maximum stimulation strength of 5 mA with

FCTs attached in a phantom resulted in a temperature increase

of 1.51 K, which was 22% lower than what we observed using

the unmodified cable under average load and well below the

threshold laid out in the ASTM F2182 standard. It is important to

note that the setups differed in terms of the MRI scanner models,

specific sequence parameters, and the number of FCTs added

to the stimulator cable between Site 1 and Site 2, as the exact

specification needs to be tailored to the local MR environment.

For example, Site 2 used three FCTs spaced λ/4 apart, while Site

1 used four FCTs spaced λ/10 apart. The observed difference in
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FIGURE 7 Modification of the cable attenuates distortions in mid-

and hind-brain regions. (A) Artifacts in functional MR imaging were

assessed by comparing an unmodified cable to a modified cable equipped

with floating cable traps at Site 3 (University of Bonn). With the stimu-

lation strength set to 0.1 mA (lowest possible setting of the stimulator)

and using the unmodified cable (left column), distortions (red-framed

insets) affected mid- and hind-brain regions, including target regions

relevant for human taVNS research such as the nucleus tractus solitarius,

locus coeruleus, thalamus, or dopaminergic midbrain. Using the same

stimulation setting with the modified cable (right column), distortions in

the same areas were attenuated, and image quality was restored (green-

framed insets). (B) Calculating temporal signal-to-noise ratio to quantify

the extent of distortion, we found a mean temporal signal-to-noise ratio

(tSNR) of 77.74 (range = 5.86–304.81) for the unmodified cable (red),

which was well below the mean tSNR of 145.30 (range = 4.94–515.89)

measured using the cable modified with floating cable traps (green). The

insets on the right side show the respective tSNR maps overlayed on a

standard brain in MNI space.

heating between the sites could be due to these differences in FCT

configuration as well as the stimulation settings used at Site 2 (5

vs. 1.1 mA), which might have led to increased resistance in Site

2. Still, adding FCTs to the stimulator cable compared to using

a nonmodified, vendor-supplied cable resulted in a stimulation-

induced temperature increase below the relevant 2 K threshold at

both sites.

While we acquired most of our measurements using a TSE

sequence with high RF load, we also assessed phantom-based

temperature changes for an EPI sequence, which is more com-

monly used in functional neuroimaging studies. Crucially, for

this use case, which is closer to realistic operational conditions,

we observed the lowest temperature increase of 0.03 K. We

conclude that our modification results in a reliable reduction

of RF-induced heating below the critical threshold of 2 K,

with the most substantial reduction in heating recorded for

an EPI sequence that is most commonly used in taVNS–

fMRI.

To successfully measure taVNS-induced changes in brain signal-

ing, limiting the size of MR artifacts resulting from the stimu-

lation electrodes is decisive, as early studies passing the cable

through the waveguide without further modifications reported

clear interactions between the setup and RF field, resulting in

visible artifacts [21, 23]. Core brain regions of interest for taVNS,

such as NTS [50] or LC [51, 52], are located in the brainstem,

about 40 mm from the electrodes. Hence, we first assessed the

size of MR artifacts at the earpiece of the stimulator following the

ASTM2119 standard specifications. Using themodified cablewith

the maximum stimulation strength of 5 mA, we compared the

active stimulation condition with no stimulation and observed a

maximum artifact size of 10.4 mm. This is well below the 40 mm

characterizing the distance to brain areas of interest, even when

taking the measurement uncertainty of 1.25 mm into account.

Importantly, we tested for two common sources of MRI artifacts

from metallic objects: (1) conductivity artifacts, or local mag-

netic field distortions due to additional magnetic field gradients

induced by the interaction between rapidly changing magnetic

field gradients and conductive materials, and (2) susceptibility

artifacts referring to distortions or signal loss due to profound

differences in the degree to which a material itself is magnetized

in the magnetic field of the MRI scanner [53]. We employed both

SE and GRE sequences to fully evaluate the potential for artifacts,

as these sequences show different sensitivities regarding the two

artifact types [54, 55].

Still, EPI sequences with multiband acceleration—which are

more commonly used in functional MRI studies—can show a

further increased sensitivity to susceptibility artifacts due to their

rapid acquisition of multiple k-space lines during a single echo

acquisition [56–58]. Here, we calculated tSNR for the unmodified

compared to the modified stimulator cable based on functional

MRI recordings using an EPI sequence and active stimulation

in Site 3 (tSNR maps are available from: https://neurovault.

org/collections/WWPOEHQQ/). The mean tSNR nearly doubled

across the intracranial volume when going from the unmodified

cable (mean tSNR = 77.74) to the cable fitted with FCTs (mean

tSNR = 145.30). As the network of brain regions linked to the

NTS in the hindbrain extends toward midbrain and cortical areas

[3, 21], we further tested for MR artifacts induced by the active

stimulation in these downstream regions. Both hind- and mid-

brain regions were affected by substantial distortions when using

the unmodified cable, even with the stimulator set to the lowest

current strength available (0.1 mA). Using the modified cable,

distortions were attenuated, and image quality was restored.

Importantly, in contrast to the measurements analyzing artifacts

around the stimulation electrode, we compared the modified

to the unmodified cable under active stimulation here, which

14 of 17 Journal of Neuroimaging, 2025

 1
5

5
2

6
5

6
9

, 2
0

2
5

, 6
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/jo

n
.7

0
0

9
8

 b
y

 D
eu

tsch
es Z

en
tru

m
 fu

r N
eu

ro
d

eg
en

era E
rk

ran
k

u
n

g
en

 e. V
. (D

Z
N

E
), W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

7
/1

1
/2

0
2

5
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n

 W
iley

 O
n

lin
e L

ib
rary

 fo
r ru

les o
f u

se; O
A

 articles are g
o

v
ern

ed
 b

y
 th

e ap
p

licab
le C

reativ
e C

o
m

m
o

n
s L

icen
se



provides an explanation for the greater difference in artifacts

observed here.While active compared to no stimulation increases

artifact size slightly, our data indicate that adding FCTs to the

stimulator cable compared to using a nonmodified cable has a

far greater positive impact regarding the minimization of MR

artifacts. In sum, with our modified setup, artifacts around the

electrodes of the stimulator are small and pose no threat to image

quality, especially with the modification further attenuating

distortions in key regions of interest in a taVNS–fMRI study.

While the modification performed to our expectations, regard-

ing the reduction of RF-induced heating and the control of

MR artifacts, we would like to make researchers interested in

adapting this modification for their own setup aware of a few

limitations. First, we did not test the extent to which the set

stimulation parameters translate to the electrode contacts during

imaging, as the modification could alter the current strength

that reaches the electrodes. This could be tested by connecting

a resistor to each electrode and continuously recording the

current reaching the electrodes using an oscilloscope. In taVNS

studies, the stimulation strength is typically set individually,

using a stepwise procedure to identify the setting that results

in a subjective experience of mild, nonpainful prickling. In our

previously published registered report, which used the modified

stimulator cable [19], we did observe higher average stimulation

strengths (sham stimulation:M [range]= 3.69 [2.4–5]mA; taVNS:

M [range] = 3.59 [1.5–5] mA) compared to Frangos et al. [21].

While the nature of our data does not determine the primary

mechanism contributing to the temperature increase, the data

indicate that our modification results in a safe setup, even when

the maximum stimulation strength of 5 mA is applied. Likewise,

using the stepwise procedure ensures the same subjective expe-

rience during stimulation, even if the current generated by the

current source needs to be increased due to losses along the cable

that could be induced by the modification. Second, we would like

to point out that due to the independent nature of the validation

attempts, we only performed the temperature measurements

in a human participant using the Average Load setting. Still,

given that in all conditions the temperature was measured at the

electrode,which is themain point of contact between thematerial

suffering from RF-induced heating and the human skin, we

would expect a similar trajectory of temperature increase between

the phantom and a human participant when the modified cable

is used. Third, all measurements were performed using 3T MRI

scanners and taVNS stimulators with a predefined range of

current loads that have been established as the gold standard in

the field. The trajectories of temperature change as well as artifact

occurrence might differ in higher field strengths or with higher

current loads that can be provided by general transcutaneous

electrical nerve stimulation devices. As the capacitors in the

FCTs are commonly tuned to the Larmor frequency of the local

MRI scanner, our modification can be tailored to other setups

including MRI scanners with higher field strengths [59], so

independent groups can implement the samemodification before

verifying that changes in temperature and the extent of artifacts

are still within safe limits.

Taken together,we show that adding FCTs to the cable connecting

a taVNS stimulator with the electrodes (1) reduces RF-induced

heating back to safe levels, (2) does not add artifacts around

the electrodes that could hamper image quality, and (3) even

improves the signal-to-noise ratio in hind- and midbrain regions

of interest for taVNS–fMRI studies. FCTs are easy to produce by

qualified technical research staff following published guidelines

and can be installed on the cable without opening the coating,

thus preserving manufacturer approval. Hence, our modification

enables the safe use of taVNS with fMRI while simultaneously

improving functional neuroimaging quality.
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