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Abstract— Advances in cancer therapeutics have dramatically 

improved the survival rate and quality of life in patients affected 

by various cancers, but have been accompanied by treatment-

related cardiotoxicity, e.g. left ventricular (LV) dysfunction 

and/or overt heart failure (HF).  Cardiologists thus need to assess 

cancer treatment-related cardiotoxic risks and have close follow-

ups for cancer survivors and patients undergoing cancer 

treatments using serial echocardiography exams and 

cardiovascular biomarkers testing. Unfortunately, the cost-

prohibitive nature of echocardiography has made these routine 

follow-ups difficult and not accessible to the growing number of 

cancer survivors and patients undergoing cancer treatments. 

There is thus a need to develop a wearable system that can yield 

similar information at a minimal cost and can be used for remote 

monitoring of these patients. In this proof-of-concept study, we 

have investigated the use of wearable seismocardiography (SCG) 

to monitor LV function non-invasively for patients undergoing 

cancer treatment. A total of 12 subjects (six with normal LV 

relaxation, five with impaired relaxation and one with pseudo-

normal relaxation) underwent routine echocardiography 

followed by a standard six-minute walk test. Wearable SCG and 

electrocardiogram signals were collected during the six-minute 

walk test and, later, the signal features were compared between 

subjects with normal and impaired LV relaxation. Pre-ejection 

period (PEP) from SCG decreased significantly (p < 0.05) during 

exercise for the subjects with impaired relaxation compared to 

the subjects with normal relaxation, and changes in PEP/LV 

ejection time (LVET) were also significantly different between 

these two groups (p < 0.05). These results suggest that wearable 

SCG may enable monitoring of patients undergoing cancer 

treatments by assessing cardiotoxicity.  

I. INTRODUCTION 

Advances in early detection and cancer therapy have led to 
a sharp decrease (23%) in the cancer-related mortality rate 
from 1991 to 2012, with a corresponding rapid increase in 
cancer survivorship [1]. Unfortunately, patients undergoing 
cancer treatment and long-term cancer survivors remain at an 
elevated risk for a variety of cardiovascular toxicities, and 
cardiovascular disease (CVD) represents the main competing 
cause of death in cancer survivors across many primary 
malignancies [2, 3]. Previously, it was thought that only 
systemic chemotherapy and radiation therapy pose significant 
risks of cardiotoxicity. However, modern targeted cancer 
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therapies, including human epidermal growth factor receptor 2 
(HER2) inhibitors, tyrosine kinase inhibitors (TKIs), 
proteasome inhibitors, and immune checkpoint inhibitors, 
have all been associated with adverse cardiovascular events 
[4]. Cancer treatment-related cardiac toxicities include, but are 
not limited to, left ventricular (LV) dysfunction, heart failure 
(HF), coronary artery disease, myocardial infarction, 
hypertension, arterial and venous thromboembolism, and 
arrhythmias [5].  

LV dysfunction and/or overt HF are the most common 
cardiovascular complications with chemotherapy, occurring in 
approximately 10% of patients [6]. LV dysfunction generally 
remains asymptomatic for a prolonged period of time, but once 
symptomatic, the prognosis is one of the worst in the HF 
population [7]. The challenge thus remains to detect 
subclinical myocardial toxicity before it turns into 
symptomatic HF. LV dysfunction induced by cardiotoxic 
chemotherapies is defined by a greater than 10% decrease in 
LV ejection fraction (LVEF) to an LVEF value of less than 
53% [8]. Comprehensive assessments and follow-ups using 
echocardiography are, in general, carried out to monitor LV 
dysfunction in cancer survivors and patients undergoing 
cancer treatments [4].  

However, the high cost of echocardiography precludes its 
frequent and recurrent use for this large patient population. 
Therefore, it is necessary to develop a low-cost alternative that 
can yield similar information to clinicians for longitudinal 
monitoring of these cancer patients and survivors. 
Seismocardiography (SCG) [9] is one example of such non-
invasive cardiogenic signals that have proven merits for their 
ability to monitor LV function via estimation of health 
parameters such as the pre-ejection period (PEP) and LV 
ejection time (LVET) [10-12]. Researchers have used SCG to 
assess the clinical status of patients with HF doing standard 
exercise tests, e.g., a six-minute walk test [13-15]. For this 
reason, we are exploring the potential of using SCG signals to 
monitor LV function for patients undergoing cancer treatment, 
in which the pathophysiology of LV dysfunction may differ 
significantly from HF. To the best of our knowledge, no work 
has been reported to date regarding monitoring cardio-
oncologic patients using SCG. Fig. 1. Illustrates a conceptual 
diagram of a wearable system enabling longitudinal 
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monitoring of LV function and providing the 
clinicians/caregivers a relevant set of physiological parameters 
to remotely monitor these patients. This system can potentially 
alert caregivers to take necessary measures to address the 
cardiotoxic effect of cancer treatment. 

 In this work, we investigate features of SCG to assess LV 
dysfunction, comparing patients with normal and impaired 
relaxation. This study thus provides a proof-of-concept 
validation of the ability for an SCG based wearable sensor to 
monitor LV function for patients undergoing cancer treatment. 

II. METHODS 

A. Experimental Protocol 

We conducted this study under a protocol approved by the 
University of California, San Francisco and Georgia Institute 
of Technology Institutional Review Boards. A total of 12 
female subjects, who were undergoing cancer treatments for 
breast cancer, participated in this study (Age: 53±12, Weight: 
65±7 kg, Height: 160±4 cm and Ejection Fraction (EF): 62±6 
%). Board-certified cardiologists blindly evaluated the 
echocardiograms of the subjects and found that six of them had 
normal LV relaxation, five of them had impaired LV 
relaxation and one had pseudonormal LV relaxation. Out of 
these 12 subjects, all of them underwent chemotherapy, 10 
subjects underwent targeted therapy and 6 subjects underwent 
radiation therapy. The time difference between the start of the 
cancer treatments and this echocardiogram (followed by 
wearable measurements) was 1248±1623 days.    

 Fig. 2(a) shows the placement of the wearable sensor. To 
record SCG, we used an improved version of our previously 
developed wearable patch [16], which incorporates a 3-axis 
accelerometer, ECG sensing circuitry and environmental 
sensing (atmospheric temperature, pressure, and humidity). 
Fig. 2(b) shows the custom-built wearable patch hardware. For 
each subject, the patch was placed evenly between the 
suprasternal notch and xiphoid process on the mid-sternal line. 
The data from the patch was saved into an on-board SD card 
and later accessed via a PC to further analyze. Fig. 2(c) shows 
wearable SCG and ECG signals from one subject. 

Fig. 2(d) shows the outline of the protocol. First, patients 
were imaged using echocardiography to assess the LV 
function and overall cardiac assessment for the subjects, 
following standard guidelines [8] with trained sonographers. 
Then, the subjects were fitted with the wearable patch on the 
mid sternum and asked to stand as still as possible to record 
one-minute baseline wearable data. Following the baseline 
data collection, the subjects were asked to complete a standard 
six-minute walk test followed by two minutes of recovery 
while standing. The wearable data collection (rest baseline 
standing, walking, and recovery) elapsed approximately 10 
minutes and the time difference between echocardiogram and 
wearable measurements was 50±33 minutes. 

B. Sensing Hardware 

Echocardiography images were obtained using an iE33 
transesophageal echocardiogram (Philips, Amsterdam, 
Netherlands). Triaxial-SCG (axes: head-to-foot (HtoF), lateral 
(Lat), and dorsoventral (DV)) and the corresponding ECG 
were collected with an ADXL355 (Analog Devices, Norwood, 
MA) accelerometer, ADS1291 (Texas Instruments, Dallas, 
TX) for the ECG sensing and a BME280 (Bosch Sensortech 
GmbH, Reutlingen, Germany) for the environmental sensing. 
The patch has a diameter of 7 cm and a weight of 38.2 gm, and 
can record continuously for approximately 45 hours. ECG 
signals are sampled at 1 kHz, accelerometer signals at 500 Hz, 
and environmental signals at 20 Hz, and then saved onto a 
microSD card. A custom-built graphical user interface was 
used to access all the data on a computer and resample the 
accelerometer and environmental signals at 1 kHz to equate all 
wearable signal sampling frequencies. The wearable patch was 
synchronized with a computer, and the protocol’s events were 
timestamped according to that computer. These timestamps 
were later used to extract relevant signal portions for analysis.  

 

Figure 1. Concept of a wearable cardiovascular health monitoring 
system to enable remote longitudinal monitoring of cardiovascular 
toxicity related to cancer treatments by (1) recording wearable signals 
during daily life activities and exercise, (2) processing the signals and 
estimate relevant physiological variables and (3) enabling 
physicians/caregiver to intervene based on the longitudinal assessment 
of cardiovascular health (future work). 

 

Figure 2. (a) Illustration of a subject wearing the patch. (b) The front, 
back and inside view of the patch, with the circle showing the arrow 
facing towards the head of the subject. (c) Representative wearable 
signals from the patch. (d) An outline of the study protocol. *6MWT= 
six-minute walk test. 
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C. Signal Processing and Feature Extraction 

All the raw wearable signals were filtered with finite 
impulse response (FIR) Kaiser window band-pass filters (cut-
off frequencies: 0.5-40 Hz for the ECG, and 1-40 Hz for the 
SCG signals) to remove out-of-band noise without distorting 
the shape of the signals [12]. After filtering, we segmented the 
signals into 30-second windows for further processing. In each 
30-second window, we identified R-wave peaks in the ECG 
signal with a simple thresholding-based peak detection 
method, and SCG signals were segmented into individual 
heartbeats by using these R-wave peaks. We then cropped each 
SCG heartbeat to a window of 500 ms starting from the R-
peak. For all three axes of SCG, we computed ensemble-
averaged heartbeats [17] from all the individual heartbeats 
within each 30-second window. As a result, for each 30-
second window, we computed one ensemble-averaged 
heartbeat for each axis of wearable signals.  

 After the ensemble averaging steps, we extracted PEP 
(time difference between R-peak of ECG and aortic valve 
opening from SCGDV signals) and LVET (time difference 
between aortic valve opening and aortic valve closing from 
SCGDV signal) from averaged heartbeats during the baseline 
and recovery portions of the protocol only. We investigated 
the changes in PEP, LVET, and PEP/LVET from baseline to 
the first 30 seconds into recovery, between subjects with 
normal and impaired LV relaxation. We then analyzed the 
features (PEP, LVET, and PEP/LVET) to determine if we can 
assess clinical status (normal vs impaired LV relaxation) of the 
patients. We used unpaired t-tests to compare the wearable 
features between these two groups, assuming unequal 
variance. All the signal processing, feature extraction, and 
statistical tests were performed in Matlab 2018b®.  

III. RESULTS AND DISCUSSION 

Fig. 3 shows the ensemble average heartbeats of SCGDV 
signal for two representative subjects; one with normal and 
another with impaired LV relaxation during the last 30-second 
of baseline standing period and the first 30-second of recovery 
standing period. Fig. 4 shows the difference in trends of PEP, 
LVET and, PEP/LVET for two representative subjects; one 
with normal and another with impaired LV relaxation. In our 
analysis, subjects with impaired relaxation had a higher resting 

PEP (8718 ms for subjects with impaired relaxation 

compared to 6611 ms for subjects with normal relaxation, 
p=0.05) and lower resting LVET compared to subjects with 
normal relaxation. With impaired relaxation, LV end-diastolic 
volume (i.e., preload) decreases, which increases resting PEP 
[18]. With increased resting PEP and decreased resting LVET, 
subjects with impaired relaxation had higher PEP/LVET ratios 
compared to subjects with normal relaxation. Fig. 4 shows that 
PEP, LVET, and PEP/LVET ratio all decreases with exercise 
(with sharper changes in the case of subjects with impaired 
relaxation) and reverts to baseline values during recovery. Fig. 
5(left) shows the changes in PEP from baseline to recovery 
(from SCGDV) for both subjects with normal and impaired LV 
relaxation. Subjects with impaired relaxation have a 
significantly larger change in PEP (p<0.05) with the same sub-
maximal effort task, compared to subjects with normal 
relaxation. PEP has been used to assess cardiac contractility 
outside of clinical settings [19, 20], and changes in PEP from 
exercise can illustrate the ability of the heart to accommodate 
increasing cardiac demand for blood flow to the peripheral 
muscles. LV stroke volume is regulated by three factors: 
preload (i.e., LV end diastolic volume [EDV]), afterload, and 
cardiac contractility [21-23].  In healthy individuals during 
exercise, afterload increases such that increases in stroke 
volume can be achieved primarily by increasing preload 
(increasing LVEDV) and/or by increasing contractility [24]. 
Subjects with impaired relaxation cannot increase LVEDV as 
readily [25] and hence must increase cardiac contractility to 
increase stroke volume with exercise. Fig. 5(left) thus 
demonstrates that subjects with impaired LV relaxation 
increase their cardiac contractility (PEP∝1/(contractility)) 
significantly more compared to subjects with normal LV 
relaxation to accommodate similar exercise-driven cardiac 
demand.  

 

Figure 4. Trend of PEP, LVET, and PEP/LVET ratio between two 
representative subjects (one with normal LV relaxation and another with 
impaired LV relaxation), with the chronology of the study protocol. 
Wearable signals during rest and recovery parts of the protocol were 
analyzed only. Each feature point on the graph was computed from 
ensemble-averaged heartbeats from every ten-second non-overlapping 
windows in the SCGDV signal. This window was chosen for visualization 
only, whereas feature extraction for PEP and LVET was performed on 
ensemble-averaged heartbeats from thirty-second non-overlapping 
windows in the SCGDV signal. Green and blue arrows are showing the 
changes in respective features from the end of the rest baseline period to 
the initiation of the recovery period. 

 

Figure 3. Ensemble averaged heartbeats of SCGDV signals of two 
representative subjects: (top) with normal LV relaxation and (bottom) with 
impaired LV relaxation, during rest and recovery parts of the protocol.  
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 Fig. 5(right) shows that PEP/LVET changes significantly 
more (p<0.05) for subjects with impaired LV relaxation 
compared to subjects with normal LV relaxation. PEP/LVET 
is another measure used to assess cardiac contractility and 
overall LV function [10]. From this initial analysis, it can be 
concluded that patients with impaired LV relaxation modulate 
their ventricular performance significantly more compared to 
patients with normal LV relaxation to meet similar exercise-
driven cardiac demands in a sub-maximal task. Consequently, 
changes in PEP and PEP/LVET following exercise may be 
used to assess LV relaxation dysfunction for patients 
undergoing cancer treatment. These preliminary findings, 
however, need verification in a larger patient population that 
includes a variety of patients with various malignancies 
undergoing cancer treatments. 

IV. CONCLUSION 

In this work, we have demonstrated the potential of using 
SCG to assess the clinical status of patients with LV relaxation 
dysfunction, when monitoring cancer treatment-related 
cardiovascular toxicity in patients undergoing cancer 
treatment. This analysis shows the potential of using this 
wearable signal in longitudinal monitoring of cancer patients 
outside of the clinic, in their daily environment, to identify and 
to stratify risks with ongoing treatment. It may, in turn, 
improve the quality of life and the chance of long-term 
survival in cancer survivors. Future work should verify these 
preliminary findings in a larger patient population. 
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Figure 5. Bar plots of wearable features between subjects with normal 
(N=6) and impaired (N=5) LV relaxation: (left) changes in PEP, (right) 
changes in PEP/LVET from SCGDV following exercise. 
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