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Abstract

Heart rate is a crucial vital sign and a valuable indicator for assessing the physical and

psychological condition of a target animal. Heart rate contributes to (1) fundamental

information for cognitive research, (2) an indicator of psychological and physical

stress, and (3) improving the animal welfare of captive animals, especially in

nonhuman primate studies. Heart rate has been measured using a contact‐type

device; however, the device burdens the target animals and that there are risks

associated with anesthesia during installation. This study explores the application of

heartbeat measurement techniques using millimeter‐wave radar, primarily devel-

oped for humans, as a remote and noninvasive method for measuring the heart rate

of nonhuman primates. Through a measurement test conducted on two chimpan-

zees, we observed a remarkable correspondence between the peak frequency

spectrum of heart rate estimated using millimeter‐wave radar and the mean value

obtained from electrocardiograph data, thereby validating the accuracy of the

method. To the best of our knowledge, this is the first demonstration of the precise

measurement of great apes' heart rate using millimeter‐wave radar technology.

Compared to heart rate measurement using video analysis, the method using

millimeter‐wave radar has the advantage that it is less susceptible to weather and

lighting conditions and that measurement techniques for multiple individuals have

been developed for human subjects, while its disadvantage is that validation of

measurement from long distances has not been completed. Another disadvantage

common to both methods is that measurement becomes difficult when the

movement of the target individual is large. The possibility of noncontact

measurement of heart rate in wild and captive primates will undoubtedly open up

a new research area while taking animal welfare into consideration.
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1 | INTRODUCTION

Heart rate is a vital sign and an extremely important indicator for

understanding the physiological and psychological state of nonhuman

primates (Wascher, 2021; Whitham & Miller, 2016). Nonhuman

primates have been studied extensively to gain insights into the

evolutionary basis of human physical and psychological traits (Hirata

& Fuwa, 2007; Myowa‐Yamakoshi et al., 2012). In particular, heart

rate has three major research implications in primate studies.

First, heart rate is crucial for cognitive psychology. Psychological

research on animals has investigated the mechanisms by which

animals acquire, process, store, and act on information in their

environment (Shettleworth, 2001). One of the main difficulties faced

in cognitive research conducted on animals is that they might behave

differently in response to stimuli or fail to exhibit noticeable

behavioral changes in response to stimuli. However, physiological

changes in response to external stimuli, including changes in heart

rate, are strongly dependent on their perception (Veissier &

Boissy, 2007). Heart rate measurements can be useful for assessing

cognitive processes in response to stimuli in the environment

(Wascher, 2021). It is well established that emotional stimuli are

recognized to induce observable variations in human heart rate

(Darrow, 1929; Lacey & Lacey, 1974). For example, chimpanzees (Pan

troglodytes) actively participate in cognitive psychological experi-

ments, providing valuable insights into the cognitive evolution of

humans. In chimpanzees, the heart rate changes in response to

emotionally arousing images (Kano et al., 2016). Chimpanzees also

exhibit differences in heart rate changes when they encounter

familiar and unfamiliar humans (Boysen & Berntson, 1986), indicating

that they can discriminate between familiar and unfamiliar individuals

(Boysen & Berntson, 1989). Heart rate measurements can provide

additional fundamental information for such cognitive experiments

(cf. Sato et al., 2018).

Second, changes in heart rate are an indicator of psychological

and physical stress. Stress is defined as the sum of the defense

responses and disturbances that occur in the body in response to

various external stimuli (Selye, 1979). The addition of psychological

stressors causes sympathetic excitation and an increase in the heart

rate (Cannon & De La Paz, 1911). Previous research has measured

bioactive substances to assess medium‐ and long‐term stress levels

(Anestis, 2005). Measuring various hormones for evaluating an

individual's physical and psychological state over a medium‐ to

long‐term timeframe (i.e., the duration in which samples such as

feces, urine, and body hair are produced) is valuable (Preis et al., 2018).

However, the challenge lies in the limited availability of these

samples. Self‐directed behaviors, such as self‐scratching, have been

considered relatively short‐term stress indicators (Kutsukake, 2003;

but see Duboscq et al., 2016). Nonetheless, they fail to identify

stressors that may not be reflected in behavior. Heart rate, however,

can serve as an indicator of short‐term psychological stressors, as it

increases under high psychological load (cf. Wascher, 2021). In one

notable study, Aureli et al. (1999) observed a decrease in heart rate

during grooming in rhesus macaques (Macaca mulatta), indicating that

grooming can alleviate psychological stress. Additionally, heart rate is

positively correlated with metabolic rate, permitting inference of

physical load from heart rate variability (Halsey et al., 2019). In

mammals, the heart rate increases linearly with running speed

during exercise, and this change is dependent on body size

(Baudinette, 1978). In particular, empirical elucidation of the energy

budget of field primates is an important issue in animal ecology.

Although substantial knowledge has been accumulated on energy

acquisition in wild primates, such as foraging behavior and food

items, energy expenditure in these animals has not yet been

elucidated.

Third, heart rate plays a vital role in veterinary research and in

improving the animal welfare of captive animals. Heart disease is a

principal cause of mortality among captive great apes. (Murphy

et al., 2018). Signs that can lead to serious cardiac disease can be

identified through daily heart rate monitoring. In addition, the

physical condition of captive primates is largely dependent on the

artisanal observational skills of the keepers in charge. A noncontact

pulse monitoring system by regularly monitoring the heart rate that

might contribute to the education of new keepers, as skilled keepers'

abilities can be evaluated and generalized in the form of changes in

the physiological indicators of the target animals.

As mentioned earlier, understanding heart rate enables

unconventional analogies to the physical and psychological state of

the target animal, including behavior and physiologically active

substances. To date, it has been necessary to attach devices to

individuals to measure heart rate. However, attaching devices to

nonhuman primates is associated with several problems. First, the

attachment of the device itself could be a stressor. In addition,

primates, unlike municipal legged animals, can remove the device with

their hands (Koda et al. 1998). The animals need to be sufficiently

familiar with people and trained to tolerate wearing the equipment to

maintain its attachment (Boysen & Berntson, 1986, 1989). Alterna-

tively, anesthesia must be used to attach the device. However,

anesthesia is burdensome to animals and has a mortality risk because

of complications (Portier & Ida, 2020). Furthermore, exposure to

anesthesia can affect cognitive abilities in nonhuman primates (Walters

et al., 2019). Wearing devices might also affect the social relationships

of wild primates because of avoidance of the device by other

individuals. In addition, the weight of the worn device itself increases

energy consumption, making it more challenging to accurately measure

physical stress.

Alternatively, wearing devices to monitor heart rate may under-

mine the aforementioned research significance. To address these

challenges, it is essential to measure heart rate remotely and

noninvasively, without using any equipment.

2 | DESCRIPTION

The objective of the present study was to apply remote heart rate

measurement using millimeter‐wave radar technology, originally

developed for humans, in great apes. The measurement of
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physiological signals using millimeter‐wave radar has been developed

for capturing the minute movements of a target by illuminating a

signal with a frequency higher than 30 GHz and detecting the time

difference between the transmitted signal and echo signal that is

bounced back to the radar. Millimeter‐wave radar technology

captures subtle body surface movements associated with heartbeat

and breathing using high‐frequency radar, enabling the estimation of

vital information such as heart rate and respiration. Specific

algorithms are required to analyze the heartbeat and respiratory rate

accurately from a radar signal. Algorithms for analyzing the heartbeat

and respiratory rate from human body surface motion have been

established and are being improved (Sakamoto et al. 2015). The radar

frequency used in this study, namely the 79GHz band, is commonly

used in several countries for various applications, including automo-

tive collision avoidance, with limited radiation as stipulated by the

regulation norms of each country to avoid adverse effects to the

human body. Therefore, this technology could be employed

internationally to measure the heart and respiration rate of target

individuals while considering their welfare (cf. Takeda et al., 2000).

For example, VitaWatcher, which automatically detects a resting

human within approximately 5m and estimates respiratory and heart

rates from minute displacements of the skin surface, became

commercially available in 2021.

Millimeter‐wave radar is useful because it can penetrate clothing

and body hair and capture movement on the skin surface, and has the

advantage that it is less susceptible to weather and lighting conditions.

Millimeter‐wave radar technology has been successfully applied to

measure the respiratory rate of animals other than humans, including

horses (Equus caballus) (Matsumoto et al., 2022), cows (Bos taurus) (Tuan

et al., 2022), and rhesus monkeys (M. mulatta) (Sakamoto et al., 2023).

To the best of our knowledge, this is the first application of millimeter‐

wave radar technology to large apes and the first application of

millimeter‐wave radar technology to heart rate measurements in

nonhuman primates (a method for measurement of heart interbeat

intervals from body surface motion of chimpanzees was developed and

improved in experiments made on the same day by the same research

group as this paper and submitted after this paper, which has already

been published (Iwata et al., 2023)). Body surface movements associated

with respiratory rate are more defined than those associated with heart

rate, which have been studied frequently. In chimpanzees, which have a

large muscle mass, it is necessary to verify whether heart rate can be

analyzed in the same manner as in humans.

3 | EXAMPLE

The experimental protocol was approved by the Animal Experimen-

tation Committee of the Wildlife Research Center, Kyoto University

(WRC‐2022‐KS002A). The research adhered to the American Society

of Primatologists Principles for the Ethical Treatment of Nonhuman

Primates.

Measurements were taken on October 5, 2022, at Kumamoto

Sanctuary Wildlife Research Center, Kyoto University. The study

involved one adult male chimpanzee named Musashi and one adult

female chimpanzee named Nacky, both housed at Kumamoto

Sanctuary, Wildlife Research Center, Kyoto University (refer to

Table 1 for details). The experiments were conducted during the

annual health checks of the chimpanzees. Musashi was anesthetized

via intramuscular injection of ketamine hydrochloride (9mg/kg),

whereas Nacky was first orally administered droperidol (0.17mg/kg)

mixed with fruit juice for sedation, followed by intramuscular

injection of ketamine hydrochloride (9mg/kg).

A frequency‐modulated continuous wave radar system with a

center frequency of 79 GHz, a center wavelength of 3.8 mm, and an

occupied bandwidth of 3.9 GHz was used. The radar array consisted

of a multiple‐input multiple‐output (MIMO) array with three

transmitting and four receiving elements. The individual radar array

elements had beamwidths of plus and minus 4 degrees in the E‐plane

and plus and minus 35° in the H‐plane. The transmitting elements

were spaced 7.6 mm apart, whereas the receiving elements were

spaced 1.9 mm apart. In the experimental setting, the MIMO array

was approximated using a virtual linear array with a 12‐element

configuration and half‐wavelength element spacing. Each measure-

ment lasted 28 s, with a slow‐time sampling interval of 6.9 ms.

For the experiments, both the array radar system and a two‐

electrode electrocardiogram (ECG) sensor were used simultaneously

to evaluate the accuracy of heartbeat measurements for the two

anesthetized chimpanzees (A: Musashi, and B: Nacky) individually

while they lay in a supine position on a bed (Figure 1). The ECG

sensor (biosignalsplux) from PLUX wireless biosignals (Lisboa,

Portugal) was solely used to assess the accuracy of radar‐based

measurements. The radar system was positioned approximately 0.7 m

away from the chimpanzee, directly above the front chest wall. Radar

signals were directed toward the upper torso, and the reflected

echoes were recorded. Simultaneously, three ECG electrodes were

manually attached to an arm and leg by an operator; two

TABLE 1 Demographic characteristics and experimental conditions of chimpanzees.

Experiment Name Sex Birth year Age GAIN ID Place State of anesthesia Activity

1 Musashi M 1975 (estimated) 47 (estimated) 0417 Examination table Rest No activity

2 Nacky F 1975 (estimated) 47 (estimated) 0268 Examination table Half awake Cramps in one arm

Note: The “Experiment” column indicates the experiment number. In the “Sex” column, “F” represents females, and “M” represents males. The “Birth year”
and “Age” columns display the estimated birth year and age of the chimpanzees in October 2022, respectively. The “GAIN ID” column provides the ID of
the chimpanzees in the Great Ape Information Network (GAIN; https://shigen.nig.ac.jp/gain/index.jsp). The “Place,” “State of anesthesia,” and “Activity”
columns describe the location of the chimpanzees, their anesthesia condition, and movements during the experiments, respectively.
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measurement electrodes were placed on an arm and a leg, and the

third electrode was placed on the same leg as the ground.

To analyze the radar information, a radar image was generated

based on complex‐valued signals as a function of time, using the

range, and angular resolutions of the radar system. Time‐averaged

complex components were subtracted from each signal correspond-

ing to a specific range and angle. The image was then analyzed to

identify the pixel with the largest average power, and the phase of

that pixel was extracted as a real‐valued displacement over time. A

bandpass filter was applied to suppress low‐frequency components

related to body motion and high‐frequency components related to

receiver noise. Fourier transform was subsequently performed on the

filtered displacement waveform to obtain an estimate of the spectral

density function in the frequency domain. Similar Fourier transform

analysis was applied to the ECG signals to obtain their corresponding

spectral density function in the frequency domain. Figures 2 and 3

show these estimates of normalized spectral density functions for

comparison.

Figure 2 (Experiment 1) illustrates the power spectral density

functions estimated from ECG (red line) and radar (black line) for

chimpanzee A (Musashi). The ECG reference data indicated a

heartbeat frequency of 1.41 Hz. The spectral density function

exhibited the fundamental frequency of 1.41 Hz, as well as higher‐

order harmonics at 2.82, 4.23, and 5.64 Hz. The radar‐based spectral

density function showed good agreement with the higher‐order

harmonics in the ECG spectrum, although the peak corresponding to

the fundamental frequency was less distinct. This discrepancy can be

attributed to the interference of lower‐frequency components at the

fundamental frequency by the strong respiratory component present

in the radar signals.

Figure 3 (Experiment 2) illustrates the power spectral density

functions estimated from ECG (red line) and radar (black line) for

chimpanzee B (Nacky). The ECG reference data indicated a heartbeat

frequency of 2.02 Hz. The fundamental frequencies found in the

spectra obtained from the radar and ECG data are in good agreement,

with each other, whereas their higher harmonics are not clearly

matched.

The heart rates estimated for chimpanzees through millimeter‐

wave radar measurements in this study (Experiment 1: 1.41 Hz;

Experiment 2: 2.02 Hz) did not significantly deviate from previous

F IGURE 1 Experimental setup for Experiment 1. The white arrow
indicates the array radar equipment, whereas the dotted arrow
indicates the placement of ECG sensors. Experiment 2 had a setup
similar to that shown in this figure.

F IGURE 2 Results of Experiment 1. Power spectral density
functions estimated from ECG (red line) and radar (black line) for
chimpanzee A (Musashi).

F IGURE 3 Results of Experiment 2. Power spectral density
functions estimated from ECG (red line) and radar (black line) for
chimpanzee B (Nacky).
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reports (0.68–1.68 Hz; Drane et al., 2020) or actual contact‐type

measurements. This indicates that millimeter‐wave radar measure-

ments can accurately estimate heart rate. Despite chimpanzees

having muscular bodies, which raised uncertainties about measuring

their heart rate in a similar manner to measurements in humans, the

results of this study demonstrated the feasibility of noncontact heart

rate measurement through analysis of subtle body surface move-

ments in chimpanzees, expanding its potential application in animal

psychology and wild primatology.

Experiment 2 did not exhibit higher accuracy compared with

Experiment 1. Based on the chimpanzee videos, subtle shaking of the

arms and legs of the chimpanzees was observed. This factor is

presumed to have reduced the accuracy of heart rate estimation.

Developing a technique that enables heart rate estimation for

individuals in a moving state is a future challenge (Iwata et al., 2021).

Body surface movements are common among various animal

species, suggesting a high potential for applying this method in large

apes other than chimpanzees. Measuring the heart rate of apes in

captivity can aid in the preservation of endangered ape species

through regular health checkups. Additionally, by measuring the heart

rate of wild apes, their health status can be assessed, providing

valuable information for species conservation. Although the present

study did not include measurement of respiration concurrently, the

results suggest that it is possible to measure not only heart rate but

also respiration rate in both samples, as the body surface movement

associated with respiration is more prominent and easily captured.

4 | COMPARISON AND CRITIQUE

The COVID‐19 global pandemic that occurred in 2020 calls for more

stringent measures against infectious diseases. Countermeasures

include avoiding contact between individuals as much as possible and

monitoring their health status daily (Santarpia et al., 2020). The ability

to remotely measure the heart rate enables cognitive research on

nonhuman primates, research on psychological and physical stress in

captive and wild primates, and the improvement of animal welfare in

captive primates, while maximizing the risk of zoonotic diseases.

Prior systems have been developed for monitoring chimpanzee

respiration using radar analysis at a relatively low frequency, that is

10.525 GHz (Kindt & Spelman, 1979). Millimeter‐wave radar uses an

even higher frequency (79 GHz) radar; therefore, it can capture body

surface movements caused by heartbeats, which are finer than

breathing. Moreover, the use of relatively low‐frequency bands can

be associated with a disadvantage owing to the possibility of

interference with other devices, such as Wi‐Fi. Accordingly, the

millimeter‐wave frequency band we used has the advantage of being

less likely to interfere with other devices and can be used under more

general conditions.

In addition to radar, another method for remotely measuring

heart rate is based on video analysis using a digital visible light

camera. The advantages of video‐based analysis include the fact that

it does not require the use of specialized equipment such as radar and

the possibility of measuring the heart rate from videos that were

previously used for other purposes. Two main video analysis

techniques exist.

The first is imaging photoplethysmography (iPPG). It is used to

detect changes in blood volume in the microvascular tissue bed. It

uses video to capture subtle variations in light reflected from the skin,

which corresponds to the pulsatile component of the cardiac cycle.

Unlike traditional PPG, which requires direct contact with the skin,

iPPG offers the advantage of remote monitoring, making it less

obtrusive and more convenient for performing continuous heart rate

and blood flow measurements (cf. Poh & Poh 2017). A disadvantage

of iPPG is that it is difficult to measure the heart rate from the skin

area covered with hair. Additionally, it is currently not a noninvasive

method for research on nonhuman primates because the head of the

subject must be fixed (cf. Unakafov et al., 2018).

The second method measures the heart and respiratory rates by

extracting the periodic movements of individuals in a video (Al‐Naji

et al. 2019a). This concept is similar to radar technology in that it

measures heart and respiration rates from the body movements of

the animal. This technology has been validated on chimpanzees in a

facility (Wang et al., 2023) and in Sumatran orangutans (Pongo abelii)

and Hamadryas baboons (Papio hamadryas) at the zoo (Al‐Naji

et al. 2019b). Moreover, psychological pilot studies have been

conducted on chimpanzees (Wang et al., 2023).

An advantage of video‐based analysis is that measurements can be

made from relatively long distances. Similar to the present study, which

utilized millimeter‐wave radar from a distance of approximately 0.7m,

the study on chimpanzees used videos taken from a distance of

0.5–1m (Wang et al., 2023), while the pilot study on Sumatran

orangutans and Hamadryas baboons have been successfully analyzed

from videos taken from a distance of 3–40m (Al‐Naji et al., 2019b).

However, Sakamoto et al. (2023) have successfully measured

respiratory rate from a distance of 6m using millimeter wave radar

on rhesus monkeys at a zoo, and it may be possible to measure heart

rate from a long distance, which was not tested in this study.

A disadvantage of video‐based analysis is that it requires a complex

analytical process, including correction for ambient light. In particular, in

outdoor environments strongly influenced by rapidly changing natural

light owing to cloud cover and atmospheric conditions, for example,

under wild conditions, the success of video‐based heart rate estimation is

expected to be limited. Additionally, it has been noted that that video

analysis is limited to situations where the animal remains relatively

motionless for a minimum of 5–6 continuous seconds, like when eating or

sleeping（Wang et al., 2023）. However, the accuracy of heart rate

measurement is reduced by the movement of the target animal, which is

similar to the millimeter‐wave radar technology. Therefore, future

perspectives on noncontact heart rate measurements entail the develop-

ment of analytical methods that can effectively filter out the movement

of the target individual as noise, as well as validation in other great ape

species. Concurrently, the heart rate data of chimpanzees in both captive

and wild settings are collected to advance research in various fields.

As an advantage of the millimeter‐wave radar technology used in this

study, experiments conducted on humans have demonstrated that a
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single device can be used to locate multiple individuals (Koda et al., 2021).

Therefore, this method of collecting vital information from multiple

individuals using a single measuring device can potentially be applied to

nonhuman primates in the future. Considering zoonosis control measures

(Santarpia et al., 2020), this approach holds promise for the health

management of captive animals, such as those in zoos (see also Sakamoto

et al. (2014) for review of application of millimeter‐wave radar technology

to nonhuman animals). For instance, in the future, it may be possible to

use radar to measure the heartbeat of a sleeping animal while

simultaneously localizing its location and setting threshold values to alert

users of abnormalities. The ability to facilitate daily health management

and collect data from multiple individuals is a significant advantage of

millimeter‐wave radar technology over other remote heart rate

measurement methods.

Heart rate measurements using radar and video analysis have

advantages and disadvantages. The possibility of noncontact mea-

surement of heart rate in wild and captive primates will undoubtedly

open a new research area considering animal welfare. It is expected

that these studies will take advantage of each other's strengths.
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