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Cardiac activity measurement from video signals of the
human skin in ultra-high-field magnetic resonance imaging

Nicolai Spicher!?

Abstract: Ultra-high-field magnetic resonance imaging (MRI) with field strengths > 7 Tesla comes
with many benefits concerning image quality such as increased signal-to-noise ratio (SNR) as well as
high spatial and temporal resolution. However, there are still many technical challenges encountered,
impeding its full potential. For example, conventional contact-based methods for cardiac monitoring
and triggering such as pulse oximetry and electrocardiography are limited by an increased error rate
at higher field strengths. In this paper, we give an overview on our works in developing video-based,
contact-free, real-time methods to overcome these limitations based on recent findings in remote
vital sign measurement.
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1 Motivation and problem statement

MRI is an established medical imaging modality that allows for obtaining an accurate de-
piction from the inside of the human body without the application of ionizing radiation. If
not handled correctly, physiological motion from cardiac activity can reduce image qual-
ity significantly. In clinical practice, the conventional way to reduce these effects is by
incorporating pulse oximetry (PO) or electrocardiography (ECG) for image acquisition
(triggering”) according to the heart beat of the patient: Images are acquired at the same
phase of consecutive cardiac cycles and therefore the object in the image (e.g. an artery) is
always at an approximately similar position and the image is free of motion artefacts.

ECG uses electrodes attached to the skin for measuring the electrical activity of the heart.
In contrast, PO measures the cardiac activity indirectly by detecting changes in blood vol-
ume. The probe passes light throughout the finger or earlobe and measures the transmitted
light intensity, resulting in a photoplethysmogram (PPG). However, both contact-based
approaches are limited by several constraints: The PO probe is susceptible to motion arte-
facts, its application areas are limited, and during long-time examinations the perfusion
of the hands can decrease so far that the signal is lost. ECG is more robust to patient
movement, but their placement requires medical staff. In addition, magnetohydrodynamic
effects falsify ECG measurement, especially during ultra-high-field MRI [Sn09]. In this
context, a 12-lead ECG in combination with independent component analysis [Kr13], and
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Fig. 1: Cardiac activity measured from a subject using a conventional PO probe (black curve) and a
video signal recorded with a MR-compatible camera (gray curve). The latter is obtained by comput-
ing the mean pixel intensity in a ROI positioned on a volunteers forehead over time. Red dots mark
trigger points that were determined from PO by the MR vendor-provided software and were sent to
the scanner for image acquisition.

an optical microphone [Fr10] have been proposed which achieve promising results, but
also increase patient preparation time significantly.

2 Problem solving approach

Recent findings in remote vital sign monitoring have shown that the cardiac activity can
be estimated from videos of the human skin recorded with video cameras under ambient
illumination [ST16]. The measured intensity variations of the skin contain a subtle signal,
resulting from dermis deformation caused by transmural arterial pressure changes, which
is similar to a PPG measured by PO [Kal5]. Due to the subtleness of this video-based
PPG (vPPG), which can not be perceived by naked eye, it is common to increase SNR
by examining a spatially pooled region-of-interest (ROI) instead of single pixels. Fig. 1
displays this kind of signal and a PPG obtained in parallel by conventional finger PO. As
can be seen, both signals are similar although the SNR of the vPPG is significantly lower.

We pursue to transfer this video-based and contact-free technique for cardiac activity esti-
mation and apply it to subjects undergoing ultra-high-field MRI examinations with the
aim to overcome the described limitations of contact-based hardware. However, many
methods from literature cannot be used without adjustments in this context because (1)
MR-compatible cameras have a significantly lower performance than most off-the-shelf
digital cameras, (2) real-time processing of the video signal is required, (3) patients under-
going examinations are potentially not cooperative or not able to avoid movement, and (4)
the illumination conditions inside the MR bore are poor which additionally reduces video
quality.
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3 Related work

To the knowledge of the authors, in 2005 Wieringa et al. were the first that acquired a
remote VPPG using a camera and designated LED illumination [WMvO05]. Subsequently,
Takano [TO06] and Verkruysse [VSNO8] were the first that by made use of this signal for
vital sign monitoring with ambient illumination only by analyzing pooled pixel intensi-
ties in a ROI over time and performing spectral analysis for heart rate (HR) measurement.
Considering the visualization of the vPPG signal, Kamshilin et al. proposed an algorithm
for the pseudo-colors visualization of the blood perfusion [Kall] and Wu et al. proposed
an algorithm called “Eulerian Video Magnification” (EVM) for the amplification of sub-
tle motions in videos that can be used to photo-realistically visualize the flow of blood
[Wul2]. Recently, elaborate algorithms for HR estimation from vPPG signals recorded
with color cameras in fitness [dJ13] or office settings [MGP14, WSd15] have been pre-
sented.

Due to the highly specialised character of applying this methods in MRI, the body of
research is rather small in this field. Yang et al. estimated the HR of a subject in a mock
MRI scanner but applied a conventional digital camera and did not measure a ground truth
modality as reference [Yal4]. Maclaren et al. applied an MR-compatible camera inside the
MR bore with additional illumination from an LED. They processed the obtained videos
offline by using frequency filtering in order to obtain the vPPG signal as well as respiratory
information [MAB15] [Mal4]. Pulse oximetry and a respiratory belt were used as ground
truth and closely resembled the filtered vPPG signals.

4 Research plan

In the following, we denote a signal, obtained over time ¢ by mean pixel computation
in a ROI centered on human skin, vPPG. It exhibits subtle color intensity variations that
can be roughly approximated as a cosine wave with frequency f, associated to the HR,
and phase ¢. This sinusoid allows to approximate the stages of the cardiac cycle from the
outflow of blood (low mean value in ROI) to the influx of blood (high mean value), and
the reoccurring outflow of blood (low mean value). However, due to the subtleness of this
signal, it is considerably degraded by noise N(¢) introduced by the patient (e.g. motion
artefacts) and noise M(r) introduced by the limitations of the used camera:

VvPPG(t) ~ cos(2mft+ @)+ N(t) +M(t) (1)

We seek to estimate f and ¢ and use them for two tasks: HR monitoring of subjects
undergoing MRI examination and computation of trigger points for MR image acquisition.

S Preliminary results and current status

Inspired by the works from Wu et al. [Wul2], initial experiments began in 2014. Since
then, the experimental set-up as well as the algorithms have been revised extensively:



2002 Nicolai Spicher

Fig.2: Current camera set-up applied to a volunteer (A) outside
the MR bore with the patient table in home position. The custom-
build stand (B) holds the low-speed (C) and high-speed (D) MR-
compatible cameras. The set-up can be applied inside the bore
without modification.

Set-up  As initially no MR-compatible camera was available at the 7T MRI site, prelim-
inary experiments were conducted using an off-the-shelf camera (RGB, 640x480, 30 FPS)
outside the 7T scanner bore and using a MR-compatible camera (B/W, 720x576, 25 FPS)
during a routine 3T MRI examination on a volunteer. In both cases, the ROI was centered
on a the volunteers’ finger and no particular illumination instead of room lighting was
used [Sp14]. We observed that (1) the SNR of vPPG is rather low on the finger, (2) the
low illumination inside the MR bore reduces SNR additionally, and (3) the subjects tend
to move the finger.

Hence, when the MR-compatible camera (B/W, 720x576, 25 FPS) was available at the 7T
site, we built a stand that was used to install the camera above the well-perfused subject’s
head. Additionally, a video projector was placed at the end of the MR bore and used to
provide illumination [Spl5a] [Sp15b]. Recently, we added a high-speed MR-compatible
camera prototype (up to 1076 FPS) to the set-up which allows us to evaluate the perfor-
mance increase [Sp16]. Fig. 2 shows the current experimental set-up.

Algorithm Since beginning of the project, algorithms were developed using C++11 as
glue code, OpenCV'! for image processing, and ROOT? for mathematical computations.

We began our research using the EVM algorithm, which allows to magnify a certain fre-
quency range in videos [Wul2], as a starting point. We developed a real-time feasible
implementation that first estimates the subjects’ HR frequency and then magnifies it in
the videos using EVM. Videos were processed by our implementation, the vPPG signals
obtained from the magnified videos were compared to PO PPG acquired with the MR-
compatible probe and we observed that both signals correlated well [Sp14]. However, our
further research revealed that the EVM algorithm is occasionally vulnerable to Gibbs phe-
nomenon when using short video signals which prohibits to obtain accurate results for our
application that depends on current cardiac information.

Therefore, we decided to develop a more lightweight algorithm: A real-time algorithm
processing raw vPPG signals was developed that estimates f of the subject by detecting
the peak in the Fourier spectrum associated with the cardiac activity and then estimates ¢
of this component for trigger point computation [Sp15a] [Sp15b].

"'http://www.opencv.org/
2 https://root.cern.ch/
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Results Using this algorithm based on spectral analysis and the set-up shown in Fig. 2,
we first conducted a study with eight subjects in- and outside the MR bore using the algo-
rithm for HR estimation based on f. We compared its performance to ECG and PO which
suggests that the video-based approach is feasible but still inferior in accuracy compared to
contact-based methods. As results outside the bore achieved significantly better results, we
assumed that the illumination conditions inside the bore still pose a challenge for accurate
vPPG acquisition although we increased illumination by using a video projector [Sp15b].

For one volunteer, we used our algorithm for trigger point computation based on ¢ and
showed that our approach outperforms PO triggering in case of PO interference caused
by gradient vibrations during 7T MRI. However, vPPG SNR decreases during head mo-
tion and requires additional measures (e.g. motion correction) to increase performance
[Sp15a]. Recently, we applied the high-speed camera and investigated how accurately one
can approximate the PO PPG from vPPG. We observed that using a simple filtering tech-
nique, physiological peaks that are clearly visible in PO PPG (Fig. 1 low amplitude peaks
following the high amplitude peaks) but not in the raw vPPG can be made visible [Sp16].

Our current aim is to apply our video-based MRI triggering technique to a larger group of
subjects and compare its performance to contact-based methods.
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