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Contact-Free Measurement of Cardiac Pulse Based
on the Analysis of Thermal Imagery
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Abstract—We have developed a novel method to measure
human cardiac pulse at a distance. It is based on the information
contained in the thermal signal emitted from major superficial
vessels. This signal is acquired through a highly sensitive thermal
imaging system. Temperature on the vessel is modulated by
pulsative blood flow. To compute the frequency of modulation
(pulse), we extract a line-based region along the vessel. Then, we
apply fast Fourier transform (FFT) to individual points along this
line of interest to capitalize on the pulse’s thermal propagation
effect. Finally, we use an adaptive estimation function on the
average FFT outcome to quantify the pulse. We have carried out
experiments on a data set of 34 subjects and compared the pulse
computed from our thermal signal analysis method to concomitant
ground-truth measurements obtained through a standard contact
sensor (piezo-electric transducer). The performance of the new
method ranges from 88.52% to 90.33% depending on the clarity
of the vessel’s thermal imprint. To the best of our knowledge, it
is the first time that cardiac pulse has been measured several feet
away from a subject with passive means.

Index Terms—Adaptive filtering, cardiac pulse, fast Fourier
transform (FFT), medical imaging, thermal imaging.

I. INTRODUCTION

CARDIAC pulse monitoring is widely used in health care,
sport training, sleep studies, and psycho-physiological ex-

aminations. Various contact measurement methods have been
developed to estimate a subject’s cardiac pulse. These measure-
ment methods capitalize upon the electrophysiological and me-
chanical processes associated to the heart activity and blood cir-
culation. The golden standard for pulse measurement is Electro-
Cardio-Graphy (ECG) [1]. ECG records the electric potential
generated in different parts of the body due to the propaga-
tion of the action potential in the cardiac muscular fibers. ECG
recording requires the use of a signal bio-amplifier and at least
three contact electrodes coupled to the skin through a conduc-
tive gel.

Other pulse measurement devices can be used when one is
interested mainly in the cardiac frequency and the shape of the
cardiac signal in the peripheral circulatory system. Such de-
vices quantify the pulse through indirect mechanical effects of
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blood flow or arterial pressure change in the vascular network
of a tissue. A popular device that belongs to this category is
the piezoelectric transducer. It is attached to the finger of a sub-
ject and converts local blood pressure variations, associated with
cardiac activity, to a voltage signal [2]. This is a reliable mea-
surement method, but it is sensitive to motion. We use a piezo-
electric device as the ground-truth (GT) standard of comparison
against our thermal imaging (TI) analysis method [3].

Doppler ultrasound is a more advanced technology that is
used to collect blood velocity spectra. Holdsworth et al. first
recovered the full pulse waveform of the carotid based on blood
velocity spectra in 1999 [4]. Ultrasound measurements still re-
quire contact between the probe and the subject, as well as the
use of a special gel to facilitate wave transmission.

Photoplethysmography (PPG) is another pulse measurement
method that capitalizes upon the optical properties of a selected
skin area. For this purpose near-infrared light is emitted into
the skin. More or less light is absorbed, depending on the blood
volume in the skin. Consequently, the backscattered light cor-
responds to the variation of the blood volume associated to the
cardiac pulse. PPG is used widely to measure the pulse wave-
form [5], pulse wave reflection [6], dermal perfusion [7], and
microcirculation [8]

Laser Doppler sensing can also measure cardiovascular pulse
by quantifying the minute skin displacement caused by the pres-
sure wave propagation [9]. Initially, the need for large and ex-
pensive Michelson interferometers made this type of devices
suitable only for laboratory conditions. In 2003, Hast [10] pro-
posed a new self-mixing interferometry method that enabled
simple, compact, and cheap interferometer devices to be imple-
mented. No direct contact between the laser device and the skin
is required, but still the sensor needs to operate in close prox-
imity to the subject. The main drawback of this type of sensing
is noise introduced by skin displacement due to motion and in-
voluntary muscular contraction.

All the aforementioned methods use either contact or
close-proximity sensing and require the subject’s cooperation.
In psycho-physiological experiments, it is important to measure
physiological responses without interfering at all with the sub-
ject, or a variable may be introduced to his psychological state
[11]. In these cases, a contact-free measurement methodology
for measuring vital signs (e.g., pulse) at a comfortable distance
is very appealing. The first contact-free vital sign measurement
method based on active sensing was introduced by Greneker in
1997 [12]. The radar vital signs monitor (RVSM), as it is called,
it is able to measure the subject’s heartbeat and respiration
rate at a distance up to 30 feet without the requirement of a
physical connection to the subject. The RVSM antenna is bore
sighted on the thorax region of the subject’s chest. It detects
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Fig. 1. Pulse waveform given by Doppler ultrasound [4].

the shock wave initiated from the beating heart while it spreads
across the thorax region of the chest wall. The measurement
may be contaminated by body motion, which presents a much
larger Doppler modulated radar cross-section than the small
heartbeat-induced movement of the chest wall.

To the best of our knowledge, no contact-free pulse measure-
ment method based on passive sensing has been demonstrated
so far. Recently, Pavlidis et al. have proposed a series of bio-
heat and statistical models that in combination with customized
highly sensitive TI hardware can measure various physiological
variables at several feet away from the subjects. These include
contact-free measurements of perfusion [13], vessel blood flow
[14], and breathing rate [15]. Since all these methods are based
on passive imaging are absolutely safe and suitable for long ob-
servation periods.

In CVPR 2005, the authors proposed for the first time an
FFT-based computational method to measure cardiac pulse via
TI of a major superficial vessel [16]. In this paper, we elaborate
further on that method and we present new experimental results
and operational analysis. Specifically, we present a brief intro-
duction to the pulse physiology in Section II. In Section III, we
describe how to select and track the line-shaped region of in-
terest on the tissue imagery. In Section IV, we describe a novel
method to apply FFT along this line-shaped region to capitalize
upon the pulse’s thermal propagation effect. In Section V, we
describe the estimation function we apply on the average FFT
result to extract the heartbeat frequency. In Sections VI and
VII, we discuss the experimental setup and the method’s per-
formance respectively. We conclude the paper in Section VIII.

II. CARDIOVASCULAR PULSE

The cardiovascular pulse is generated in the heart, when
the left ventricle pumps blood to the body. The blood travels
through the arterial network and returns back to the heart
through the vein network. Different mechanical processes are
involved into the propagation of the cardiac pulse. Therefore,
the pulse waveform can be described in terms of blood velocity,
blood flow rate, and blood pressure. A comprehensive anno-
tation to the pulse waveform was presented by Holdsworth in
1999 [4]. In that research, measurements were carried out on
the carotid of the subjects by using Doppler ultrasound. Seven
feature points correlated to the vascular fluid dynamics were
identified as waveform descriptors (see Fig. 1). Comparing
3560 carotid waveforms from 17 subjects, the study reported
negligible contralateral differences. This indicated that pulse
waveforms of normal subjects have similar shapes.

Fig. 2. Pulse waveform given in temperature modulation format produced by
the 2-D unsteady bioheat model [14].

In this paper, we are interested in monitoring cardiovascular
pulse through analysis of skin temperature modulation. Pul-
sative blood flow modulates tissue temperature because of the
heat exchange by convection and conduction between vessels
and surrounding tissue. Such modulation is more pronounced
in the vicinity of major superficial blood vessels.

In [14], we have proposed a model to simulate the heat diffu-
sion process on the skin initiated by the core tissue and a major
superficial blood vessel. We also took into account noise ef-
fects due to the environment and instability in the blood flow.
Our simulation demonstrated that the skin temperature wave-
form is directly analogous to the pulse waveform. But, its exact
shape is smoothed, shifted, and noisy with respect to the origi-
nating pulse waveform due to the diffusion process. Fig. 2 shows
the skin temperature modulation computed by the 2-D unsteady
bioheat model in [14]. Comparing Fig. 1 with Fig. 2, we observe
that some feature points which provide fine detail are missing,
but the basic periodicity is present in both waveforms. This indi-
cates that the pulse can be recovered from the skin temperature
modulation recorded with a highly sensitivity thermal camera
and processed through an appropriate signal analysis method.

Fig. 3(a) shows a characteristic temperature profile collected
from a small portion of the carotid region of a subject shown in
Fig. 3(c). The signal has been affected by systemic noise and air
circulation on the skin. Because our experiments are set up in a
quite indoor environment and we test healthy subjects who are
relaxed during the recording, it is reasonable to assume that their
pulse should range between 40 and 100 beats per minute (bmp).
Therefore, we can facilitate pulse recovery by removing signals
with frequency lower than 0.67 Hz (40 bmp) and higher than
1.67 Hz (100 bmp). Fig. 3(b) shows the result after removing the
noise. Even though the amplitude of the waveform is unstable,
periodicity is evident and the signal is very similar to Fig. 2,
which is the simulated result of our bioheat model. This further
corroborates our hypothesis that the pulse can be recovered from
the dynamic temperature profile of skin.

III. REGIONS OF INTEREST

As a consequence of the tissue thermal diffusion, modula-
tion of skin temperature is strongest along the superficial blood
vessels. This is also predicted by our bioheat transfer model re-
ported in [14] and has been verified by our experiments. Based
on clinical and anatomical knowledge [17], [18], we extract the
cardiac pulse from major superficial vessels on the face, a tissue
area that is usually exposed naked. Typically, we focus either
on the external carotid [Fig. 4(a)] or the superficial temporal
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Fig. 3. (a) Raw temperature profile along the timeline. (b) Temperature profile after removing frequency signals lower than 0.67 Hz (40 bmp) and higher than
1.67 Hz (100 bmp). (c) Collection point on the carotid artero-venous complex of the subject.

Fig. 4. Pulse taking locations: (a) Carotid vessel complex. (b) Superficial tem-
poral vessel complex. (c) Radial vessel complex.

artero-venous complex [Fig. 4(b)]. It is also possible to extract
the pulse from other parts of the body where major superficial
vessels exists. An example is the case of the radial artero-venous
complex [Fig. 4(c)] in the wrist.

Presently, we select the skin footprint of the vessel complex
by manually drawing a line on the imagery through the graphical
user interface. Therefore, the outcome depends on the skill and
knowledge of the operator. In the future, vessel localization can
be performed automatically by the computer, based on a superfi-
cial blood vessel segmentation method proposed by Buddharaju
et al. [19].

IV. PULSE MEASUREMENT METHODOLOGY

Our method is based on the assumption that temperature
modulation due to pulsating blood flow produces the strongest
thermal signal on a superficial vessel. This signal is affected by
physiological and environmental thermal phenomena. There-
fore, the resulting thermal signal that is being sensed by the
thermal camera is a composite signal, with the pulse being only
one of its components. Our effort is directed into recovering the
frequency of the component signal with the highest energy con-
tent. This is consistent with our hypothesis of pulse dominance
in the thermal field of a superficial vessel.

As we mentioned in Section III, we select interactively the
pulse taking location in the first frame of the thermal video. A
prerequisite to accurate pulse measurement is motion tracking.
Even when subjects are instructed to stay put, they still exhibit

slight movements due to motor functions. We use a conditional
density propagation tracker [20] with thresholding as its feed-
back mechanism. The tracker allows meaningful application of
Fourier analysis on the vessel’s region of interest in the presence
of tissue motion. Based on the outcome of Fourier analysis an
estimation function computes the cardiac pulse. Fig. 5 illustrates
the general steps of our methodology.

Considering that the blood vessel is a long, narrow structure,
the pulse propagation phenomenon causes slight phase shift
on the temperature profiles along the blood vessel. This may
weaken the signal if we use conventional signal recovery
methods in the time domain. Each pixel along the blood vessel
has a unique periodical temperature profile, which is shifted
with respect to the others. As Fig. 6 shows, averaging these
temperature profiles may weaken the signal. Although, the
temperature profiles of the pixels along the blood vessel are
shifted in the time domain, their frequency should remain the
same (unshifted). Therefore, by operating on the frequency
domain and combining appropriately the power spectra of
these temperature profiles we can reinforce the signal instead
of weakening it. We apply Fourier analysis in a novel manner
to capitalize upon the pulse propagation effect and extract the
dominant pulse frequency:

A. First Step

We select a straight segment along the center line of a large
superficial blood vessel. The algorithm expands symmetrically

into an elongated rectangle . The width of this rectangle de-
pends on the width of the vessel on the thermal imagery. For a
subject imaged at 6 feet with a 50-mm lens the rectangle’s width
is 3–7 pixels. By convention, we place the axis of our coordi-
nate system along the width and the axis along the length of
the vessel (see Fig. 7).

B. Second Step

We record the time evolution of the pixel matrix delineated by
rectangle for frames ( or 512). Thus, we produce
a 3-D matrix , where , is the
spatial extent of rectangle and is the timeline.
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Fig. 5. Pulse measurement methodology.

Fig. 6. Temperature profiles of three different pixels along the exposed blood
vessel of a subject compared to the average temperature profile.

Fig. 7. Schematic diagram of the first three steps in our Fourier analysis of the
vessel temperature signal.

C. Third Step

We average the pixel temperatures along the dimension.
Thus, we derive a 2-D matrix

(1)

where , . This reduces the noise and
”shrinks” the rectangular vessel region into an effective line,
upon which the signal measurement will be performed.

D. Fourth Step

For each effective pixel on the measurement line we obtain
the time evolution signal of its temperature [see Fig. 8(a)]

(2)

Fig. 8. (a) Raw temperature profile of an effective vessel pixel. (b) Normalized
temperature profile. (c) Symmetrical temperature profile. (d) Periodic extension
(normalized followed by symmetrical).

We apply the fast Fourier transform (FFT) on each of these
signals (temperature profiles) to obtain the respective power
spectra

(3)

The FFT method was first introduced by Cooley and Tukey
(1965) [21]. Thereafter, it was used widely in signal analysis due
to its high efficiency in comparison to other methods, such as the
solution of linear equations or the correlation method [22]. To
apply the FFT on the temperature profile of each effective pixel,
first we use a low-order trigonometric polynomial as follows:

(4)

with ,
. This ensures that the shift will not affect the sta-

bility of the scheme by minimizing the Gibbs phenomenon. The
output is a normalized profile as shown in Fig. 8(b). Then, we
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Fig. 9. Pulse estimation process based on current and past data. The operational frequency band is delineated in green and corresponds to the pulse range that
is relevant to the experimental scenario. The power content of frequencies outside the operational range is excluded from consideration. In our experiment, the
operational range was set to [40,100] bpm, which corresponds to the baseline physiology of healthy subjects. This range may expand in case pathological or
physically strained subjects are involved.

construct out of this normalized profile a periodic function by
first applying the symmetry [see Fig. 8(c)]

(5)

and then the periodic extension [see Fig. 8(d)]

(6)

We apply a classical decimation-in-time (Cooley and Tukey)
1-D base-2 FFT method given in [23].

E. Fifth Step

We average all the power spectra computed in the previous
step into a composite power spectrum

(7)

V. ADAPTIVE ESTIMATION FUNCTION

A fundamental question is what we report as the effective
pulse along the timeline. The instantaneous computation de-
scribed in Section IV is not to be trusted literally since it may
be affected occasionally by thermoregulatory vasodilation and
creeping noise. To address this problem we use an estimation
function that takes into account the current measurement as well

as a series of past measurements. Our estimation function is sim-
ilar to adaptive line enhancement [24].

The current power spectrum of the temperature signal is
being computed over the previous frames ( or 512)
by applying the process outlined in the previous section. We
convolve the current power spectrum with a weighted average of
the power spectra computed during the previous time steps
(see Fig. 9). We chose , since at the average speed of 30
fps sustained by our system, there is at least one full pulse cycle
contained within 60 frames even in extreme physiological sce-
narios. Therefore, the historical contribution to our estimation
function remains meaningful at all times.

Specifically, the historical frequency response at a particular
frequency is given as the summation of all the corresponding
frequency responses for the spectra, normalized over the
total sum of all the frequency responses for all the historical
spectra

(8)

Finally, we convolve the historical power spectrum with the
current power spectrum to filter out transient features. We then
designate as pulse the frequency that corresponds to the
highest energy value of the filtered spectrum within the opera-
tional frequency band (see Fig. 9).
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Fig. 10. TI system.

VI. EXPERIMENTAL SETUP AND DESIGN

We have used a high-quality TI system for data collection. We
have designed the architecture of the TI system with one primary
goal in mind: measurement accuracy. The system is composed
of several off-the-self components that have been custom retro-
fitted to support the task at hand (see Fig. 10). The centerpiece
of the system is a MWIR camera [25]. It features an Indium
Antimonide (InSb) high efficiency photon detector that yields
temperature resolution mK. The camera is capable of cap-
turing 30 fps in full spatial resolution (640 480 pixels). The
electronic shutter speed ranges from 9 to the full frame speed.

The camera is fitted with a MWIR 50-mm lens. This lens al-
lows focusing on parts of the subject with rich superficial vas-
culature (e.g., face) at distances between 3 and 10 feet. These
distances are typical in psycho-physiological laboratory exper-
iments.

The camera sits atop a pan-tilt device to allow flexible po-
sitioning. We also use a differential blackbody as a calibrating
device. The blackbody’s temperature resolution matches that of
the thermal camera’s.

All the aforementioned hardware components communicate
with a powerful workstation and are placed in a cart for max-
imum portability (see Fig. 10).

The TI measurements are compared against a “ground-truth
standard.” The GT standard is provided through the measure-
ments of a high-quality contact sensing device. This device is
composed of the following items:

1) a ML750 PowerLab/4SP data acquisition system from
ADInstruments [3];

2) a ML116 GSR Amp from ADInstruments [3];
3) two MLT 1010 piezoelectric pulse transducers from ADIn-

struments [3].
During the experiment the subject sits about 6 feet away from

the TI system. A MLT 1010 piezoelectric pulse transducer is
wired to the subject’s index finger tip (see Fig. 11). The subject
is briefed and after that she/he signs the consent document. Sub-
jects suffering from neuropathies, micro or macro-angiopathy,
as well as strong smokers have been excluded from this study.

Fig. 11. Experimental setup.

For each subject, we record up to 5 min of thermal video in a
restful state. We image primarily the subject’s face because it is
conveniently exposed and features multiple locations with large
superficial vessels (e.g., carotid and temporal areas).

VII. EXPERIMENTAL RESULTS

We have recorded 34 thermal clips from 34 subjects while
resting in an armchair. Concomitantly we have recorded GT
pulse signals with the ML750 PowerLab/4SP data acquisition
system. The sample features subjects of both genders, different
ages, and with varying physical characteristics. Measurement
for each subject was performed in a single session.

Because our TI system and the ML750 PowerLab/4SP data
acquisition system have different frequency of sampling and
perform measurements on a vastly different theoretical basis,
we need first to normalize the experimental data from the two
modalities in order to compare them.

The ML 750 PowerLab/4SP data acquisition system (GT)
collects 100 samples/second, while our TI system acquires 30
frames/second (fps). We average the ground truth output data
every 10 samples while the infrared TI data every three sam-
ples (frames). Based on this normalization, we have compared
the average cardiovascular pulse rate computed by our imaging
method to that reported by the GT instrument for all the subjects
in our data set. The comparison is based on the complement of
the absolute normalized difference (CAND)

(9)

which is the absolute difference between the TI and GT mea-
surements normalized against the GT and subtracted from unity.
This gives a weighted indication of how close the TI measure-
ment is to the GT measurement in each case.

Table I shows the detailed profile of our comparative ex-
periment and the average pulse measurements reported by the
two modalities. The overall CAND of the mean pulse com-
putation versus the GT is 88.52%. The performance improves
to 90.33% when only 21 subjects with relatively clearer vessel
thermal imprint are considered. These are typically leaner sub-
jects where the vessel of interest is not under a thick layer of
fat (see Fig. 12). A major difference between this experiment
and the one we reported in CVPR 2005 [16] is that this time the
subjects were given more freedom to move during the recording.
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TABLE I
COMPARISON OF GT AND TI PULSE MEASUREMENTS.

Fig. 12. Thermal snapshots of all 34 subjects. (a) Subjects with relatively
clear vessel thermal imprint. (b) Subjects with relatively unclear vessel thermal
imprint.

The recording itself was also longer (5 min versus 2 min). Al-
though, the tracker coped well with most of the motion, obvi-
ously it is far from perfect. The noise introduced due to tracking
imperfections causes damage to the performance of the method

that is comparable (if not larger) than that of an unclear vessel
imprint.

Another issue is how the method will fare in difficult environ-
mental or physiological conditions (e.g., strong air currents or
high heat or high fever). This was not addressed in this study, but
we expect that environmental perturbations will seriously affect
the performance of the method, only if they are in the same fre-
quency range as pulsation (e.g., periodic air currents) or result in
excessive perspiration (e.g., prolonged high heat or high fever)
that alters non-linearly the thermal map of the skin.

In normal indoor conditions, such as those we studied, the
thermal pulsation signal that travels along the length of the
vessel is harvestable but weak. The current experimental results
demonstrate that passive measurement of pulse at a distance is
absolutely feasible, but its performance can be further improved
only through more sophisticated methods of noise reduction
and motion cancelation.

VIII. CONCLUSION AND FUTURE WORK

We presented a novel measurement method of cardiovascular
pulse. The method is based on TI and exploits the periodic
properties of the cardiac pulse’s thermal field through Fourier
signal analysis. An adaptive estimation function ensures robust
selection of the pulse frequency in the presence of signal noise.
Since the method is contact-free, passive, and highly automated



GARBEY et al.: CONTACT-FREE MEASUREMENT OF CARDIAC PULSE BASED ON THE ANALYSIS OF THERMAL IMAGERY 1425

(imaging tracker), it opens the way for sustained physiological
measurements in the most transparent manner.

Almost all the conventional methods require contact and
hence they compromise the subject’s comfort to one degree
or another. This is especially important in psychophysiology
where intrusive sensing is undesirable. The contact-free pulse
measurement method reported here adds to the set of other
contact-free measurement methods reported earlier for different
vital signs (i.e., breath and superficial perfusion). Therefore, it
is part of a growing set of vital sign measurements at a distance,
under a single sensing regime (TI).

Our method exhibits good accuracy when compared to piezo-
electric pulse measurements, which is used in standard clinical
practice. The experimental results clearly demonstrate the feasi-
bility of the approach. A conditional density propagation tracker
coped well with small head motion, although more sophisticated
tracking is needed to improve the performance further. Overall,
we feel that there is amble room for further performance im-
provements through better noise reduction methodologies. This
is one of the areas our ongoing research is focused on.

Our current method can only retrieve the cardiovascular pulse
rate. We are in the process of merging this method with the in-
verse problem solution we developed in [14] to recover the am-
plitude of the pulse waveform. The extraction of the full pulse
waveform may open broader biomedical applications.
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