
              

City, University of London Institutional Repository

Citation: Abdollahi, Z., Phillips, J. P. & Kyriacou, P. A. (2013). Evaluation of a combined 

reflectance photoplethysmography and laser Doppler flowmetry surface probe. Paper 
presented at the Engineering in Medicine and Biology Society (EMBC), 2013 35th Annual 
International Conference of the IEEE, 3 July - 7 July 2013, Osaka. doi: 
10.1109/EMBC.2013.6609853 

This is the accepted version of the paper. 

This version of the publication may differ from the final published version. 

Permanent repository link:  https://openaccess.city.ac.uk/id/eprint/11710/

Link to published version: https://doi.org/10.1109/EMBC.2013.6609853

Copyright: City Research Online aims to make research outputs of City, 

University of London available to a wider audience. Copyright and Moral Rights 

remain with the author(s) and/or copyright holders. URLs from City Research 

Online may be freely distributed and linked to.

Reuse: Copies of full items can be used for personal research or study, 

educational, or not-for-profit purposes without prior permission or charge. 

Provided that the authors, title and full bibliographic details are credited, a 

hyperlink and/or URL is given for the original metadata page and the content is 

not changed in any way. 

City Research Online



City Research Online:            http://openaccess.city.ac.uk/            publications@city.ac.uk

http://openaccess.city.ac.uk/
mailto:publications@city.ac.uk


Evaluation of a combined reflectance photoplethysmography and 
laser Doppler flowmetry surface probe 

Zahra Abdollahi, Justin P. Phillips, Member, IEEE and Panayiotis A. Kyriacou, Senior Member, IEEE 

Abstract- this study presents evaluation of a system 

eombining laser Doppler flowmetry and photoplethysmography 

(PPG) in a single probe for the simultaneous measurement of 

perfusion and blood flow in the finger. A euff 

sphygmomanometer was used to partially oecIude the arteries 

supplying the hand to investigate the effeet of low pressure on 

photoplethysmographie and laser Doppler signals and also on 

ealeulated arterial blood oxygen saturation values (SpÜ2)' Red 

and infrared PPG and Doppler signals were reeorded from six 

healthy volunteers at various pressures. Good quality signals 

were reeorded in all subjeets at low euff pressures; however 

both PPG and Doppler signals showed a gradual deerease in 

amplitude at higher pressures. SpÜ2 values ealeulated from the 

PPG signals showed higher deviation from measurements made 

on the eontralateral hand using a eommereial pulse oximeter at 

higher euff pressures. 

I. INTRODUCTlON 

Blood oxygen saturation level is very important in c1inical 

physiological monitoring. In medicine, oxygen saturation 

indicates the percentage of hemoglobin binding sites in the 

bloodstream occupied by oxygen [1]. Various techniques 

measure the skin blood flow including 

Photoplethysmography and laser Doppler flowmetry (LDF). 

Photoplethysmography is a method of monitoring changes in 
transmission of light through tissue due to pulsation of small 

arteries while laser Doppler flowmetry (LDF) measures 

microcirculatory blood cell velocity and flux [2]. 

The results presented here are part of a wider study to 

combine LDF and PPG into a surface probe intended for 

evaluation of peripheral blood flow in abdominal tissue 

during bowel operations. Bowel viability assessment is 

essential in gastrointestinal surgery, and must be evaluated 

frequently during and after abdominal operation otherwise it 

can be lead to intestinal ischemia and necrosis associated 

with an increased length of hospital stay, significant 

postoperative morbidity and mortality. Although numerous 

techniques of intraoperative bowel viability assessment like 

pulse oximetry, polarographic measurement of oxygen 

tension, near-infrared and visible light spectrophotometry 

(NIRS & VLS) and intravital microscopy are available, only 

a few are applicable in bowel surgery. The majority of 

methods are still far from ideal [2]. An optical sensor for 

assessment of the perfusion of the bowel has been proposed 

which may be placed on the bowel allowing the perfusion 

status and blood oxygen level before and after rejoining two 

parts of bowel together to be assessed. The sensor could 
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indicate the presence and magnitude of the circulation so 

allow early warning of ischemia to the surgeon before 

damage occurs. 

A. Photoplethysmography (PPG) 

Photoplethysmography, (pPG) a non-invasive electro
optic method provides information on the blood volume 
changes in the body caused by cardiovascular pulsations in 
the bed of tissue [3]. A photoplethysmogram is obtained by 
iIIuminating a part of the body of interest and acquiring either 
the reflected or transmitted light. Photoplethysmography 
(PPG) involves two basic forms of optoelectronic which one 
for emitting monochromatic light into tissue and the other for 
collecting the light reflected back, or through, and not 
absorbed by tissue and blood. The intensity of light from 
emitter, which reaches the photodiode detector, will be 
measured to determine the blood volume changes. Variation 
in the signal correlates to several parameters of which 
pulsatile changes in blood flow and blood volume are 
regarded as most important [4]. Typically PPG is a non
invasive technique and operates at red and infrared 
wavelength [5]. 

The PPG signal consists of two types of waveforms 
including a dominating DC-part and a pulsatile AC-part. AC 
component is a pulsatile waveform, which represents the 
pulsing of the blood in the arteries while DC component is a 
comprised of the absorption from the non-pulsing arterial 
blood, the venous and capillary blood. The AC-part is usually 
filtered out and amplified. 

There are two main PPG operational configurations; the 
first one is transmission mode operation where the tissue 
sampie (e.g. fingertip) is placed between the source and 
detector. And the second one is reflection mode operation 
where the LED and detector are placed side-by- side [6]. 

B. Laser Doppler jlowmetry (LDF) 

The Doppler effect is utilized in laser Doppler flowmeters 
for measuring microvascular blood flow. In brief, a beam of 
laser light, carried by a fiber-optic probe attached to or 
inserted into the investigated tissue, interacts with moving 
components of tissue such as red blood cells [7] and is 
Doppler shifted while light interacting with static objects is 
unchanged. The light is then scattered and partly absorbed by 
the tissue to be investigated. The light is picked up by a 
returning fiber, converted into an electrical signal that is 
processed to provide an estimation of blood flux, which is the 
product of the velocity and the number of red cells in the 
volume of tissue interrogated by the probe [8]. Laser Doppler 
flowmetry (LDF) and photoplethysmography (PPG) are both 
well-established non-invasive optical methods for measuring 
changes in skin blood flow [9]. Through application of both 
these methods, the tissue blood flow in different tissue layers 
can be inferred. As laser Doppler flowrnetry can study the 



more superficial blood flow [10] and PPG can assess the 
blood flow deeper in the tissue [11], the combination of LDF 
and PPG was chosen in order to be able to explore the most 
superficial blood flow using LDF as weil as blood flow in 
deeper tissue layers using PPG [3]. 

This study aimed to evaluate this system's ability to 
differentiate between states of normal and compromised 
perfusion. Both LDF and PPG measurements were made 
from the finger using a sphygmomanometer cuff on the arm 

to induce graded perfusion states by inflating the cuff to 
various pressures causing partial occlusion of the brachial 
artery. The LDF and PPG signals were measured for a series 

of pressures from zero to 135 mmHg. SpOz values were also 
calculated from the acquired PPG signals. It is hoped that 
using laser Doppler flowmetry and photoplethysmography in 
a combined probe, improvement in the investigation of 
tissue viability will be possible, and the results will lead to 
refmements in future measurements made form intestinal 
tissue. 

11. MATERIALS AND METHODS 

A. Photoplethysmographic rejlectance probe 

The reflectance probe used in this study consisted of a 
central photo detector surrounded by two light sources for 
PPG (and a LDF fiber tip). Two combinations of 
wavelengths of light and the same distance from light source 
to detector will be used: infrared (IR) 880nm and red (R) 
628nm. 

B. Doppler laser probe 

The VP8c titanium laser Doppler disc probe (Moor 
Instruments Ud., UK) will be used as the laser Doppler probe 
in this research. The probe is connected to a laser Doppler 
monitor (Moor Instruments, Ud., UK). The combined probe 
has been shown in Fig. 1. Fig. 2 shows the block diagram of 
the PPG systems. It consists of a tim er, LED driver, 
photodiode detector, amplifier, demultiplexer and a band pass 
filter circuit. 

C. Evaluation of the system 

Three main parts of the measurement system developed for 
the present research include: (a) Probe (b) Instrumentation: 
this is housed in a box with dimensions 30x28x9 cm 
containing: power, LED current source and a custom-made 
signal processing circuit to separate the 
photoplethysmographic signals into its AC (rapidly varying 
or 'pulsatile') and DC (slowly varying) components and to 
amplify each component. The drive current (as stated on the 
LEDs datasheet) used for switching the LEDs was 50 mA 
using a current-limiting resistor in series with the LEDs of 
value R = 220 n and a voltage supply of 12 V. (c) Data 
acquisition system: The AC PPG and DC PPG signals are 
sampled by an analogue to digital converter installed into a 
notebook computer. Software (known as a virtual instrument 
or 'VI') implemented in LabVIEW (National Instruments 
Corporation, Austin, TX, USA) reads the AC and DC signals, 
displays the AC PPG waveform and records both signals for 
later analysis. The PPG signals (AC and DC), and the flux 
signal from the laser Doppler flowmeter will be acquired and 

recorded with the DAQ card at a sampling frequency of 200 
Hz using a specially developed LabVIEW program. The PPG 
(AC signal) was separated from the total intensity (AC+DC) 
signal using filters incorporated into the measurement 
circuitry. The Doppler monitor has an analog output so 
signals can be obtained and displayed using LabVIEW. 

Figure 1. Photograph of the combined probe with two LEDs, one 
photodiode and the laser Doppler probe tip of 8 mm diameter. 
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Figure 2. The block diagram of the PPG systems 

III. EXPERIMENT AL METHOD 

Six healthy volunteers (2F, 4M; mean age 25 ± 3) who had 
not been taking any regular medication and were free of any 
significant medical problems participated in this study. A 
pressure cuff attached to a manual sphygmomanometer was 
placed around the left arm of a volunteer. The experimental 
probe was attached to the left index fmger. One minute of 
simultaneous PPG and Doppler flux measurements were 
taken with the cuff deflated. The cuff was then inflated in 
15 mmHg steps up to 135 mmHg. One minute of PPG and 

Doppler measurements was again taken at each 
pressure. The cuff was deflated for 30 seconds between 

each measurement to allow re-perfusion of the hand and to 

avoid unnecessary discomfort for the volunteer subjects. 

IV. DATA ANALYSIS AND STATISTICS 

From the PPG signals, the peak-to-peak amplitudes of the 
AC red (RAd and infrared (IRAd signals were calculated for 
each cardiac cycle (heartbeat) and the mean value of these 
amplitudes determined for all signals during each one 

minute measurement period. DC values for red (RDe) and 

infrared (lRDJ calculated by subtracting the AC signal from 

the total signal (AC+DC). The amplitudes of laser Doppler 



for all six volunteers were also measured during the 
hypoperfusion process for about one minute with calculation 
of peak-to-peak amplitude of the laser Doppler signals. The 

SPÜz values were also calculated using the following 
formula: Spüz=110-25 RR 

where, 
RAc/R DC RR IR Ac/IR DC 

V. RESULTS 

PPG and Doppler signals were detected from the 

combined probe from the index finger in all volunteers. The 
AC red and infrared PPG and Doppler traces in one 
volunteer at zero, 75 mmHg and 135 mmHg pressures for 10 
second are shown in Fig. 3, 4 and 5 respectively. In all 
Figures AC infrared (lRAd PPG is shown in the first graph, 
AC red (RAd PPG is the middle graph and the last graph is 
related to laser Doppler. By comparing Fig. 3, 4 and 5, it is 
clear that there are significant differences between IRAc and 
RAC PPG and Doppler signals at each of the cuff pressures 
represented by the graphs. In fact at 75 mmHg, the finger 

PPG signals are significantly reduced for all subjects 
compared to the signals obtained at zero press ure and with a 
further increase of the cuff pressure to approximately 120 
mmHg all signals ceased due to no blood flow to the fmger 
(see Fig. 6 at pressure 120 mmHg). In Figures 6, 7, and 8, 
the amplitude of AC red and infrared signals along with the 

Doppler signal in various pressures in all subjects is shown. 

As the cuff is gradually deflated, the brachial artery will be 
occluded gradually, due to the decrease in the volwne of 
blood through the arm. As a result, less blood can reach the 
finger producing low amplitude signals for all 
measurements. This effect is obvious in changes in the 
amplitude of IRAc and RAC PPG and Doppler signals from 
the finger probe. The IRAc and RAC amplitude reduced by 
58.96% and 37.58% respectively at 75mmHg compared to 
zero cuff pressure. The laser Doppler amplitude fell by 
60.14% at 75mmHg cuff pressure compared to zero cuff 
pressure. Figure 9 shows the calculated SPÜz at different 
cuff pressures. It can be seen the values of SPÜz become 
erratic at cuff pressures greater than 75 mmHg, with all but 
one subject showing apparent desaturation at high cuff 
pressures. 

Figure 3. (a) IR AC .(b) R AC and (c) laser Doppler signals at zero mmHg 
for l Osecond. 
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Figure 5. (a) IR AC, (b) R AC and (c) laser Doppler signals at 135 mmHg 

for l Osecond. 
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Figure 6. IR AC amplitude at various pressure from zero to 135 mmHg. 
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Figure 7. R AC amplitude at various pressure from zero to 135 mmHg. 
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Figure 8. Laser Doppler amplitude at various pressure from zero to 135 
mmHg. 
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Figure 9. Blood oxygen saturation (Sp02) during hypoperfusion from zero 
to 135 mmHg. 

VI. DISCUSSION AND CONCLUSION 

Finger PPG and Doppler signals were measured in six 
volunteers in various pressures from zero to 135 nunHg. 
During hypo-perfusion as the cuff pressure increases, the 
amplitude of the PPG and Doppler signals decrease with 
increasing pressure as expected due to occlusion of the 
brachial artery. From the signals obtained at different 
pressures, it can be seen that the mean AC red and infrared 
PPG and Doppler amplitude is considerably reduced in states 
of simulated ischemia in the finger tissue. The decrease in 
the amplitude of the PPG signals and Doppler coincides with 
the observed changes in blood oxygen saturation in all 
subjects. These fmdings suggest that both PPG and LDF 
individually are sensitive indicators of ischemia although the 
percent fell in amplitude of Doppler was greater than PPG 
between zero and 75nunHg cuff pressure. This result 
suggests that PPG is more sensitive to ischemia than Doppler. 

A measurement system combining both modalities would 
provide more information than PPG or Doppler alone. Loss 
of both signal types would provide stronger evidence of 
ischemia than either single measurement. The extra 

information gained from the oxygen saturation ca1culated 
from the PPG signals could provide further information 
regarding the health of the tissue. The differences and 

similarities between fmger and bowel measurements are not 

yet known as measurements were only taken from one site 
(the fingertip). 

The aim of this experiment was to test a combined opto

electronic measurement technique based on PPG and LDF 

technology in conditions of reduced perfusion as may occur 

during ischemia of the gut or other internal tissue. This study 

is a part of wider study, which aims to evaluate this 

measurement system in patients undergoing bowel resection . 

The effectiveness of the system for assessing bowel viability 

will shortly be evaluated in a clinical trial. The combined 

sensor will be laid on the surface of the bowel during open 

laparotomy, before and after removal of ischemic or 

cancerous bowel tissue. PPG and LDF measurements will be 

made from ischemic and healthy tissue, pro vi ding 

comparison of the presence and magnitude of perfusion in 

different regions. A combined sensor could allow early 

warning of ischemia to the surgeon before damage occurs. 

Furthermore, the proposed biosensor can be used during 

many kinds of surgery, for example, gastric pull-up in 

esophageal cancer where there are often serious doubts 

about the blood supply to the gastric tissue due to rotation or 

other displacement of the tissue mass. In addition, the sensor 

could find application in colon bypass or in patients with 

colon volvulus, torsion of testis etc. 
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