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Abstract
The development of medicine and the ability to conduct effective therapy in increasingly severe cases create 
the need to develop new methods of continuous and non-invasive monitoring of the patient’s condition. One of 
the techniques that is widely used in many fields of medicine is photoplethysmography (PPG). The analysis of 
the latest research indicates that PPG can have much more applications than the measurement of heart rate 
and arterial saturation of the patient — as shown by the latest research, it can be used in the measurement 
of many other key parameters.
The optimism is the multitude of areas in which PPG monitoring is attempted. There are more and more at-
tempts to use photoplethysmography in diagnosis and evaluation of peripheral vascular diseases, assessment of 
circulation in diabetic patients and assessment of endothelial function. Authors are focusing on new applications 
of PPG, its advantages and limitations. Most of them agree that PPG can provide useful knowledge about the 
patient’s condition while being a quick, easy-to-use and cost-effective technique. 
The following review was created to critically analyze the latest technical developments and uses of PPG in 
clinical practice. Sources for the following article were found using the PubMed database using keywords such 
as “photoplethysmography”, “oxygen saturation” and “pulse oximeter”.
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Introduction

In recent years, photoplethysmography (PPG) has 
become one of the basic and most frequently used 
tools designed to monitor the patient’s vital param-
eters. PPG owes its popularity to, among others, its 
non-invasiveness, the ability to perform continuous 
measurement and ease and convenience of use. What’s 
more, monitoring with the use of PPG provides simul-
taneous information about the circulatory system and 
the respiratory system [1, 2].

To perform a measurement of blood perfusion 
through tissue, PPG uses the emission of light waves [3]. 
The possibility of using this technique was suggested for 
the first time by Herrman in 1937 when he described 

devices using the emission of light waves to measure 
changes in the volume of blood flowing through the 
patient’s finger during the Valsalva test [4]. It is worth 
noting that Hertzman used a simplified model of light 
behaviour developed on the basis of Beer-Lambert law, 
whose assumption was that the absorption of light is 
directly proportional to the density and thickness of 
the layer and the absorption coefficient of the medium 
through which light passes [5]. Thanks to the advances 
in physics and the work of Paul Mannheimer [6], this 
model has been improved, thanks to which new pos-
sibilities of interpreting the PPG wave have emerged.

The unfiltered wave obtained by the photoplethys-
mograph is complicated and composed of many smaller 
components. Today, it is recognized that its appear-
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ance is a resultant of the cooperation of circulatory, 
respiratory and autonomic systems and their influence 
on the flow of both arterial and venous blood [7].  
A multitude of factors affecting the blood flow and fac-
tors variable individually (such as the different thickness 
of the finger, skin colour, content of subcutaneous fat) 
can cause many difficulties in reading and interpretation 
of the PPG wave. An example is a fact that until today 
there is no known method of PPG calibration, which 
means that one cannot compare the absolute numbers 
received in different people and it is impossible to set 
one reference point, which would facilitate, for exam-
ple, the development of blood pressure measurement 
technique [5].

The device for PPG (pulse oximeter) consists of 
two main parts — a light source (usually in the infrared 
band, with a wavelength of ~ 940 nm) and a detector. 
The sensor’s task is to measure the amount of light that 
has been absorbed or reflected by the blood flowing 
through the tissue [8]. It should be remembered that 
the flow of blood through even small arteries is not con-
tinuous. Such a pulsatile flow causes repetitive changes 
in the characteristics of the received light [9], which 
allows for the calculation of, for example, the heart 
rate rhythm. The development of two models of the 
PPG sensor operation has resulted in the widespread 
use of this device and the possibility of its use in new 
fields. The original model assumed the placement of  
a light source and a detector on two sides of the tissue 
being examined. In this way light, which was passed 
through absorbent substances, was detected and 
quantified [10]. The disadvantage of this model was 
the application limited to superficial tissues, transmit-
ting the right amount of light. The latest devices have 
a light source and a sensor located on the same side. 
In this system, the amount of light reflected from the 
skin is measured, which allows it to be applied in places 
too thick for transmission of light (as on the wrist, for 
example), which allowed placing pulse oximeters in 
bracelets or watches [11].

As already mentioned, the measurement of PPG 
is based on the measurement of the properties of the 
light transmitted through or reflected by tissue. The 
measurement result depends mainly on the blood flow 
and degree of its oxygenation [8]. It is assumed that 
the PPG signal is affected by two main components: 
DC, which represents the constant absorption of light 
passing through the tissue and AC, which is generated 
by pulsating blood flow caused by heartbeat [12]. What 
is more, it is considered that the AC component is only 
characteristic of the arteries [13], which means that the 
results of the obtained measurements show the degree 
of oxygenation of just the arterial [14].

The above-mentioned diagram of the PPG sensor 
operation does not of course cover all technical issues 
related to reading, however, their detailed discussion 
goes beyond the scope of this study.

The purpose of the following review was to critically 
analyze the latest technical developments and appli-
cations of photoplethysmography in clinical practice. 
Sources for the following article were found using 
the PubMed database using keywords such as “pho-
toplethysmography”, “oxygen saturation” and “pulse 
oximeter”.

CURRENT APPLICATION  
OF PHOTOPLETHYSMOGRAPHY  

IN ANGIOLOGY

Diagnostics and assessment of peripheral vessels
Peripheral arterial disease (PAD) is a relatively com-
mon disease that reduces the quality of life and its 
expectancy [15]. It is considered that this morbidity 
is present in 15–20% of people over 70 years of age. 
but the symptoms occur only in ¼ of patients [16, 17].  
It should also be noted that it often coexists with 
other conditions, such as coronary heart disease and 
cerebrovascular narrowing [16]. Currently, one of the 
basic tests performed on the suspicion of PAD is to 
examine the Ankle Brachial Pressure Index (ABPI), 
which is characterized by high sensitivity (95%) and 
specificity (99%) in comparison to, for example, CT 
angiography (CTA) [18]. This study, however, has its 
drawbacks — its result depends on the experience of 
the investigator, and ABPI itself is impossible to meas-
ure in people who have had significant calcification of 
the arteries, which results in the lack of susceptibility 
of such vessels to compression [19]. Therefore, the 
CTA study [20] is considered a gold standard in many 
countries, which is, however, a long-term and invasive 
study [21]. An alternative to CTA may become PPG 
technology, which is non-invasive, safe for the patient, 
cheap and easily available [15].

Yali Zheng et al. [22], in their research on PAD 
diagnostics, focused on one of the characteristics that 
can be read by means of ECG and PPG — pulse arrival 
time (PAT). PAT is the time that elapses between the 
appearance of the R waveform in ECG and the detec-
tion of a pulse wave by a sensor placed above one of the 
peripheral arteries [22]. The team, mentioned above, 
decided to investigate the relationship between PAT and 
ABPI values in patients diagnosed with PAD in order to 
assess the role and usefulness of PAT in the diagnosis of 
this disease. Researchers pointed to the PATratio index 
defined as the quotient of PATindex and PATtoe, showed 
statistically significant differences between the research 
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group and the control group. What’s more, they have 
a strong correlation between ABPI and PATratio. The 
authors believe that the results of their research can 
provide further into defining the normative ranges of bi-
lateral PAT difference for PAD diagnosis my minimising 
the influence of blood pressure (BP) and height of the 
subjects. The study also raises the issue that different 
normative ranges should be defined for the diagnosis of 
PAD when PAT is measured at different postures due 
to a different hydrostatic pressure difference of lower 
and upper body in standing and sitting posture. Based 
on the results of their study, the authors found that the 
term PATratio has the potential to diagnose and assess 
the severity of PAD, however, further research and 
the determination of appropriate ranges of diagnostic 
standards are necessary [22].

Clinical practice shows that a single technique can 
be used in many different ways, which are supposed 
to increase e.g. simplicity of use in clinical situations, as 
well as the sensitivity and specificity of measurements. 
The same situation can be observed in the case of 
Peripheral Vascular Disease (PVD) diagnostics using 

PPG. In one of his studies, Høyer et al. [23] decided 
to compare the methods displaying the derived curie 
with a truncated signal of the pulsation and showing the 
full pulse signal. In a single-blinded comparative trial on 
a sample of 69 patients (38 with suspected PVD), the 
data obtained from the measurements using the two 
above-mentioned techniques using the PPG signal and 
using an occlusive cuff were compared. In their conclu-
sions, the researchers point out the lack of statistically 
significant differences in the results obtained using dif-
ferent techniques, which means that they can be used 
with similar sensitivity and specificity, especially since 
they are characterized by low inter-observer variability. 
However, the authors draw attention to several limita-
tions of PPG techniques, such as the lack of a reference 
standard and the need to calibrate the device properly, 
so that excessive filtering or amplifying the signal does 
not cause errors in the interpretation of results [23].

New data on the use of PPG for PAD diagnostics 
is provided by a study conducted in Newcastle upon 
Tyne, whose results were published in 2018 [15], 
carried out on a group of 84 participants (43 healthy, 

Table 1. The possible applications of PPG in angiology

Application of PPG Advantages Disadvantages

PAD diagnostics  
and assessment

•	Diagnosis does not depend on the experience 
of the investigator, as it is in the case of ABPI 
assessment

•	PPG is a non-invasive, cheap and easily  
accessible study in the contrary to CTA

•	Good sensitivity and specificity

•	Further research and the determination of 
appropriate ranges of diagnostic standards 
are necessary

•	Obtained results may be influenced by 
patient’s BP and height

•	Lack of reference standards

•	Need for proper device’s calibration

•	Results can be altered in patients with  
diabetic neuropathies

Chronic vein insufficiency 
(CVI) diagnostics

•	Non-invasive nature

•	The simplicity of the test

•	Not provide information about the severity 
of CVI or about results of surgical treatment

Diagnostics of DVT •	Low cost and non-invasiveness 

•	High sensitivity and negative predictive value

•	Relatively low specificity and positive  
predictive value — DVT needs to be  
confirmed in duplex ultrasound

•	No steadily established cut-off points for RT 
and VP measurements

Assessment of blood 
circulation in diabetic 
patients

•	Simplicity and low costs of implementation

•	Reliability in the assessment of disorders 
in microcirculation in patients with type 2 
diabetes

•	Difficulties in the assessment of vascular 
complications of diabetes, due to  
neuropathy and high arterial stiffness

Assessment of endothelial 
function

•	PPG can provide as accurate results as FMD 
which is considered a golden standard in 
endothelial function assessment

•	PPG examination is easier to perform than 
FMD

•	High sensitivity to interferences
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31 with advanced PAD, 10 results rejected due to the 
poor quality of measurements). In their study, scholars 
have proven that many of the components of the PPG 
signal, such as amplitude variability, Pulse Arrival Time 
Variability (PAT) and frequency-domain variability are 
altered in people with PAD, reflecting changes in the 
autonomic nervous system, reduced smooth muscle 
activity of arteries and NO-dependent endothelial 
activity [24]. The authors also raise the issue of the 
necessity of further testing in patients with diabetes 
due to the diabetic neuropathy present in this group 
of patients. Researchers after publishing their results 
suggested that the study of some of the components 
of the multi-site PPG signal, among others, limb signal 
synchronization, PAT and amplitude variability may be 
important in the diagnosis and early detection of PAD, 
while paying attention to the advantages of this study 
(low cost, non-invasive and safety for the patient) [15].

One of the interdisciplinary problems of today’s 
medicine associated with the occurrence of PVDs is 
the issue of monitoring and treatment of chronic limb 
ischemia. Such ischemia results not only in resting 
pain in the limbs but also in the formation of difficult 
to heal wounds, ulcers and infections, which result in  
a significant reduction in the quality of life, as well as the 
risk of disability [25]. What is more, ischemia not only 
affects the healing of limb wounds but also hinders the 
necessary treatment, e.g. impairing the treatment of 
wounds after amputation [26]. The problem of wound 
healing was taken by Pan et al. [26] in its meta-analysis. 
The ability to predict the healing potential is particularly 
important for surgeons who have to choose between 
further conservative and surgical treatment. This par-
ticularly applies to wounds in patients with diabetes 
and developed angiopathy [27]. The data necessary to 
make such a decision can provide a measurement of 
skin perfusion pressure (SPP). The SPP technique itself 
is considered to be a sufficiently accurate predictor of 
wound healing potential especially in patients with limb 
ischemia. However, it is controversial to determine 
the exact cut-off point for the results [26]. The most 
popular measurement method for the SPP evaluation 
is the Doppler laser, but recent tests indicate that PPG 
can also be used for this purpose [28]. Although some 
scientists point to the limitations of this study and the 
need to standardize measurement methods, further 
development of this technique can be expected [29].

The use of PPG is not limited to the examination of 
arterial vessels but is also useful in examining venous 
vessels. Deep venous thrombosis (DVT) of the lower 
limbs is a disease affecting approximately 2.5–5% of the 
general population and carries a high risk of death due to 
the pulmonary embolism (PE) [30]. Many methods can 

be used in DVT diagnostics, all of which unfortunately 
have their limitations [31]. In the diagnosis of DVT for 
many years, attempts have been made to implement 
research using Digital Photoplethysmography (D-PPG), 
which measures the refilling time (RT) of calf veins 
during resting time after they have been emptied by 
exercise by measuring the extent of blood displace-
ment from the calf veins, based on the absorption 
of emitted infrared light by haemoglobin in red cells, 
and characteristics of the reflected light from dermal 
microcirculation [32, 33].

In a study carried out by Sharif-Kashani et al. [31] 
337 legs were examined in 169 patients who had  
a high risk of developing DVT. The results of the study 
confirm that D-PPG can be considered as an accept-
able and reliable test in screening for DVT in patients 
at high risk of developing this disease. As researchers 
pointed out, using the appropriate cut-off point for 
RT and venous pump (VP) values, D-PPG sensitivity 
reaches 100%, while at the same time combining cut-
off points for RT and VP, this test achieves a specificity 
of 82.9%.

The results of the above study confirm the results 
obtained by Chanean Ruangsetakit et al. In their study, 
they embraced 127 legs with visible oedema in 80 
patients with suspected DVT, and then compared the 
results of RT and VP obtained by means of D-PPG with 
duplex ultrasound results. Researchers found that the 
optimal cut-off point for RT is 19–21s. In this case, 
the sensitivity of the study is 94%, negative predictive 
value 92%, specificity 58% and a positive predictive 
value 52%. In their conclusions, the authors stressed 
that D-PPG may be a useful screening test in DVT di-
agnosis in people at high risk of this disease, however, 
the positive result of the study requires confirmation 
in the duplex USG, while the negative result allows for 
the exclusion of DVT [34].

In recent years, there has been a growing interest in 
using PPG in the diagnosis of Chronic vein insufficiency 
(CVI). The advantage of this technique is its non-invasive 
nature and the simplicity of the test, but it also has its 
limitations. According to Abu-Halimah et al. [35], basic 
PPG can be a good tool confirming the presence or 
absence of a CVI, however, the quantitive results are 
not obtained, therefore PPG does not provide infor-
mation about the severity of CVI or about results of 
surgical treatment. Similar conclusions were obtained 
by Calamati et al., who used the Light Reflection Rhe-
ography (LRR/D-PPG) technique, which is a modified 
form of basic PPG. According to these authors, LLR can 
be an objective diagnostic test for venous insufficiency 
and therefore suitable as screening for assessment of 
lower limb chronic venous insufficiency [36].
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The use of PPG in the assessment  
of blood circulation in patients  

with diabetes

Diabetes is a disease that can cause complications 
for virtually any system. Particularly destructive are 
changes in macro- and microcirculation, which signifi-
cantly reduce the quality of life of patients and increase 
their mortality [37]. Many studies have confirmed the 
utility of PPG as a simple test to assess peripheral cir-
culation in patients without systemic diseases [38], but 
the use of this method in patients with diabetes and 
vascular complications may be significantly impeded.

The evaluation of diabetes-related changes in the 
vessels was taken up by Po-Chun Hsu et al. [39]. In 
their study, they included 94 patients (48 healthy) with 
the intention of investigating the validation of the intro-
duction of non-invasive photoplethysmographic (PPG) 
waveform parameters in detecting diabetes-induced 
subtitling changes in arterial stiffness. In their study, 
the authors focused on two parameters — pulse wave 
velocity (PWVtoe) and Crest time ratio (CTR). The 
first of these parameters depends on how much time 
the pulse wave needs to get from the heart to the 
toe of the foot. The second parameter is described 
as the ratio of Crest time (CT) to Cycle time. CT is 
the time needed for the pulse wave to rise time from 
the lowest to the highest value, while the cycle time 
is the duration of one full pulse wave cycle. In their 
conclusions, the authors of the study indicate that this 
is the first study using countable parameters for the 
assessment of diabetes-related changes in the arterial 
circulation. In addition, researchers indicate that PPG 
may be a reliable tool for the assessment of disorders 
in the microcirculation in patients with type 2 diabetes. 
Moreover, one of the assessed parameters, CTR, made 
it possible to distinguish between patients with diabetes 
and healthy ones — this finding may highlight the better 
sensitivity to subtle arteriosclerosis compared to that 
of PWV and CT.

As other researchers have pointed out, also other 
data provided by PPG may be useful in assessing the 
vitality of the cardiovascular system in diabetics. Gen-
Min Lin et al. [40] in their research they analyzed Mul-
tiscale Entropy (MSE) of PPG pulse amplitudes. They 
carried out their study on a group of 80 volunteers (36 
healthy, 22 with well-controlled diabetes HbA1c <8% 
and 22 with poorly controlled blood glucose HbA1c ≥ 
8%), each performing 1500 resting pulses amplitudes 
of bilateral index fingers. The authors of the study 
report that the MSE index for the dominant hand was 
significantly different between people with poorly and 
well-controlled diabetes, while the MSE index for the 
non-dominant hand allowed for the diagnosis of healthy 

people. In their conclusions, the authors suppose that 
the MSE of PPG pulse amplitudes can be used to assess 
microcirculation in people with type 2 diabetes [40].

Endothelial function assessment 
Cardiovascular diseases are the most important 

cause of death worldwide [41]. The key pathophysi-
ological factor in the development of many of them is 
vascular endothelial dysfunction, which precedes the 
development of atherosclerotic lesions [42]. For this 
reason, many scientists are interested in the ability to 
evaluate the function of the vascular endothelium, which 
would allow adequate response before the develop-
ment of, for example, atherosclerosis.

Atherosclerosis is the basis for the development 
of many diseases of the cardiovascular system. It can 
lead to many complications, such as ischaemia of the 
myocardium, brain or limbs. Sometimes the vessel is 
narrowed rapidly, resulting in collapse and death of cells 
supplied with blood through a closed artery [43]. The 
basis for the development of atherosclerotic plaques 
is endothelial dysfunction, which may be reversible at 
an early stage, which is why many studies focus on the 
development of methods for the early detection of 
endothelial dysfunction [44].

PPG has been for some time considered an ex-
amination that can provide information about the 
endothelial function. This hypothesis was undertaken 
by Daoyuan Si et al. in a study comparing the ability to 
assess endothelial function with Brachial Flow-Mediat-
ed Dilation (FMD) and reactive hyperemia peripheral 
arterial volume (PAV) obtained with PPG. Currently, 
FMD is considered the main technique for testing the 
endothelial function [45]. FMD assessment is done 
indirectly by measuring changes in the diameter of 
the brachial artery before and after occlusion. Arterial 
occlusion is performed for 5 minutes and usually causes 
an uncomfortable numbness. When FMD procedures 
are performed, the brachial artery reacts with the 
widening of the diameter to respond to increased 
blood flow after occlusion. Damage to endothelial 
cell function decreases the ability of vasodilation by 
decreasing the widening of the diameter of the bra-
chial artery observed during the FMD procedure [46].  
Daoyuan’s team examined 93 people (53 with coronary 
heart disease) and concluded that PAV may provide 
as accurate results as FMD, while being easier to 
perform. Moreover, the authors indicated that PAV 
has the potential to become a non-invasive method of 
early identification of patients at high risk of coronary 
artery disease [47].

One more study was conducted by Wu et al. In their 
work, they compared the sensitivity and specificity of 
endothelial vascular function assessment performed 
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with dilation index (DI) measured by the highly re-
producible air pressure sensing system (APSS), which 
is considered to be just as accurate in determining 
endothelial function as FMD and endothelial function 
screening (EFS) device, that utilized PPG. The study 
involved 52 volunteers (age between 20 and 66) and 
showed satisfactory consistency between the EFS ratio 
and DI among the 52 testing subjects. Additionally, the 
comparison of the data acquired through APSS and the 
EFS device demonstrated an excellent correlation be-
tween the two sets. In their conclusions, the research-
ers emphasize that the EFS device can be considered 
as an effective tool for assessing endothelial function 
while being a convenient and economical solution. 
However, the authors point out that this technology 
requires further improvement to make it less sensitive 
to interference. One of the limitations of this study may 
also be that the results from the ESF were compared 
only with APSS, and not with FMD, which is considered 
the most reliable indicator of endothelial function [48].

CONCLUSION

The analysis of the latest research shows that the 
development of PPG techniques and devices can pro-
vide clinicians with new, accurate and cost-effective 
diagnostic tools. It turns out that this device can be 
used to monitor many key parameters and provide 
information necessary for planning further therapy. 
What is important, PPG enables patient monitoring in 
a continuous mode, and fast signalling of deterioration 
of patient parameters may be crucial for its survival.

The above article presents a multitude of areas in 
which PPG monitoring is attempted. Some of the appli-
cations focus on monitoring the patient during his stay in 
the hospital and some can be applied on an outpatient 
basis. One cannot forget about the usefulness of PPG as 
an aid in making clinical decisions regarding further therapy. 
PPG can provide important information to e.g. general 
and vascular surgeons, endocrinologists and cardiologists.

It is certain that the further development of the 
technique will enable the development of further 
applications for PPG, however, the time and clinical 
practice will show which of these applications will 
provide reliable data and improve treatment outcomes.
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