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Abstract—Wearable sensors in the magnetic resonance imaging (MRI) environment enable the use of wearable devices
to monitor vital signs such as heart rate, respiration rate, blood pressure, temperature, and biochemical markers during an
MRI scan. Here, we demonstrate the efficacy of Bluetooth Low Energy (BLE)-enabled optical photoplethysmogram (PPG)
sensors at a low-field MRI strength of 0.55 Tesla. We evaluate the noise in a wearable device caused by eddy currents
from the rapidly switching MRI gradients, as well as the MRI noise and artifacts introduced by the BLE wearable into the
MR receiver. Our results show that a custom-made BLE PPG sensor can operate effectively during 0.55T MRI scanning,
providing precise (within 20ms) wireless monitoring of PPG with no observable effect on either the sensor signal or image
quality. These results are encouraging for future wearable sensing in the MRI environment.

Index Terms—wearable electronics, MRI-compatible wearables, low-field MRI.

[. INTRODUCTION

The development of wearable sensors is an emerging technology
that has significantly improved the ability to monitor physiological
signals while reducing discomfort for subjects [1]. These sensors are
used to detect clinically relevant signals such as heart rate [2], body
temperature [3], blood oxygen saturation [4], and cardiac signals like
electrocardiograms (ECG) [5]. This technology includes wearable
garments [6], wearable ECG devices [7], wristbands [8], watches
[9], and rings [10]. Using these devices during an MRI procedure
is desirable as they provide continuous, real-time monitoring of
vital physiological parameters while ensuring patient comfort due to
their wearable form factor [11]. MRI-compatible wearable sensing
is particularly valuable for interventional MRI [12]-[14], where
real-time physiological assessment is essential for patient safety
monitoring.

Despite the aforementioned advantages, most commercially avail-
able devices cannot be employed during MR imaging due to
compatibility issues. The electromagnetic emissions from the MR
scanner often induce unintended eddy currents in these devices when
subject to the encoding gradients and radiofrequency fields used for
excitation. [15]. These induced currents can be picked up by the
device’s circuit elements, and cause distortions in the true signal. The
use of circuits, such as receivers and amplifiers, has already been
shown to work inside the MRI environment, if they are designed
correctly [16], [17]. Bluetooth Low Energy (BLE) enables wireless
data transmission with low energy consumption allowing it to be
embedded in small wearable devices with small batteries, well suitable
for wearable health technology [18]. BLE has been previously shown
to operate satisfactorily inside the MR environment, specifically at
3T [19], [20] and at the ultra-low field strength of 0.178T [21].
Note that the evaluation at 0.178T utilized a dedicated extremity
MR scanner, which did not utilize high slew rates, and consequently,
the changing flux of the gradients was less likely to induce strong
eddy currents in the device. This work seeks to address this gap by
evaluating the compatibility of BLE within a 0.55T scanner equipped
with high-performance gradients and high slew rates. This analysis
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Fig. 1. Wearable sensor placement and positioning within the
0.55T MRI environment. (a) Positioning of the wearable during scan-
ning. (b) The sensor is placed under the left index finger of the
volunteer. (¢) The optical PPG sensor and circuit board components
are shown. The PPG sensor is interfaced with a Nordic nRF52832
system-on-chip, which streams data to a phone application.

will offer a detailed assessment of BLE’s compatibility for wireless
data transmission inside the MR environment, especially under high
slew rate conditions. Additionally, it will examine the impact of BLE
on the induced noise levels in the MR scanner, which is critical given
the inherently lower signal-to-noise ratio (SNR) associated with <
1.5T MRI systems.

In this work, we evaluate the performance of a custom-made,
handheld, small (25 mm x 25 mm), and low-cost (< $100) wearable
BLE device inside the MR environment. We observe identical cardiac
pulse signals from the wearable and the MRI scanner’s measurement
system, validating the wearable’s efficacy inside the MRI environment.

II. METHODS

The proposed device is shown in Fig. 1. A reflection-type
photoplethysmograph (PPG) sensor is used. The optical sensor,
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SFH 7050 (OSRAM), is interfaced with the nRF52832 Bluetooth
transceiver via a serial peripheral SPI interface [22], [23]. Red (660
nm) and NIR (950 nm) lights are used to collect PPG signals at a 50
Hz sampling frequency. A silicon photodiode of the SFH 7050 sensor
collects the reflection-mode optical signal. The device is powered by a
rechargeable lithium-polymer battery (3.7V, 80mAh), which provides
about 8 hours of continuous use in MRI settings. The wearable sensor
is designed with a small and ergonomic form factor to be comfortably
hand-held without the need for any affixing mechanisms. This design
ensures consistent placement during measurements while leveraging
the hand’s typical position away from isocenter.

The custom-made wearable acquires heart rate from the PPG
signal and measures skin temperature. The PPG and temperature data
are transferred using BLE technology to a compatible smartphone,
which displays these measurements in real time. Due to the lower
magnetic attraction forces in low-field MRI, the smartphone can
be safely placed in a corner of the room, outside of the 5-Gauss
field line. The wearable’s performance is compared to the optical
plethysmograph measurements of the Physiological Measurement
Unit (PMU) of the scanner. This reference sensor, typically used to
acquire electrocardiogram or PPG signals for cardiac and respiratory
gating, is MRI-compatible.

The system overview of the custom-made wearable sensor is
shown in Fig. lc. The operation of the wearable is evaluated
on a 0.55T MRI system (prototype MAGNETOM Aera, Siemens
Healthineers, Erlangen, Germany) equipped with high-performance
gradients (45 mT/m amplitude, 200 T/m/s slew rate). We performed
a comprehensive evaluation of the compatibility of the custom-made
wearable inside the MR environment, encompassing three key aspects.
First, we evaluated the impact of induced noise on the wearable due
to the changing magnetic fields produced by the scanner. Second,
we assessed the converse effect, determining if the BLE emissions
from the wearable create additional noise in the MR receiver. Finally,
to assess the wearable’s operation in a real-world setting, we tested
its performance during the scanning process by collecting PPG data
and comparing it with the Siemens PMU sensor. The PPG signals
from both sensors were obtained from a healthy volunteer, who
provided written informed consent under a protocol approved by our
Institutional Review Board.

A. Evaluation of the Induced Noise on the Wearable

MRI imaging relies on the use of imaging gradients for spatial
encoding. These gradients are superimposed on the main magnetic
field and effectively shift the resonance frequency of the spins
temporally and spatially. Since these gradients are switched on
and off up to several hundred times every second, they can cause
interference in nearby electronics by electromagnetic induction. The
rapidly changing magnetic flux created by these gradients through the
closed electrical paths of nearby circuits causes opposing currents to
flow [24]. In our case, these currents can combine with the photodiode
currents and contribute additional noise.

To evaluate the noise introduced by the imaging gradients and the
excitation RF fields on the custom-made wearable, the wearable is
placed on a water phantom, as shown in Fig. 2a. As the sensor
is operated in reflection mode, the water does not reflect light
back to the photodiode, thus only noise is obtained. The imaging
sequence consists of multiple 2D gradient echo sequences (GRE)

with resolutions 1x1x2 mm?® to 1x1x4 mm?, TR = 10 ms, TE =
4.62 ms, and readout bandwidth of 130 Hz/Pixel. While the scan is
underway, the wearable transmits data via BLE to the smartphone
located in the corner of the room.

B. Evaluation of the Induced Noise on the MR Scan by
the Wearable

The ferromagnetic materials inside the wearable distort the static
magnetic field. These distortions appear as signal voids in MRI
images. To evaluate these distortions, the above setup shown in Fig.
2a is used to obtain an image with the wearable attached to a water
bottle, and the acquired signal void area is analyzed. Since there
can also be interference by the BLE module with the MR receiver,
an image is obtained where the wearable is placed at the lower end
of the phantom, and this image is obtained again, but with the MR
wearable removed. The receiver noise is then compared in both cases
to assess if there is an effect from the BLE module.

a Noise measurement setup

Wearable
sensor

b Heart rate measurement setup

Wéarable

sensor \
L.‘ .

Reference
sensor

N\
Q& :"
K ]

y
7 :

N

»

Fig. 2. Wearable sensor testing in the MR environment. (a) Setup
for evaluating induced noise on the sensor caused by the MR gradients
and RF excitation pulses, as well as the noise induced in the MR
receiver by the wearable. The red circle indicates the location of the
wearable above the water phantom. (b) Setup for validating heart
rate measurements using the wearable sensor alongside the scanner’s
reference PMU sensor.

C. Wearable Sensor Operation During MRI

The operation of the wearable during MRI scanning is evaluated
against the performance of the reference MR-compatible PMU sensor.
The wearable sensor is held in the left hand between the index and
thumb, while the reference sensor is placed on the right index finger.
This setup is illustrated in Fig. 2b. While simultaneously recording
data from both sensors, an MR image of the spine is obtained. To
evaluate operation during high gradient slew rate sequences, such
as spiral imaging [25], a service sequence where the magnetic field
encoding gradients amplitude rises from 0 to the maximum amplitude
at a high slew rate is also performed during acquisition. The raw PPG
signals from both sensors are filtered with a 0.3-2.5 Hz bandpass

Authorized licensed use limited to: University of Southern California. Downloaded on January 14,2025 at 01:22:51 UTC from IEEE Xplore. Restrictions apply.

© 2025 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Sensors Letters. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/LSENS.2025.3528305

VOL. X, NO. X, AUGUST 2024

0000000

filter. Temporal alignment of both PPG signals is evaluated, and heart
rate (HR) is extracted by calculating peak-to-peak duration for every
heartbeat based on the peak detection algorithm by Python’s Peakdet
[26]. The accuracy of the sensor’s HR measurements relative to the
reference sensor was evaluated using the root mean square error
(RMSE) as follows: RMSE = ,[% Sy (i - )7,-)2 , where y; is the
reference sensor’s HR, §; is the wearable sensor’s HR, and » is the
number of samples.

I1l. RESULTS
A. Evaluation of the Induced Noise on the Wearable

Noise measurements obtained from the wearable attached to the
water phantom during imaging are shown in Fig. 3. Areas that are
shaded gray represent the time of active scanning. There was no
observed increase in the noise during the imaging process. The lack of
increased noise during scanning, including during the RF excitation
pulse, is due in part to the lower excitation power requirements of
lower field strengths [27].
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Fig. 3. Effect of the MR magnetic field gradients and RF excita-
tion energy on the wearable noise level. The black bar indicates
the obtained noise values and the blue shaded areas indicate areas
of slewing gradients. The blue segment indicates the periods when
the MRI scanner is active; the initial part (~ 3 ms)corresponds to
RF excitation, while the remainder represents the periods where the
gradients are slewing or maintaining a constant state. There is no
observed variation in the noise level of the wearable inside the MR
environment, even in areas where the gradients are slewing. Note that
signal amplitude is reported in arbitrary units because it depends on
device- and subject-specific factors, with the focus being on relative
peaks and troughs that indicate pulse activity.

B. Evaluation of the Induced Noise on the MR Scan by
the Wearable

The MR signal loss resulting from the ferromagnetic materials
inside the wearable is shown in Fig. 4a. There is a 15 mm signal void
as measured from the surface of the phantom, where the sensor is
placed. The results of the influence of the Bluetooth transmission on
the MR receiver are shown in Fig. 4b. There were no visible changes
in the images, and the profile of the image across the cross-section
did not show a change in noise level. Dark areas in the corners of
the image were used to analyze the noise variance relative to the
maximum signal amplitude. With the sensor active, this variance was
0.82%, and 0.83% without. This indicates that Bluetooth transmission
does not significantly affect MR receiver noise.

Sensor active

Signal
loss,
15 mm
from
device

Sensor removed

A

b Image profile

—— Active
—— Removed

w 2 v 9 o
s & & & 3
s 8 &8 & 8

Magnitude (a.u.)

N
S
3

.

0 50 100 150 200 250

Pixel number

Fig. 4. Effects of the wearable sensor on MR images. (a) Signal
loss due to ferromagnetic materials in the wearable casing, with a 15
mm signal loss from the device location. (b) Reconstructed images with
the sensor active and with the sensor removed. No visible differences
are observed in the reconstructed images or in the image profile, as
shown in the profile view. The Imaging parameters were: Resolution =
1x1x2mm®, TR =10 ms, TE = 4.62 ms, and readout bandwidth
of 130 Hz/Pixel. Note that pixel values are reported in arbitrary units
because it depends on device- and subject-specific factors, with the
focus being on relative contrast rather than absolute values.

C. Wearable Sensor Operation During MRI

Recorded PPG waves from both sensors during MR scanning are
shown in Fig. 5a. The blue shaded areas indicate slewing gradients
due to MR imaging. The expected PPG wave is visible on both
sensors, with excellent alignment between the detected peaks. The
time difference between detected peaks (Tpreg — Trer) Was 20.2
ms (mean) = 13.8 ms (standard deviation). The calculated heart
rates from both sensors are shown in Fig. 5b. The heart rate from
the wearable exhibits less than 2.15 beats per minute (bpm) RMSE
compared to the reference sensor.

V. CONCLUSION

We demonstrate that a custom-made wearable sensor can operate
effectively during 0.55T MRI scanning, with no observable effect on
either the sensor signal or image quality. This allows accurate and
precise (within 20ms) wireless monitoring of cardiac pulse waves
during MR scans, even at high slew rates. There was an observed
signal loss of 15 mm from the location of the wearable. This does
not pose a problem as long as the sensor is positioned at least 15 mm
away from the target imaging region. As the wearable is designed to
be held in either hand, this signal void is unlikely to pose a problem
in most clinical scenarios. For instance, during imaging of the hand,
the sensor can be held in the opposite hand. While the sensor was
not affected by the magnetic field gradients of the MR environment,
it exhibited high sensitivity to hand motion. Additionally, flickering
light from room fixtures interfered with the PPG signal, adding noise.
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Fig. 5. PPG and heart rate measurements from the wearable and
reference sensors. (a) The top graph shows the wearable PPG, and
the bottom graph shows the reference PPG. The PPG waves are
clearly visible, with detected peaks from both sensors aligned within
20.2 ms + 13.8 ms. (b) The heart rate measured during an MR
scan, obtained from the peak locations shown in a. The RMSE of the
wearable sensor with respect to the PMU reference sensor is less than
2.15 bpm. The blue shaded areas indicate times when the magnetic
field gradients are slewing.

The observed 20.2 ms bias between detected peaks is likely due to a
delay in timestamp generation by the mobile device. The next steps
are to address these issues for more seamless operation of the sensor.
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