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ABSTRACT
Systolic and diastolic blood pressure values can be used as an indicator of an individual’s risk for cardiovascular disease.
The common practice of blood pressure (BP) measurement using a cuff-based system provides a snapshot of blood pressure
at a single instance in time and can be inconvenient and intrusive. The development of optical methods to determine blood
pressure could provide continuous monitoring of blood pressure through techniques such as pulse transit time (PTT) or
pulse arrival time (PAT) when used with echocardiogram. Cuff based BP devices are known to have variation and
inaccuracies when applied to larger arm sizes as seen in individuals with obesity but little is known of the influence of
obesity in the PPG/PTT and PAT signals. We propose that accurate waveform replication is required for the derivation of
blood pressure applied to individuals with obesity. Here we use the Monte Carlo framework to develop the PPG waveform
as a means to derive blood pressure through cuff less techniques. The development of a simulated waveform incorporates
realistic changes in the artery related to its biomechanical properties as a pressure wave is propagated through the vessel.
It is shown that a change in vessel pressure and geometry directly affects the captured optical signal. The system can
account for variations in body-mass index to compensate for geometrical changes in adipose tissue layer and changes in
optical properties.
Keywords: Photoplethysmography, Monte Carlo, Photon Transport, Optical Properties, Obesity, Blood Pressure,
Biomechanics, Cardiovascular Disease,

1. BACKGROUND
Obesity is one of the fastest growing diseases in the United States. Approximately 40% of the population in the United
States lives with obesity1-3. Obesity is defined by the Centers for Disease Control and Prevention (CDC) as having a Body
Mass Index (BMI) of over 30kg/m2, BMI is the ratio of body mass in kilograms divided by height in meters squared
(kg/m2)4-7. Obesity increases the risk of development of a variety of chronic conditions and diseases including, but not
limited to, cardiovascular disease (CVD), the leading cause of death for men, women , and people of most racial and ethnic
groups in the United States8,9. One of the key assessments of cardiovascular health is blood pressure. Blood pressure is an
indicator for an individual’s risk for CVD. The standard technique of blood pressure evaluation using sphygmomanometers
and oscillometric devices are effective to a certain extent. These techniques evaluate the blood pressure of an individual at
one instant in time and can be intrusive10. Cuff-based blood pressure measurement are known to have variations and
inaccuracies when applied to larger arm sizes as in in individuals with obesity, as the subcutaneous adipose tissue layer
increases in thickness11-13. The development of medical devices that account for physiological changes due to obesity is
becoming more prevalent.
Due to restrictions of cuff-based devices, measurement techniques using optical means can provide a continuous method
of monitoring blood pressure through techniques such as pulse transit time or pulse arrival time when used in conjunction
with electrocardiogram (ECG). The research into cuff-less devices and usage of photoplethysmography (PPG) to derive
blood pressure is rapidly expanding as commercialized wearable devices are continually emerging and incorporating health
monitoring features. However, similarly to standard techniques for blood pressure monitoring, the physiological changes
which occur in individuals with obesity must be accounted for in optical devices. Obesity causes changes to the properties
of the skin that affect the optical properties and light interaction14, but also increasing subcutaneous adipose tissue can
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affect the signal obtained with optical devices13. The direct relationship between the pulsatile PPG waveform, peripheral
representation cardiovascular function, and blood pressure has yet to be fully explored.
Modeling of the PPG waveform is a critical stepping-stone to the understanding and derivation of a wearable blood pressure
monitoring technique through optical means for individuals with obesity. A Monte Carlo (MC) framework will be utilized
to model the relationship between the physiological behavior and the optical interactions in order to simulate a PPG
waveform that is representative of realistic vascular functions.

2. METHODS
2.1 Physiological Behavior
The cardiac cycle governs the flow of blood from the heart as blood is pumped to the rest of the body. Understanding the
translation of these physiological behaviors to an optical platform is critical to developing a robust methodology for
monitoring of cardiac function. Translation of the dynamic behavior of vessel wall movement during pressure wave
propagation during blood flow requires a more complex model than a hydrostatic pressure vessel representation. Pressure
wave propagation through the cardiovascular system can be modeled as fluid flow through an elastic walled tubing 15-18.
The nature of elastic walled tubing creates variation in the flow streamline as a function of position and time. In rigid wall
tubing flow, the velocity profile of the fluid flow is maximum at the center and zero at the walls (no-slip boundary
condition), the velocity component in the direction of flow is only dependent on the radius and time and the velocity
component perpendicular to flow direction is zero. In elastic walled tubing, both the tangential and radial components of
the velocities are dependent on the radius, time and position.
This behavior allows for the pulsatile flow behavior seen in the arterial system of the body. Wall motion of the artery is
developed by two stresses acting on the wall, tangential shear stress and radial pressure. Pressure changes occurs local then
is propagated downstream. This allows for measurable features such as PTT which accounts for the time between pressure
wave generation at the heart and when it reaches the periphery.
2.2 Mechanical Properties
In the effort to characterize the behavior of the cardiovascular system and its interactions with optical signals, first, the
biomechanics of the arterial system must be understood. With the development of wrist based wearable technology in
mind, the behavior of peripheral vessels in the wrist and fingers will be of key interest. Large vessel behavior is studied
extensively focusing on the aorta, carotid artery, and large coronary arteries 19-24. Smaller vessels located in the periphery
exhibit similar mechanical behaviors to large vessels such as the aorta or carotid artery25,26. These properties can be
estimated to the periphery using well-documented behaviors of major vessels. Monson et al. differential and tests
mechanical behavior of small versus large cerebral vessels both arteries and veins25. The behavior of the arteries at varying
sizes exhibit similar characteristics.
Khamdaeng et al. demonstrates the mechanical performance of a carotid artery26. Deformation of the arterial wall is
recorded using ultrasound at various positions to map out specific behaviors during a cardia cycle. The pressure and vessel
diameter change demonstrate similar profiles with physical changes lagging the pressure wave propagation. The behavior
of arterial wall expansion and contraction is represented by the combined behavior of smooth muscle cells, collagen, and
elastin27-29. The characteristics seen at the carotid artery26 demonstrates similar behavior to smaller cerebral arteries and a
more detailed analysis of vessel behavior is vital in developing parameters used for peripheral arteries. Understanding the
mechanical behavior of the vessel allows for the modeling of vessel dilation through Finite Element Analysis (FEA)
software. The software allows for visualization of the behavior of a simulated arterial wall under applied internal pressure.
From the FEA simulation, the expansion of the radial artery was extracted with estimated input mechanical
properties12,13,24,26,29.
The artery is modeled in Solidworks computer-aided design (CAD) software. Arterial geometric parameters are modeled
based on the radial artery located at the volar surface of the forearm where the pulse is commonly palpated. A twodimensional drawing of the vessel with associated dimensions is shown in Figure 1.
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Figure 1. Vessel 2D CAD geometry drawing. This is the model used for the radial artery to understand its behavior
during the cardiac cycle. All dimensions in [mm].
Vessel dimensions representing the radial artery are 2.5mm inner diameter and 0.2 wall thickness12,13,26 . From this model
of the vessel, mechanical properties are applied. Vessel wall mass density Poisson’s ratio are determined to be 1106kg/m3
and 0.4924,26,29 respectively. Arterial mechanical stiffness values range between 0.70MPa 1.10MPa 26.
2.3 Monte Carlo Model Adaptation
The Monte Carlo model is performed using an adapted version of Jacques, S. “mcxyz.c”30 by Marti, D. et al. called
MCMatlab31. The Monte Carlo model incorporates a 1.4cm x 1.4cm x 0.8cm frame at 200 x 100 x 200 elements in each
respective direction. The layer composition of the geometry is shown in Figure 2, associated geometric parameters and
optical properties are denoted in Table 1.

Figure 2. Sample geometric illustration of Monte Carlo input configuration. Layer legend and associated optical
properties are shown in Table 1.
Table 1. Optical properties at two wavelengths of layered geometry.
Layer

𝜇𝑎 [𝑐𝑚−1 ]
660nm/890nm

𝜇𝑠 [𝑐𝑚−1 ]
660nm/890nm

g

n

r Epidermis
Dermis
Fat
Vessel Wall
Blood

0.3442/0.3184
0.5453/2459
0.0001/0.0217
0.8/0.8
2.026/6.32

121.2/224.7
208.6/116.7
249.7/189.8
230/230
75.76/56.18

0.9
0.9
0.9
0.9
0.9

1.4
1.4
1.4
1.4
1.4
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The epidermal layer is 0.25mm thick. This is a modified epidermal layer indicated as “r epidermis”. This layer is scaled
up to 0.25mm from 0.10mm in order to increase the number of elements in the mesh for the epidermis. In order to
compensate for the increase in size, the optical properties, absorption and scattering coefficients, are reduced by the same
factor. The dermis is represented by a single layered dermis at 1.0mm thickness. Below the dermis is the subcutaneous
adipose tissue with makes up the remainder of the frame. Within this layer, the radial artery is modeled as a cylinder
situated at 2.5mm depth from the top surface12,13. The target radial artery is constructed with a vessel wall and the
internal lumen is filled with blood.
Source and detector separation is 1.0cm x direction at the surface layer. Simulation photon count was tested at 100 million
photons per simulation. Simulations were performed on Windows 10 64-bit Operating System with Intel® Core™ i7-8700
CPU 3.20GHz, 32GB RAM, NVIDIA GeForce GTX 1070 GPU, and Windows 10 64-bit Operating System with Intel®
Core™ i7-8750H CPU 2.20GHz, 16GB RAM and NVIDIA GeForce GTX 1050 Ti GPU. Simulations speeds range
between rates of 2 million photons per minute to 15 million photons per minute.
The results of the finite element simulation for arterial dilation demonstrates a change of 0.20mm to 0.50mm for developing
the primary and secondary features of a PPG waveform. Visual representation of propagated pulse vessel dilation is
represented in Figure 3.

Figure 3. Arterial wall dilation contour plot of total displacement. Red regions show regions of highest displacement
and blue for lowest displacement.
The representation shows a single location of pulse propagated vessel shape, this is different from a hydrostatic pressure
vessel representation. The change to the vessel geometry significantly affects the change in inner diameter of the vessel
yet limited change to vessel wall compression. From this, the vessel is assumed to be relatively incompressible compared
to the diametral change under applied pressure.
The adaptation of these FEA results to MC geometry in light transport was done using ellipsoid representation of two
pulse shape features often seen in PPG output signal. Two ellipsoid model was represented using Equations 1-3.
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Development of these equations is a result of combined understanding of pulsatile flow in elastic walled tubing and
arterial biomechanical behavior. In Equations 1 and 2, x, y, and z represent each direction in the frame, 𝑑 locates the
ellipsoid in the vertical, z, direction in the media. In Equation 1, IDx defines the dilation of the inner diameter of the
vessel, 𝑝𝐿1 is the location of the primary ellipsoid in the y-axis, and 𝑝𝑤𝑑1 defines the width of the primary ellipsoid in
the y direction. In Equation 2, IDxd represents the dilation of the inner diameter of the secondary ellipsoid, 𝑝𝐿2 is the
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location of the secondary ellipsoid in the y-axis, and 𝑝𝑤𝑑2 defines the width of the secondary ellipsoid in the y direction.
Equation 3 defines the 𝑝𝑠𝑒𝑝 parameter as the separation between the first and second ellipsoids. The geometry
developed with these equations is shown in Figure 4.

Figure 4. Illustration of pulse shape generating features in Monte Carlo. Geometric parameters of arterial dilation
and pressure wave propagation is adapted into Monte Carlo through variation in geometry of the artery. Pulse features
are developed through Equations 1-3.

3. RESULTS
The Monte Carlo simulation was performed over a set series of positions of the pulse shape generating features in order
to capture changes in total reflectance as the pulse travels through the capture frame. Figure 4A and 4B demonstrates a
Monte Carlo output of the arterial pulse propagation through the frame of interest.

Figure 5. Artery front (A) and side (B) view Monte Carlo image output. Plot represents the negative logarithm of
power absorbed at each unit volume.
The Monte Carlo geometry captures a 1.4cm x 1.4cm x 0.8cm area isolated for the radial artery. Figure 5 shows a single
position front and side view of the artery as light is injected into medium and pulse shape generating geometry is moved
through the frame. The relative change in captured reflectance signal at the detector is used to generate the pulse
waveform. The waveform is shown in Figure 6.
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Figure 6. Normalized Reflectance Signal. Simulated PPG waveform at 660nm wavelength and 2.50mm vessel depth.
Simulated PPG signal shown in Figure 6 is created using 89 positions of the ellipsoid moving from negative y position to
positive y positions at 100 million photons per position. The single waveform generation was performed 15 times in order
to develop a set of mean and standard deviation for each value. The plot represents a normalized negative log of the
reflectance signal captured at the detector. The average standard deviation is 0.0011 and maximum standard deviation is
0.002. This preliminary test of generating a simulated waveform shows promising results being able to show both primary
and secondary peak features.
Adaptation of model to individuals with obesity shows changes to location of the radial artery as subcutaneous adipose
tissue increases. The artery is moved down from 2.5mm to 3.5mm in depth. The changes to the capture reflectance signal
is shown in Figure 7.

Figure 7. Normalized Reflectance Signal. Simulated PPG waveform at 660nm wavelength and 3.50mm vessel depth
simulating signal from individual with obesity.
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Figure 7 shows the simulated PPG signal with increased subcutaneous layer thickness and a deeper radial artery location.
Vessel depth is 3.5mm. The waveform was generated using 89 positions of the ellipsoids with 100 million photons per
position over 15 iterations. The average standard deviation is 0.0012 and the maximum standard deviation is 0.0021. In
this case, both primary and secondary peak features are seen in the simulated PPG signal. However, the total range from
baseline to maximum sees a smaller relative change and the secondary feature appears less prominent.

4. CONCLUSION
The effort to develop a system for wearable optical methods of estimating blood pressure for individuals with obesity,
understanding the connection of vascular biomechanics and its interaction with optical technology is a critical steppingstone. A method of monitoring vascular health for both the patient and the physicians is essential to work the intervention
of cardiovascular disease. Simulation of the photoplethysmographic waveform using a Monte Carlo framework can
provide the link between the two domains. From previous work performed to quantify arterial biomechanics, geometric
features of radial arterial expansion and contraction under pulsatile flow induced during the cardiac cycle are converted
into parameters for a Monte Carlo light transport model. Reflectance signal collected at a detector is then converted into a
simulated PPG waveform generated for a single cardia cycle.
Initial simulations show differences between wave as well as arterial depth representing a thicker subcutaneous fat layer
as degrees of obesity increases. Correlations to specific cardiovascular properties can be used to generate simulated
waveform modeling different vascular health states. Waveform peak is correlated to systolic behavior; yet secondary
waveform peak is still not clearly quantified.
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