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ABSTRACT 

We have developed a multiple-wavelength photo-plethysmograph (MWP) to 
study skin blood flow. Focused incandescent light is reflected from tissue near the 
surface and through narrow bandwidth optical filters. The intensity of the reflected 
light is modulated by the pulsing changes in blood volume; the amount of 
modulation corresponds to the absorption of blood at particular wavelengths. Four 
narrow bandwidth optical filters were used during the study (560, 580, 810, and 
950 nm). 

Force was applied (in increments), through the instrument, to the skin, in an 
effort to extinguish the pulsations. A localized hyperemic response was induced by 
the reduced blood flow to the tissue. 

Clinical and non-clinical use of the MWP has been demonstrated. In the non
clinical setting we collected waveforms from bony and soft tissues of a normal 
healthy subject population. The clinical study took place in the Podiatry Clinic at 
the Veteran's Administration Hospital in Tucson, Az., on an all male, age matched 
normal, diabetic and vascularly compromised population. Clinical data were 
collected from the tips of the right and left great toes after systolic pressures were 
measured with doppler ultrasound. 

Data consists of maximum amplitUdes, maximum rates of change in the 
systolic rise, systolic slopes, and spectral power in several frequency bands of 
detected waveforms. Statistical tests for significance were performed on all the 
data, and included tests between: hyperemic and non-hyperemic data, clinical 
population groups, left and right great toe data of the clinical populations, and 
between data derived from different wavelengths of light. 

Significant difference (t < .05) were most consistently found in light filtered 
at 580 nm. Significant differences for the non-clinical population existed between 
hyperemic and non-hyperemic data at soft and bony locations. Significance existed 
between the clinical groups of general and compromised patients, diabetic and 
compromised patients, but not between general and diabetic patients. Correlation 
between measured toe pressures and data of the three clinical groups showed a 
slight positive bias. No significance was found to exist for the three clinical groups 
between data derived with light of different wavelengths (580 and 810 nm.). 
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CHAPTER 1 

INTRODUCTION 

1.0 OVERVIEW 

We have all, at sometime, seen a person who did not "look" well. They may 

have appeared flushed, pale, grey, blue or jaundice. Whatever the shade, it 

indicated that there was a physiological problem which had effected the quality of 

the blood supply to, or visible characteristics of, the skin. Simply by seeing a 

persons skin we essentially diagnosed an illness, and used the skins blood supply or 

properties as a diagnostic aid. 

Thankfully, it is possible to use the same properties of the skin to predict and 

diagnose in more expert ways. For example, R.A. Bruce (1978)1 used reflection 

spectrophotometry to estimate bilirubin and hemoglobin oxygen saturation in 

neonates. Heimbach et.al. (1984)2 used a reflectance technique to predict healing 

potential at bum sites, an~ Frank et.al. (1961)3 also used a photo-electric 

instrument to measure erythema and inflammation on human skin. Areas in which 

skin can be used more as a tool are in photo-chemotherapy and radiation dosimetry. 

Understanding properties of skin and how they are affected by disease states 

remains an important problem. One of the most prevalent and urgent problems 

regarding the skin is being able to assess it's ability to remain healthy and to heal 

itself (it's viability). 
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As the population of the United States ages, more circulatory and vascular 

problems arise resulting from complications of adult onset diabetes and arterioscler

osis. With diseases of this type blood flow to the extremities (toes, feet, ankles, 

lower leg) is compromised and can result in lesions, gangrene, and tissue death. A 

simple ischemic lesion could result in the death of the patient if the lesions were left 

untreated and if the blood supply to the affected area was inadequate to promote 

healing. A drastic treatment of diseased extremities is amputation, however if the 

skin around the lesion were viable and could aid in healing the lesions, amputation 

would be a traumatic mistake. In addition to viability of the affected area the 

physician must consider the viability of the tissue at the amputation site. 

Surgeons are compelled to consider post-operative quality of life when 

determining an amputation site. The agony associated with the loss of a limb can 

be eased with the proper adaptation of a prosthesis, and amputating below, 

through, or above the knee greatly determines a patients ability to adapt to a 

prosthesis. The longer the remaining limb the easier the adaptation. Typically a 

flap of skin is left at an amputation site to provide a means of closing the wound. 

Selecting a flap depends upon the skins ability to thrive and heal which is 

determined by the quality of the blood supply. 

Physicians have had to rely on their clinical judgement of blood supply at a 

proposed amputation site, and have strived to more narrowly define criteria 

necessary for site selection. As recently as 1939 surgeons4 believed that below 
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knee amputations could not reliably offer healthy stumps; numerous studies have 

since dispelled this belief. 

~elly and Janess relied upon their clinical assessment of peripheral pulses, 

venous filling time, color return and general appearance to select 323 amputation 

sites. From their collective experiences, they tabulated considerations to be used to 

determine above and below-knee amputations. Below knee candidates needed a 

palpable femoral pulse, functioning knee joint, absence of ischemic lesions to mid 

leg, good bleeding at the amputation site, good rehabilitation prognosis, failure of 

a more conservative amputation (e.g. toe), and a history of slow onset of occlusion 

(arteriosclerosis). They believed that indications for above knee amputations 

included: sudden arterial occlusion combined with weak femoral pulse, embolic 

occlusion and gangrene caused by peripheral aneurysms, sudden arterial occlusion 

accompanied by symptoms of leg coolness or evidence of severe ischemia. 

The time required from onset of occlusion to full occlusion plays an 

important role in healing potential of amputation sites. A collateral circulatory 

system may develop with a slower or chronic onset. Sudden onset is more debilita

ting because a collateral system has no chance to fonn. 

Over a five year period Stahlgren and Otteman6 treated 523 cases of lower 

extremity amputations due to arterial occlusion. They observed that favorable 

collateral circulation correlated with localization of infection or demarcation of 

gangrene, wann skin, rapid vein filling and good skin texture with hair. However, 
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poor collateral circulation correlated with rest pain, dependent rubor, cool skin, and 

a history of acute occlusion. 

Murdoch7 describes a paradox which exists between age and arteriole 

occlusion. Younger patients can more easily overcome disabilities of higher 

amputations, but are more likely to receive lower amputations because collateral 

circulation can better develop. The onset of arteriole occlusion in the aged is more 

acute, necessitating higher amputations. It therefore behooves all involved "to 

perform limb ablation at the lowest level possible consistent with tissue viability and 

useful function in the retained joints". He continues that each case deserves 

separate consideration, and though diabetes is a major complicating factor, it's 

existence alone should not determine an amputation site. The decision ultimately 

depends on clinical assessment including peripheral pulses, the extent of local sepsis 

and oedema, and the effects of ischemic neuropathy. 

Amputation site selection is well defined for revision of congenital 

deformities, trauma, and to ablate tumors. However, Romano and Burgess8 state 

that vascular amputations for ischemia are poorly defined, and that much evidence 

exists for a conservative (lower) approach to amputation site selection. Limbs with 

patchy involvement of major blood vessels and absence of palpable pulse are able 

to sustain conservative amputations, especially if a collateral blood supply is 

developed. They state that most below-knee amputations resulting from arteriole 

occlusion will heal, but to accurately predict wound healing, circulation at the 

--- ---- ---- -----------------------------
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capillary, arteriole and cell level must be assessed. Their belief is that no single 

procedure in itself is an accurate final predictor of amputation site. 

Holstein9 emphasizes that lack of clinical signs of ischaemia will not 

guarantee sufficient arterial supply for wound healing, and ulcerations do not 

indicate ischemia. He found clinically useful parameters for below-knee amputa

tions to be: presence of a temperature demarcation line, (as felt by hand), lack of 

cyanosis, and palpable popliteal arterial pulses. Cyanosis and presence of skin 

temperature demarcation below the knee indicated poor healing prognosis while 

popliteal arterial pulsations indicated good prognosis. He believes that the most 

valuable clinical predictor is palpable popliteal pulses, however their absence does 

not imply eminent failure. Unfortunately, such reliable signs were present in only 

25% of his study group. Holstein also refers to studies which disagree over the 

predictive power of femoral arterial pulses for successful below-knee amputations. 

A reliable procedure that selects the most distal amputation site, or assesses 

tissue health does not exist. Studies continue to determine interrelations between 

characteristics of blood supplied, the probability of healing wounds, and general skin 

health. As technologies advanced in the last few decades more elaborate and 

esoteric methods evolved to aid in amputation site selection. Methods evaluating 

systolic blood pressure, skin blood flow and skin perfusion pressure continue to be 

developed and refined. In pages that follow we outline procedures and results 

utilizing techniques like transcutaneous oxygen pressure measurements, radio-

---- --- --------- --
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isotope clearance techniques, fluorescence, doppler shift phenomena, tempera.ture 

and thermography, and plethysmography that have been used in tissue viability 

studies. 

1.1 BACKGROUND DISCUSSION 

1.1.0 Overview 

This section will outline and report on procedures mentioned above. These 

examples are primarily taken from work done within the last decade. There are 

generous examples of circulatory research over several generations, but we believe 

all the past wisdom and experience has been imparted upon the researchers 

mentioned in the following sections. 

1.1.1 Transcutaneous Oxygen Pressure Measurements (TcpOJ 

In the last few years, the most widely tested technique to evaluate skin 

viability and predict amputation site healing has been transcutaneous oxygen 

pressure (Tcp02)' measured in millimeters of mercury (mm Hg). Tcp02 is a non

invasive quickly performed technique that essentially provides information of the 

blood's ability to supply oxygen to the skin. Tcp02 is attractive because wound 

healing is highly dependent on adequate skin blood flow and oxygenation. 

Reported pressure readings that successfully predicted healing ranged from 

10 mmHg to 50 ±B mmHg. 10,11,12,13,14,15,1617,18,19 This large spread 
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in successful pressures suggested to Hause~o that a calibration method may be 

useful to compare findings. He used a TCp02 ration (limb TCp02 / chest TCp02) 

to assess amputation sites, and reported that the index was above .64 for 45 of 66 

amputations which healed. They also found well oxygenated skin more likely to 

heal reliably, regardless of the type of wound. 

Other interesting findings have come out of several TCp02 studies. For 

example, TCp02 mapping allowed planning of amputation sites (A. Katsamouris, 

et.al.)19, correlation exists between systolic blood pressure, angiographs and TCp02 

exists 21,23. TCp0 2 measurement differences found between posterior and plantar 

skin surfaces, and posterior and anterior surfaces provided good separation between 

successful and unsuccessful amputation groups (D. Silverman, et.al.)2S. 

The sensitivity of the TCp02 method is still limited because it mainly reflects 

the perfusion quality of skin and subcutaneous tissue, but not the quality of the 

blood supply in the subfascial tissue layers. Nonetheless, it is a quick and simple 

method that will gain more and more acceptance as an assessment method. 

1.1.2 Radio-isotope clearance techniques 

Injecting a radioactive isotope such as Xe-133 or 131-I intradermally and 

monitoring radioactive decay as it clears from the point of injection has proven to 

be an effective method of analyzing skin blood flow and perfusion pressure. Skin 

perfusion pressure is regarded as the minimum pressure required to stop the isotope 
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clearance; skin blood flow is evaluated by monitoring the speed and spread of the 

isotope. 

Holstein21 used three different tracers (13II-antipyrine, Na(13II), and 

99Tcm-pertechnetate) to measure skin perfusion pressure with isotope washout 

techniques. Each isotope gave similar results, and all were deemed suitable tracers. 

He made comparisons with segmental systolic pressures, angiographs, transcutane

ous oxygen tension and variations during changes in systemic blood pressure. Skin 

perfusion pressure was found to be significantly correlated to skin blood flow, 

systolic blood pressure, transcutaneous oxygen tension and angiographic findings. 

Estimates of skin blood flow on the posterior medial and lateral aspects of 

the lower leg were made for 47 patients by McCollum22• An uneven distribution 

of blood flow at the below knee amputation level was found. Medial, posterior, and 

lateral skin blood flows were measured, all three regions gave different mean flow 

rates. Significantly higher skin blood flows were recorded on the medial and 

posterior aspects of ischemic legs. 

Xenon-133 clearance techniques were used to evaluate skin blood flow in 

lower extremities with ischemic lesions (Silverstein, et.al.)23, and to study skin 

blood flow of patients who had undergone lower extremity amputations (Harris, 

et.al.)24. Lesions and amputation sites with higher flow rates healed more 

frequently than those with lower flow rates. 

------- ----
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1.1.3 Fluorescence 

By administrating a fluorescein dye into the circulatory system it is possible 

to doc~ent cutaneous blood flow. The dye is readily identified after illumination 

by ultraviolet or blue light. Electrons in the fluorescein molecules are excited by 

incident light, and they fluoresce a yellow-green light as they return to their normal 

energy states. The development of a perfusion fluorometer, and a dye fluorescence 

index (DFI) measuring fluorescein uptake, permitted quantification of capillary flow 

in rats (Silverman, et.al.)25 It was concluded "(hat perfusion fluorometry can 

assess capillary flow in healthy and ischaemic tissues by documenting fluorescein 

delivery and elimination. Modifications to the dermofluometer allowed rapid testing 

of skin fluorescence (Silverman, et.al.)26, and provided clear DFI cutoffs between 

controls, inconsistent healers, complete healers, and non-healing wounds. 

This technique was used to assess it's ability to predict successful amputation 

sites (Silverman, et.al.)27. Thirty-nine patients underwent lower extremity 

amputations at levels based upon standard vascular assessments. Preoperative 

fluorometry separated healing from non-healing sites in 36 of 39 amputations and 

in 18 of 20 below ankle amputations. Healing sites averaged 94% of the 

fluorescence of healthy reference areas, whereas non healing sites averaged only 

29%. In a later study Silverman28, claims all amputations with DFI less than 38% 

failed, but only one failure occurred when DFI was greater than 42% . 
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Two different ways to measure skin fluorescence (fluorescence flowmetry and 

fluorescence angiography) were devised by Perbeck et.al.29 to study trans-capillary 

exchange of sodium fluorescein. Fluorescein flowmetry expressed the trans-capillary 

exchange in arbitrary units as a fluorescence index. Fluorescein angiography 

measured the time interval elapsed after bolus injection to first appearance of 

fluorescence in tissue. It was recommended that fluorescein flowmetry be used to 

quantify values of blood flow, and fluorescein angiography be used for predicting 

limb viability. 

Tanzer and Home30 had mixed results from a retrospective study in which 

preoperative fluorescein angiograms indicated amputation sites. McFarland and 

Lawrence31
, on the other hand, reported an accuracy of 80% when fluorescence 

was used to predict amputation site healing. The 20% which failed were attributed 

to infection and deep tissue necrosis. 

1.1.4 Doppler shift phenomena 

Incident electromagnetic waves are scattered when they encounter objects 

smaller than one wavelength. If the scattered waves are received and compared to 

the original wave the frequency difference is proportional to the velocity of the 

scatterers. Ultrasonic and laser doppler flowmetry have been used for over a decade 

in tissue viability and amputation site selection studies, both are convenient non

invasive means of studying tissue viability. Laser Doppler offers evaluation of 
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skin perfusion, and operating in a continuous mode, it can be used to study dynamic 

events. 

A method was developed by' Forsberg, et.al.32 to compare results of 

ultrasonic doppler examinations with angiography and blood pressure readings. 

Results of a doppler study were used to form an acceleration ratio (diseased limb 

flow velocity / healthy limb flow velocity). An acceleration ratio of less than or 

equal to .25 was found in all patients requiring amputation and in 36 of 44 legs 

treated by vascular reconstruction. Doppler ankle systolic pressure measurements 

were also used by Wood et.a1.33 to aid in the detection of technical errors during 

reconstructive surgery. 

Lepantal034 found systolic blood pressures from doppler ultrasound to be 

significantly higher at the amputation site for healed amputations when compared 

to failed amputations. Consistent below knee amputation failure correlated with 

unmeasurable calf systolic blood pressure. Considerable overlapping of systolic 

blood pressure data and skin perfusion pressure data (also measured) occurred. 

Welch35 found no correlation between skin blood flow measured by isotope 

washout and ankle blood pressure measured with doppler ultrasound after fifty 

minor foot and trans-metarsal amputations. Skin blood flow data were associated 

to failed and successful surgical proceedures, but no statistical difference existed 

between ankle blood pressure for successes or failures. 
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Castronuovo36 demonstrated that healthy skin had significantly larger mean 

perfusion pressures than those of ischaemic extremities by placing a laser doppler 

probe under a blood pressure cuff. This method was used on normal and diseased 

limbs having rest pain, ulcerations and gangrene. 

Laser doppler has been used to measure cutaneous post occlusive reactive 

hyperemia in healthy subjects by Ninet37 and in patients with peripheral vascular 

disease by Karanfilian38
• Karanfilian demonstrated that the skin blood flow 

velocity and waveform amplitUdes measured at the great toe were significantly 

larger for normal subjects than those with peripheral vascular disease. Significant 

differences also appeared in the time period to maximal hyperemic response 

between normal and patient data (150 sees. to 18 sees. respectively). Laser doppler 

was also used by Matsen39 to study a non-linear relationship between transcutane

ous oxygen tension and local cutaneous blood flow (perfusion pressure); and 

highlighted the importance of controlling temperature at the location of the 

measurements. 

Laser doppler blood flow measurements used in conjunction with thermal 

stressing were shown to provide a quick and simple non-invasive method to 

objectively determine lower limb amputation sites (Fairs, et.al.)40. Baseline flow 

measurements were made at room temperature and after local heating of the tissue; 

transcutaneous oxygen measurements were made at the same site and amputation 

levels were selected on this basis. Heated flow measurements and transcutaneous 



27 

oxygen measurements showed significant differences between groups (controls, 

above and below knee amputees), baseline flow measurements did not. The 

increase in flow after heat was applied differed significantly from room temperature 

measurements between all three groups. 

1.1.5 Temperature and Thennography 

Skin temperature is directly proportional it's blood supply, and has long been 

used in tissue assessments and amputation site selections1,3,6. The detection of the 

heat radiating from the body is known as thermography, and can be used to 

visualize temperature profiles within the body. 

A relationship between thennographically defined levels of viability in 

ischaemic limbs and blood flow measurements has been established by Spence41
• 

Color thennograms (10 colors, .6 °C apart) were used to define temperature 

gradients while skin blood flow was measured by radioactive isotope washout at 

three separate isotherms. Significant skin blood flow differences appeared for the 

three separate isotherms supporting the assertion that thennographic temperature 

gradients along an ischemic limb are indicative of local microcirculatory status. 

In another study, Spence et.a1.42 believed that thennography may best be 

suited for skin flap planning. They found thennal gradients also run across the limb 

as well as longitudinally, providing detailed direct infonnation relating circulation 

through whole areas of skin. 
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Thennography has been used as a possible amputation site predictor by Luk 

et.al.43
• However, thennography was found to overestimate the degree of ischemia 

thereby indicating a more distal level of amputation than necessary. 

The remaining chapters will describe the development of another instrument 

used to study skin viability - a Multiple Wavelength Photo-Plethysmograph (MWP). 

At this point, however, it is more appropriate to describe some of the more salient 

features of the primary organ studied in this work, the skin. 

1.2 THE SKIN 

The skin has seven layers, (see Figure 1.0), the first five make up the epider

mis, the two remaining layers comprise the dermis which is regarded as the skins 

primary structure. Below the dennallayers is the hypodermis, and though it is not 

strictly part of the skin, it is crucial in that it provides major blood vessels and 

nerves to the skin. It should also be noted that skin may be considered virtually 

incompressible, being measured at .3 m2jGN (Millington and Wilkinson, 1983)44. 

Epidennal thickness varies considerably over the surface of the body, and 

between individuals at specific sites. The five layers of the epidennis are, starting 

with the outer layer: stratum corneum, stratum lucidum, stratum granulosum, 

stratum spinosum, and stratum germinativum. The thickest of these layers is only 

several cell layers thick. The epidermis is generally thinnest on the thorax and 

abdomen, and thickest at the soles of the feet and plantar surfaces of the palms. 
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Figure 1.0 Illustration of the layers of the skin, showing dermal and epidermal layers with an 
arteriole, venules and several capillaries. 

Mean values for full epidermal thickness are generally less than 100 p.m except at 

the palms, finger tips, and soles of the feet where they are several hundred microns 

thick (300-500), (Ibid., pgs. 50-51). 

The dermal layers, known as the papillary and reticulum, lie respectively, 

below the epidermal layers. The papillary layer contains ridges and nipple like 

projections of fine connective tissue fibers (papillae). The reticular layer is the main 

fibrous bed of the dermis and consists mainly of collagenous fibers; cellular 
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components are represented by fibroblasts and macrophages (Ibid., pg. 69). The 

entire dennis is approximately 1 - 4 mm. thick (Anderson and Parrish, 1982)45. 

There are three principle networks of blood vessels (plexus) for the skin 

(Millington and Wilkinson, pg. 69). The first, formed by interconnections 

(anastomoses) branching from the skin's arteries, passes through the deep 

connective tissue sheath uniting the skin to underlying tissues (fascia). Branches 

pass from there through the hypodennis to form the second plexus in the dermal 

reticular layer. Branches pa5s from the reticular layer to form capillary networks 

which encompass sweat glands, accumulations of fat cells, and hair follicles. 

Branches which rise higher form the third plexus. This plexus provides arterio-ve

nous anastomoses and is located in the subpapillary layer. 

Arteriole branches rising from the sub-papillary plexus supply capillary loops 

to the dermal papillae. The capillary loops rise perpendicularly to the tips of the 

papillae and come close to the epidermal-dermal junction before returning to the 

lower edge of the papillary layer. Most of the dermal blood vessels (tenninal 

arteries, capillaries, post-capillary venules) are located in the papillary plexus. 

1.3 OPTICAL PROPERTIES OF THE SKIN 

When light strikes a material it is reflected and transmitted depending upon 

the optical characteristics of the material and the orientation of the incident light. 

This is true for all materials including human skin. 
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Light immediately reflected from the surface of the skin appears as a d.c. 

background light level. Some transmitted light is scattered and absorbed in the 

epidermis, and some reaches the dermal layers where it encounters the blood vessels 

and blood components such as hemoglobin (Hb) and oxygenated hemoglobin 

(Hb02). Light re-emitted from the dermal layer out through skin surface may carry 

information about blood flow manifested by variations in re-emitted light intesity. 

As blood courses through the dermal vessels it interacts with light energy 

present. Figure 1.1 is a plot of the absorption coefficients for Hb and Hb02 versus 

wavelength (Thomas C.C., 1970). Hb has absorption maximums at wavelengths of 

555 and 759 run., and Hb02 has maximums at wavelengths of 542 and 577 run. 

Isobestic points, points at which the absorption curves of Hb and Hb02 cross are 

found at 506.5, 586, and 815 run. Generally, longer wavelength visible light will 

penetrate the skin more deeply than shorter wavelength ultra-violet light (Millington 

and Wilkinson, pg. 159 - 160, 1982). Lights ability to penetrate to the dermal layer 

improves with wavelength, over the visible spectrum. This trend continues for 

wavelengths into near-infrared, but above approximat'ely 1400 run. the trend 

dramatically reverses. Longer wavelength infrared light is strongly absorbed in the 

epidermal layers. 

1.4 MULTIPLE WAVELENGTH PHOTO-PLETI-lYSMOGRAPH 

----------- .--
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Figure 1.1 Plot of the absorption coefficients for Hb and Hb02 versus wavelength. Plotted 
values taken from Thomas, C.C., 1970. 

Photo-plethysmography detects changes in reflected light due to changes in 

volume; plethysmography is the measurement of changes of volume. As incident 

light enters the skin it is absorbed, scattered and re-emitted. A photo-plethys-

mographic waveform results from changes in intensity of light re-emitted out of the 

skin. This dissertation describes the development and evaluation of a multiple 
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wavelength photo-plethysmograph (MWP), and was inspired, in part, by the work 

of McVeigh46 and Mylrea47• The MWP is able to focus incandescent white light 

a few millimeters below the surface of the skin, collect re-emitted light, filter the 

light into different colors (wavelengths) and re-focus it onto an optical detector. 

The objective lens contacts the skin and, force is applied to the skin through the 

MWP in an effort to extinguish the photo-plethysmographic waveform, thereby 

gaining an idea of external force necessary to overcome dermal vascular pressures. 

Two different versions of the instrument were developed. The main 

differences between them being: how the optical filters were changed and aligned 

with the other optical components, and the electronics needed to reconstruct the 

signals. The two instrument versions are referred to as the MECHANIZED and 

MANUAL versions. 

The MECHANIZED version uses a D.C. brushless motor to spin the filters. 

This novel approach reproduces each plethysmograph four times, one reproduction 

per filter. Special circuitry was developed to properly time and separate the signals. 

Preliminary results collected with the MECHANIZED VERSION indicated that even 

after averaging 100 signals from healthy tissue clean photo-plethysmographic 

waveforms would not be easily obtained. Heating the tissue did improve the signal 

to noise somewhat, but added another layer of complexity to the instrument. 

Therefore, a second system was developed to improve the signal without heating. 
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The MANUAL version allowed for manual rotation of the filters. Though 

simpler in approach, the MANUAL version also has unique problems, and solutions. 

We used the MANUAL version for all the studies conducted. 

This investigation is primarily concerned with non-invasively monitoring and 

evaluating blood flow in the skin. We looked for distinctions between waveforms 

derived with different colored light, because light wavelengths penetrate to different 

skin depths; and signal variations result from absorption processing taking place in 

the skin. We examined power content and compared several other characteristics 

of the detected waveforms within and between different data populations. We 

looked for differences between hyperemic and non-hyperemic waveforms within 

individuals, groups and between data popUlations. Effects of applied force on 

waveforms were examined, as was the ability of subjects to produce localized 

hyperemic responses. We hoped to correlate our various waveforms to blood 

oxygen levels, but limitations on the mechanized data preempted these attempts. 

Data collected on subjects with and without compromised vasculatures are 

compared. The following chapters include descriptions of: instrument hardware, 

experiments - including calibrations, and results. Chapters discussing the results, 

and conclusions with recommendations as well as appendices and a bibliography are 

provided. 

- ---------- ----
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CHAPTER 2 

INSTRUMENT HARDWARE 

2.0 OVERVIEW 

This instrument collects and reproduces photo-plethysmographic waveforms 

from reflected light filtered into four different narrow wavelength bands. 

Incandescent white light is focused a few millimeters below the surface of the skin, 

light re-emitted from the skin is collected, filtered into four colors (wavelengths) 

and re-focused onto an optical detector. Filtering the re-emitted light is done 

because components of blood absorb some colors more strongly, and therefore 

produce a better signal at the optical detector. 

Force is applied to the site of contact in an effort to gain insight to the 

condition of the skins blood flow. Blood pressure forces blood through tissue, and 

the signal that is detected from the re-emitted light depends directly on the pressure 

in the small vessels of the skin. Pressing the MWP down, slightly on the skin will 

have the effect of compressing some of the blood vessels, stopping blood flow and 

reducing variations in reflected light. 

Two versions of the instrument were developed. Both are composed of 

several sub-systems referred to as the: optical, force, electronic and data collection 

systems. 

--- ----------------
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The optical system provides a source and various components to illuminate 

the skin and return reflected light onto an optical detector. Narrow band optical 

filters are provided to filter the returning light before it is detected by a photo

operational amplifier (United Detector Technologies UDT-455). Four optical filters 

are used. The filters' center wavelengths were chosen to be 560,580,810 and 950 

nanometers. All have 10 ± 2 nrn. bandwidths except the 950 nrn. filter; it has a 70 

± 25 run. bandwidth. The 560 and 580 nrn. filters were selected to pass light 

corresponding to the absorption maximas of Hb and Hb02 respectively. The 810 

nrn. filter was selected to pass light of wavelengths near an Hb/Hb02 isobestic 

point. A longer wavelength filter (950 nm.) was chosen to help detect photo

plethysmographs in poorly vascularized areas, we believed that because silicon 

detectors have superior responsivity near 950 nrn. improved signal to noise ratio 

would be available. 

Force is applied to the skin through the MWP in an effort to quantify the 

amount required to extinguish the photo-plethysmographic pulse. The primary 

components of the force sub-system are a spring suspended housing, an L VDT with 

controller, and a support stand. 

The electronics control the process and data collection, and reproduces the 

photo-plethysmographic waveforms from reflected light. Detailed descriptions of the 

various sub-systems are included in the following pages. 

----------
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Data collection begins after detection of an EKG pulse. An analog/digital 

converter quantizes the input signals and a personnel computer is used to store data 

and control the data collection process. The method in which data is collected 

varies for the two instrument versions, and is explained in detail in later sections. 

Both versions utilized the same optical, force and data collection sub-systems, 

but different electronic sub-systems were needed. The MECHANIZED version has 

timing and synchronization circuitry, and a special four channel amplifier with peak 

detectors. The electronics of the MANUAL version are much simpler, though special 

techniques are used to overcome obstacles unique to it's design. 

2.1 OPTICAL SUB-SYSTEM 

The optical sub-system illustrated in Figure 2.0 provides the light source, 

focusing optics, optical beamsplitter, four narrow band optical wavelength filters, 

and a photo-operational amplifier (photo op-amp). The optical design is simple and 

does not take into consideration aberrational effects; lenses are not anti-reflection 

coated. Illumination is provided by a tungsten bulb (Sylvania 7715as25) placed at 

the focal points of a parabolic reflector and a plano-convex lens Ll (fe = 25 mm). 

Collimated light leaving Ll is reflected by the neutral density beamsplitter into the 

lens combination of aspheric lens L2 (fe = 8.5 mm) and plano-convex lens L3 (fe = 

18 mm). This combination focuses collimated incident light a few millimeters from 

the front surface of L3. L3 contacts the skin, and a slight lengthening of the focal 

--------- -------------------
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length occurs due to the differences between indices of refraction of air en = 1) 

and skin. The refractive effect of the very thin epidermal layer en = 1.55 for 

epidermis) is ignored and the refractive index of the skin is then presumed to be 

approximately 1.33, that of water. Appendix A contains the design details of the 

optical sub-system. 
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When the MWP contacts the skin varying amounts of light are re-emitted 

from the focal point because of absorption, reflection and scattering. Light 

-- ----- ----
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returning from the focal point carries infonnation regarding blood flow characteris-

tics; the combination ofL2 and L3 re-collimate returning light through the beamspli

tter. Lens L4 (fe = 25 mm) refocuses the infonnation carrying light through the 

filters onto the photo-op-amp. 

Unfortunately, beamsplitters reflect a portion (50%) of incident light and 

pass the remainder. Subsequently, only a portion (50%) of the source and 

infonnation carrying light reach the intended destinations. 

A disk containing the four optical filters, separated by 90°, is placed within 

the instrument housing between the photo op-amp and L4. Light is focused by L4 

through the filters and onto the photo-op-amp. Only light wavelengths which are 

allowed through the filter reach the photo-op-amp. Focusing light through a 

bandpass filter results in a center wavelength shift; incident light should be 

collimated for ideal filter perfonnance. Appendix A contains mathematical descrip

tion of this effect. Processes used to change filters win be discussed later in the 

electronic sub-systems section. 

2.2 FORCE SUB-SYSTEM 

As mentioned previously, force applied to the skin will compress some of its 

smaller blood vessels. This results in reduced ability to detect variations in re

emitted light, because less blood is allowed through the vessel. An effort is made 

to quantify the force required to extinguish the photo-plethysmographic wavefonn, 
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Figure 2.1 The Multiple Wavelength Photo-plethysmograph and force measuring components. 
Letters A, B and D indicate locations that are aligned or fit together. 

and thus provide insight into the condition of the skin. The multiple wavelength 

photo-plethysmograph (MWP) can be lowered to the skin to detect the photo-

plethysmographic waveform. It is further lowered, or forced down, onto the skin 
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to extinguish the pulse. The force exerted on the MWP in the upward direction is 

measured. Figure 2.1 is an illustration of the force measuring set-up, 

consisting of an LVDT (Schaevitz Model #200-E), a spring, a micrometer, and the 

MWP. 

There are two distinct housings in this sub-system. The inner housing 

contains the LVDT, and it is fastened to the MWP by the spring. A threaded screw 

extends up from the MWP through the center of the spring into the bore of the 

LVDT; the LVDT core is fastened to it. A guide rod also extends up from the base 

of the inner housing into a linear bearing in the top cover of the outer housing. 

This prevents the MWP from cocking when force is applied and reduces friction. 

The inner housing slides into the outer housing, and an alignment window, cut into 

the top-side of the outer housing, exposes a slot on top of the inner housing. 

The micrometer head has been modified by attaching a teflon disk to it's end. 

The teflon disk slides into the slot of the inner housing, and the MWP, spring and 

L VDT housing hang from the teflon disk. The micrometer attaches into the top of 

the outer housing. 

The outer housing is attached to a support stand and can be raised or 

lowered (gross adjustments) by a gear set provided with the support stand. The 

micrometer is used for finer displacements when skin is contacted. 
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When the MWP contacts an object, the spring compresses and displaces the 

L VDT core. The L VDT outputs a voltage in response to this displacement. All L VDT 

signal processing is done by an LVDT controller (Schaevitz Model DTR-451). 

A calibration is performed on the sub-system to provide a meaningful 

relationship between L VDT voltage and applied force. A description of the 

calibration procedure is provided in Chapter 3 - Experiments and Calibrations, 

Force Calibrations. 

2.3 ELECTRONICS SUB-SYSTEM 

2.3.0 Overview 

In Chapter 1 we mentioned that preliminary results taken with the 

MECHANIZED VERSION indicated that signal to noise ratio improvement was 

necessary. This prompted a slight mechanical modification, but a complete 

electronic re-design for the MANUAL VERSION. A considerable amount of energy 

went into developing the MECHANIZED VERSION, and the experience gained 

allowed the rapid development and implementation of the MANUAL VERSION. 

Both electronic sub-systems are described here. 

2.3.1 Mechanized Version Overview 

The MECHANIZED version of the MWP produces four photo-plethys

mographic volume waveforms after each heartbeat as described in Chapter 1. Each 
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waveform results from light received through one of the filters. Think of a photo-

plethysmographic waveform created from white light. If that light were passed 

through a prism before detection each color of light could reproduce the photo

plethysmograph characterized by the color of the light. The waveforms will then 

have variations specifically caused by physical interaction of a certain color of light 

with the blood and skin components. This essentially happens when the informa

tion carrying light is chopped by the rotating filter wheel. Only those specific 

wavelengths (colors) of light allowed through the filter are detected. By rotating 

the wheel quickly it is possible to make as many photo-plethysmographs as there are 

filters. 

Figure 2.2 is a block diagram of the MECHANIZED VERSION of the 

MWP. The MECHANIZED VERSION consists of a d.c. brushless motor, a four channel 

amplifier with peak detection circuitry, timing and synchronization circuitry. 

The motor is placed within the MWP, and the filter wheel is coupled to it's 

shaft. The wheel is spun at 10000 RPM, so each filter crosses the path of the 

information carrying light 167 times per second. A packet of filtered light reaches 

the photo-op-amp with each filter passage, and the photo-op-amp outputs a voltage 

pulse in response to the intensity of the light incident upon it. The light intensity, 

and as a result, the photo-op-amp output, is modulated by the photo-plethys

mographic waveform. 

-----_._-- ----_. __ ._------ ----
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REFLECTIVE SENSOR OUTPUT 

COUNTER CLOCK PULSES 

_n<----__ ----InL....--_ 
COUNTER RESET PULSES 

Figure 2.3A Illustration of the opto-reflective sensor and creation of the counter clock and reset 
pulses. 

2_3.2 Mechanized Synchronization 

It is necessary to synchronize the position of each packet of light to the filter 

that produces it. Synchronization is accomplished by sensing reflective sections 

painted onto the sides of the spinning filter wheel. An opto-reflective sensor, 

composed of an infrared source and detector, emits a beam that is reflected by the 

painted surfaces of the wheel into the detector. Each revolution the reflective 

sensor outputs a four pulse voltage waveform corresponding to the amount of 

reflected light detected (see Figure 2.3a). One of the painted sections is highly 

reflective, and as a result, creates a pulse much larger than the other three. Each 

of the sensor output pulses will be in synch with one of the photo op-amp voltage 

---------~------ --
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REFLECTIVE SENSOR OUTPUT 

:=::::::A::::fti~~;~::::-A:=~::=:-::::~ 

COUNTER CLOCK PULSES 

______ n n ------

COUNTER RESET PULSES 

---I Qa OF DECADE COUNTER 

Qb OF DECADE COUNTER 
0 3 2 1 0 COUNT EQUIVALENT 

Figure 2.3B Illustration of the process of creating the binary pulse train used for synchronization 
and wavefonn separation. 

pulses. 

2.3.3 The binary counter ffi1 10 bit,82 hi bit) 

A stream of voltage pulses is output by the photo-op-amp in correspondence 

to the spinning filter wheel. Every fourth pulse is derived from light of the same 

wavelength. To re-create the four photo-plethysmographic waveforms the stream 
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Figure 2.3C Schematic of circuit used to create the binary pulse train. Appendix B contains 
resistor values. 
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of pulses must be separated and re-ordered into four contiguous sets of pulses. A 

two bit binary pulse train created from the reflective sensor output, is used for 

multiplexing the voltage pulses and coordinating data collection. Figure 2.3b il

lustrates the process of creating the binary pulse train, and Figure 2.3c is the circuit 

schematic. The inverting comparator (UIB) outputs the counter clock pulses for 

the decade counters (U2) at the troughs of the reflective sensor output waveform. 

The square wave train produced is used as the clock input to a decade counter (U2) 

that continuously counts from 0 to 3. As the wheel begins to repeat a revolution, 

the counter would increment to a value of 4, but a synch pulse produced by 

comparator Ul resets the count to O. Each binary count (0 - 3) corresponds to one 

of the four reflective sides of the disk, and hence to one of the four optical filters. 

The synch pulse assures that each filter consistently corresponds to the same binary 

count. The decade counters two least significant binary outputs (e1,e2 - binary 

pulse train), constantly repeat the count of 0 - 3, and are utilized by different parts 

of the sub-system for timing and synchronization. 

2.3.4 Multiplexing the photo op-amp voltage pulses 

A continuous stream of voltage pulses are output by the photo-op-amp as 

the filters spin by it. Each voltage pulse produced by the photo-op-amp results from 

a light packet allowed through a particular optical filter; four different voltage 

pulses are produced with each wheel revolution. Unfortunately, the voltage pulses 
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are chained together in the continuous stream, and must be separated and grouped 

into four distinct waveforms (channels). A multiplexer (PM I MUX-24) is employed 

to dist41guish the waveforms, (each corresponding to a filter), and direct them into 

one of four channels. Each channel then produces a voltage wave train correspon-

ding to one particular optical filter. Figure 2.4 illustrates this process. 

I I Qb COUNTER OUTPUT 
L __ J 

II (\ 
(\ I \ (\ I \ (' __ /\ ( \! \ /'. i" \, /\ I \ PHOTO- DETECTOR 

.-' .-.... "-',' \ I ,I \,-, I I I \ I \" ! 'I \ ... . ... I , \V \I ,. \' \J \ I \ I \ 

( ___ " / 'J V Ii V .. V VV \ ,_ OUTPUT 
, 

\ --_._-----_.-
"',,-,1 I /''"\ /""\ I v I n co ' __ l \ ______ , \ \. 

/\ r' ') 
i---'/ ~----~ L / 

,/ \ ;1 \ ( MULTI PLEXER 

\ )OUTPUTS 

C2 I L21.-__ --', LI':\ ( =:: C3 -----' \ Il) 
1 ____ . 

MUX-24 
C1 

Figure 2.4 Illustration of the multiplexing procedure separating the photo-opamp signal output 
into four separate wave trains. 
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The value of the binary pulse train (01'02) corresponds to the alignment of 

a particular filter with the photo op-amp. Separation is facilitated by applying 

0 l ,and 02 to the multiplexer's channel select inputs. As the disk revolves a 

continuous stream of pulses leave the photo-op-amp, and four continuous streams 

leave the multiplexer, however one optical filter is responsible for the voltage pulses 

on anyone multiplexer output channel. 

2.3.5 Amplification and Wavefonn Detection 

Four separate wavefonns are output by the multiplexer, as described in the 

previous section. Each output is connected to a channel amplifier. There are four 

channels, Each channel amplifier is essentially an amplitude modulation detector. 

The photo-plethysmographic wavefonn modulates the large pulses output by the 

photo-op-amp, and modulates all four signal trains output by the multiplexer. 

Figure 2.5 is a schematic of one of the channel amplifiers. Amplifier U2 helps to 

buffer and provide initial gain to the multiplexed output, and amplifiers U3, U4 and 

U7 together with diode D3 and capacitor Cl act as the amplitude modulation detec

tor. 

A negatively polarized wave pulse is inverted and amplified by U3, it is 

additionally amplified and inverted back to original polarity by U4. The output of 

U4 is now a large negatively polarized pulse, that turns on Dl to allow current to 

flow through capacitor Cl. Cl charges to a negative voltage (Vcl ). The most 
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negative value of VC l is held on C1 by diode D3. U7 feeds the voltage Vel back to 

the positive input of U3, and subsequently forces U3's negative input tenninal to 

Vel· 

A new pulse out of U2 will see the negative voltage VCl at the amplifier side 

of resistor R3. The output of U3 will be equal to: 

As the new pulse (Vi) becomes more negative the voltage across R3 decreases, and 

the output of U3 comes off (1 +R4/R3)VCl reproducing an inverted Vt(R4/R3). 

This positive going pulse section is inverted by U4 and given additional gain. 

A clamping circuit (resistors and diode RB,R7 and D2) combination keeps U4 from 

being driven into saturation. When D1 turns on, current through RB and R7 

detennines the approximate value of U4's clamped output; U4's gain is equal to 

-(R6//R7)/RS. As the input to U4 becomes more positive D1 turns off, restoring the 

original gain of -(R6/RS) to the remainder positive going input signal. The output 

of U4 swings negatively from the positive clamp voltage, and D3 turns on if U4's 

output is more negative than Vc l , thus adding more charge to C1. 

The modulation of the original wave pulse is gready amplified and outlines 

the expected photo-plethysmographic waveform; manifested as a series of sharp 

pulses. The output of U4 is input to unity gain inverter us. US outputs to a peak 

detection circuit consisting of diode D2, 4700pf polystyrene capacitor C2, unity gain 

buffer U6, and a reset switch 83B. The input to the peak detector is a series of 
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positive going sharply defined modulated pulses that forward biases D2 and charges 

C2. D2 reverse biases as the pulse begins to become more negative and the positive 

peak value is stored onto C2. A long time constant formed from C2 and the parallel 

combination of Rin of U6 and Roff of S3B holds the peak value onto C2. Reset 

switch (S3B) is provided by the second half of the Mux-24. Switch closure depends 

upon the values presented to the channel select lines (°1,82) as described earlier. 

One side of the switch is connected to ground through a I50n resistor RIO the 

other side is connected across the peak detection capacitor. 

2.3.6 Peak Detector Output Waveform 

Figure 2.6 shows a typical waveform output by channel O's (CHO) peak 

detector, the signal producing it, and 01 and 02 counter lines. The peak detector 

of channel 0 (CHO) reaches it's maximum (detected) value shortly after the two bit 

binary counter (81,82) equals O. Sampling of CHO occurs on the next count, ie. 

8 1,82 equals 3 (81,82 is a down counter); the peak detector is held at it's peak 

value and the only error in the sampled signal will result from quantization and 

peak detector droop, both are negligible. The peak detector value is held until 

count 2, closing switch S3B, and discharging C2 (refer to Figure 2.5). Switch S3B 

opens at count 1 and C2 partially charges till D2 shuts off. The cycle repeats 

continuously and the reconstruction of the photo-plethysmographic waveform is 

possible. 
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Figure 2.6 Illustration of channel O's peak detector output, including timing signals provide by 
the binary pulse train (counter outputs 0 1,02). 

The four peak detector outputs are each assigned to a differential analog 

input of the ND converter. The ND inputs are sequentially sampled in accordance 

with values on 6} and 6 2• The value sampled by the ND is the maximum value 

attained by the modulated pulses held by the peak detector. One sample is taken 

on each channel when the appropriate count (from 6},62) is found at Digital I/O 

ports I} and 12 of the Dash-16. 
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2.3.7 Manual Version Overview 

The MANUAL VERSION of the MWP is also able to recreate the photo

plethysmographic waveform from four different wavelength bands. However, it is 

not able to create them from a single photo-plethysmographic waveform. The filter 

wheel is repositioned by turning the wheel by hand. A miter gear set is used. One 

of the gears is placed on the filter wheel shaft, the other is fixed to a shaft 

extending out of the MWP. They are aligned so the gears mesh and react with 

minimum effort. A ball plunger, screwed into the side of the MWP, clicks into 

indentations in the wheel, assuring proper alignment of the filters with the rest of 

the optical collection sub-system. 

The electronics sub-system becomes more simple, yet must provide solutions 

to different, but difficult problems. The MECHANIZED version provided a means 

of chopping the background light an4 produced, essentially, an AM signal detection 

problem. With the manual sub-system the background D.C. level must be 

eliminated prior to amplification or saturation will result. Figure 2.7 is the block 

diagram for the MANUAL VERSION of the MWP, Figure 2.8 is the circuit schematic 

used. 

2.3.8 D.C. Background Elimination 

The filtered light striking the photo-op-amp in the MANUAL VERSION is not 

chopped. Any background light existing at the front focal point of the system will 
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result in a D.C. voltage output from the photo-op-amp. The information carrying 

light modulates the background, and is much smaller in amplitude. Elimination of 

the background D.C. is necessary before amplifying the signal of interest. 

Background elimination is accomplished by making use of differential input 

properties of instrumentation amplifiers. The output of buffer U1 is connected to 

the inverting terminal of instrumentation amp U2, and is also sampled by the ND 

converter on channel o. The binary ND value output by channel 0 is reconverted 

to a D.C. value by one of the two D/A converters of the Metrabyte Dash-16. This 

D.C. value is then output to the inverting terminal of U2 via U3. U2 outputs the 

plethysmographic waveform usually with a slight D.C. offset resulting from digital 

conversion error and amplifier offsets. 

U2's output is buffered by U7 and input to unity gain inverter U4. On U4's 

positive input terminal is a D.C. value equivalent to one-half U4's input offset. The 

output of U4 is sampled by the ND on channell, the converted value is halved and 

reconverted by D/ A channell. By applying one-half the offset to the non-inverting 

terminal we eliminate the D.C. output offset from U4. 

(1/2) Voff * (1 + Rr/~) = Voff 

when Rr = ~. 

D/ A-1 outputs a D.C. value equal to one-half the value sampled by channel 

1. D/A-1's output is low pass filtered at .01 radians (as is D/A - O's output) before 

being buffered by U8 and feed to unity gain inverter U9. Both U8 and U9 have 
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been offset trimmed so their output magnitudes are equivalent to the D.C. output 

value of U7. It is necessary to include inverter U9, because the D.C. offset output 

of U7 may be bipolar. Either U8 or U9's output will be connected to U4's positive 

input terminal via switch SW1 (AD7512). Timing for sample collection and signal 

switching is predetermined and set by the control and data collection programs. 

2.3.9 Filtering and Amplification 

U6 and multiplexer U5 to provides variable gain following the initial gain 

stages and offset trimming schemes. Clamping circuits connected to U6 prevent 

saturation of it and the filter that follows. 

A 6 pole Butterworth low pass filter with cutoff frequency of 30 Hz. is used 

to reproduce the plethysmographic signal, and to provide 36 db. attenuation to 

60Hz.; plethysmographic waveforms have frequency contents ranging from D.C. to 

30 Hz (Olsen, page 6)48. The filter output is buffered by U13 whose output is 

sampled by the NO (channel 2) at 256 sample/sec. rate. 

2.3.10 The J;:KG Circuit 

Data collection begins after detection of an EKG signal. We process it to 

produce a square wave pulse. Figure 2.9 is the schematic of the circuit used to 

accomplish this. The EKG leads are connected across an instrumentation amplifier 

whose output is filtered and half-wave rectified. The rectified waveform charges an 
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RC circuit, with a .1 second time constant. A buffer outputs the RC circuit 

waveform to the optical source an optical isolator, providing driving current to the 

source .for about .1 seconds. The detector side of the isolator connects to the inputs 

of two non-inverting comparators, with different comparison levels adjusted by 

potentiometers. The comparator outputs feed inverters which drive signal lamps 

and to trigger the NO to begin data collection. 

A Burr-Brown INA-I0l instrumentation amplifier provides initial common 

mode rejection (100db.) and differential gain (60 db.) to the EKG signal. Bandpass 

filtering (10 - 150 Hz.) allows the reconstruction of the EKG and elimination of 

substantial amounts of unwanted signals. 

The combination of U2, U3, R2-R9 and CI-C4 provide bandpass filtering. A 

high pass filter with cutoff of 10 Hz. followed by a low pass filter with a cutoff 

frequency of 150 Hz. results in a fourth order band pass filter with a combined gain 

of 2.25, and a Butterworth frequency response. Additional gain provided by U4 and 

RIO may be varied from 1 to 10. 

U4 is followed by diode 01 which half-wave rectifies the EKG signal. A 

peak detection circuit follows 01. The circuit consists of C5, Rll and US. C5 is 

charged by the output of 01. A.l second time constant (Rll * C5) assures 

complete discharge of C5 before the next heart beat. C5 will begin to charge as the 

output of U4 goes positive, and 01 turns on. 01 shuts of when the current begins 

to reverse direction and the peak voltage is stored on C5. R5 provides a leakage 

--- ----.--- ._-
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path to discharge C5 at the pre-determined rate. The large input resistance of us 

allows R5 to control the discharge; US also drives an opto-isolator to provide 

separation between + S volt ground and the ± 15 volt common. 

The positive going pulse output by the opto-isolator is used as input to two 

non-inverting comparators (U6, U7) with hysteresis. Potentiometers R17 and R19 

are adjusted so the comparators output at different levels of the discharge signal. 

The comparator outputs are fed to inverting buffers in a 741s240 package. Two of 

these buffers drive LED indicator lights. The output of another of the 74LS240 

buffers is fed to the ND as the EKG trigger pulse. 

2.4 DATA COlLECTION SYSfEM 

2.4.0 Overview 

Data collection is accomplished with the Metrabyte Dash-16 ND. It provides 

8 differential analog input channels, 8 ports for digital I/O, two Df A ports and 

special counter features. The DASH-16 is software controlled with code written 

with the ASYST Scientific Software System. 

The MECHANIZED version collects 128 samples per channel per heartbeat, 

(The ASYST system has storage space for data of 100 heartbeats). The system user 

decides on the number of data sets to collect, and the control program averages all 

sets to improve the signal to noise ratio. One averaged set, (128 data values) is 

produced for each channel, and subsequently, each optical filter. 
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The photo-plethysmographic wave is reproduced with each heartbeat, and is 

completely replicated when sampled in 6 rnsec intervals (fs = 167Hz). It is necessary 

to take enough samples to give good results when inspecting the spectral content 

of the waveforms. Calculation of the power spectrum must be carried out with a 

power of two number of data samples, ego 27= 128. 

Data collection begins after detecting the first heartbeat, but a power of two 

number of samples must be collected before detection of the next heartbeat. That 

is, detection of a heart beat is contingent upon collection of a power of two number 

of data points. 

The MECHANIZED VERSION is unable to produce more than 167 samples 

per second, and because Fourier analysis requires a power of two number of 

samples, only 128 of the 167 samples can be used. At a heart rate of 78 bpm, 128 

samples will be collected between EKG triggers. For faster heart rates it is 

impossible to collect 128 samples before the next trigger. So, if all data from the 

previous beat is not collected, a beat may be skipped. In other words, once an EKG 

initiates data collection 128 samples will be collected no matter when the next EKG 

trigger occurs. 

The MANUAL VERSION detects the EKG and collects a power of two number 

of samples. The number of samples collected between beats (256) is set by the 

user, and is limited by the speed of the ND unlike the MECHANIZED VERSION 

where the motor speed equaled the sampling rate per heart beat. Samples are 
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collected for one second after an EKG trigger to assure capture of the photo-

plethysmographs most salient features. If a heart rate exceeds 60 bpm photo

plethysmographic waveform data is collected for every other heartbeat. 

2.4.1 Control Program for the MANUAL VERSION 

The control program used with the MANUAL VERSION performs several 

functions including data file creation, data collection, system control and data 

storage. Information about the subject regarding general health and habits is stored 

into the data file. Figure 2.10 is the flow chart of the control program MAIN.SYS 

written with the Asyst Scientific Software System Version 3.1. The primary routine 

of MAIN.SYS is BEAT.2.BEAT, and it is used for the force versus photo-plethysmo

graphic waveform study. 

Subroutine INPUT is used by BEAT.2.BEAT to prompt for several questions 

regarding the subject to be tested. A data file is created on one of the drives of the 

personal computer. The user also enters the number of force levels and filters to 

be used; the product of these two numbers will equal to the number of subfiles in 

the file created by INPUT. The subroutine COLLECT.DATA, flow charted in Figure 

2.11, carries out the bulk of functions necessary for data collection . 

.. _ .. - ... _-- ----. -_._-----_ .. _._ .......... . 
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'-------"-~ 
IN 
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Figure 2.10 Flow chart for the main control program - MAIN.SYS used by the MANUAL 
VERSION. 
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GA.IN AIlJUST 

AIlJUST SETS 

Figure 2.11 Flow chart of the data COLLECT.DATA used by the MANUAL VERSION. 
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2.4.2 Data Collection Subroutine: COLLECT. DATA 

Data collection begins after detection of an EKG trigger with COLLECT. DATA 

instructing the DJA converters of the DASH-16 to initialize the hardware, and zeros 

the OJ A outputs voltage levels to buffers U3 and U8 of Figure 2.8. 

The next EKG trigger pulse initiates the background and offset elimination 

procedure described in (see section 2.3.8, page 58), a .15 second time delay allow 

transients to settle. 256 samples are collected from each channels of the NO. 

Control loops back to wait for the EKG trigger; offset levels are trimmed each time 

through the routine. Four - 256 sample sets of data are collected and stored and 

plotted on the monitor. Data collection continues until a key is pressed to 

permanently store the data. Two data storage buffers are used, and they alternate 

between receiving data and being displayed. The operator can permanently store 

either buffer. 

It is possible to adjust the system gain, or add notes regarding the current 

data. The routine which allows this is ADJUST.MENTS. Pressing any key stops 

data collection, notes regarding the set can be added, and control returns to 

BEAT.2.BEAT. The user is asked to indicate which data buffer is to be stored, and 

subroutine SAVE.DATA is accessed to transfer data from the selected buffer into one 

of the subfiles. 

The user is asked to move to a new force level and the data collection 

process repeats until all the required force levels have been used. If more than one 
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filter is being used the user is prompted to set the next filter in place and data 

collection resumes again for all the force levels. This is repeated until all the 

required filters are used. The entire BEAT.2.BEAT is repeated if the user indicates 

that data must be collected from a new location on the subject. 
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CHAPTER 3 

EXPERIMENTS AND ANALYSIS 

3.0 OVERVIEW 

This chapter provides descriptions of the experiments perfonned with the 

MWP. Experiments included electronic and force measurement calibrations, and 

non-clinical and clinical data collections. Methods and procedures are described as 

well as characteristics of the subject population. 

3.1 FORCECNUBRATION 

3.1.0 Overview 

One of the main questions this dissertation tries to answer is: "How much 

force is required to extinguish the photo-plethysmographic wavefonn?" Force, 

applied to the signal site by pushing the MWP down onto the skin, is equivalent to 

the force directed up through the MWP. The force is calculated from an equation 

derived from calibrating the LVDT output to a known applied force. 

3.1.1 Calibration 

Before the force calibration procedure is perfonned it must be preceded by 

proper calibration of the Schaevitz LVDT controller; the LVDT must be placed 

within its housing (refer to Figure 2.1). The housing connects, by a spring, to a 

~-~ ~------ ---
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plate that is screwed to the MWP. A notch located on the L VDT housing accepts the 

teflon disk, fixed to the end of the micrometer handle. The MWP is hung from this 

disk. This arrangement is encased in the outer housing that connects to the support 

bracket. The spring will expand from the weight of the MWP, and the L VDT core 

must be adjusted to its null position (0 LVDT output voltage). The MWP housing 

is then pushed up .2", compressing the spring and driving the core into the LVDT 

.2", the extent of the LVDT's linear range. A resultant LVDT A.C. output voltage is 

converted to D.C. by the LVDT controller. This voltage is adjusted to be + 10 volts 

at full scale (.2") deflection; the controller's digital display is also adjustable and is 

set to read 10000 for full scale deflection. Thus, each count on the readout 

corresponds to 1 mv. from the controller. When released, the weight of the MWP 

stretches the spring and returns the core to its null position; the readout is adjusted 

to display zero. The force calibration can now be made. 

The force calibration is carried out by applying force onto the objective lens 

of the MWP and driving it, and subsequently, the LVDT's core up. The force is 

applied by a triple beam balance. The MWP is suspended from h's housing and the 

triple beam balance is placed directly beneath the objective lens. The MWP is 

lowered by the micrometer to contact the beam balance, and force is applied to the 

objective lens of the MWP by adjusting the weights of the balance. The force 

compresses the spring, and deflects the core into the L VDT resulting in a non-zero 
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output voltage. Force is applied in 50 gram increments over a 0 to 600 gram range 

(13 points). 

The output voltage of the LVDT controller is collected at each force 

increment and digitized. Six sets of data are collected, averaged and fit with a least 

squares fit line (eg. see Figures 3.1 to 3.4). The applied force, in grams, is found 

by solving the equation of the least squares fit line for slope and intercept: 

Y=Ax+B 

(Y - B)/A = X 

(VOLTS - INTERCEPT)/SLOPE = FORCE 

A reverse calibration is performed, because hysteresis is encountered when reducing 

the force. For this case, force is varied from 600 to 0 grams in 50 gram increments. 

Figures 3.2 and 3.4 are plots of the reverse calibration data and their least squares 

fit line. 

3.1.2 Force Calibration Results 

The least squares line equation was used to calculate the force applied to the 

skin in the clinical and non-clinical studies. The forward and reverse least square 

fit lines for the non-clinical, and clinical studies were: 

NON-CLINICAL LEAST SQUARES LINES 
YFnc = 1.5955 * X + 2010.0441 
YRnc = -1.5713 * X + 2992.6265 



CLINICAL LEAST SQUARES LINES 
YFc = 1.6035 * X + 2023.0221 
YRc = -1.6143 * X + 3026.8242 
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plots of non-clinical and clinical data are provided in Figures 3.1 and 3.2, and 

Figures 3.3 and 3.4, respectively. 

The average range of forces used over the fingers and toes of the non-clinical 

study was 27 to 185 grams in 31 gram increments. The average arm and leg forces 

ranged from 127 to 435 grams in 103 gram increments. The range of forces used 

for the clinical study was 45 to 255 grams in 40 gram increments. To induce 

localized hyperemic responses force was returned to between 30 and 50 grams from 

the highest force. 

3.2 ELECfRONICS CALIBRATION 

3.2.0 Overview 

It was necessary to calibrate the electronics to quantify the amount of drift 

and extraneous noise affecting the instrument. Low pass filtering and D.C. coupling 

cause the MANUAL VERSION electronics to be drift sensitive. Also, l/f noise is 

more likely to affect the MANUAL VERSION. We decided that the most important 

parameter to determine was output voltage drift occuring in one second, because 

data are collected for a one second interval after EKG trigger detection. 

The MECHANIZED VERSION does not have the drift problems associated 

with the MANUAL VERSION, though electro-static noise from the motor is more 
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540. 

Figure 3.1 Plot of the fOIWard force calibration data used in the non-clinical study. Vertical 
axis - decimal equivalent of the ND converted LVDT output, horizontal axis - grams. 
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Figure 3.2 Plot of the reverse force calibration used in the non·clinical study. Vertical axis -
decimal equivalent of NO converted LVDT output, horizontal axis - grams. 
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Figure 3.3 Plot of the forward force calibration data used in the clinical study. Vertical axis -
decimal equivalent of NO converted LVDT output, horizontal axis - grams. 
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Figure 3.4 Plot of the reverse force calibration data used in the clinical study. Vertical axis -
decimal equivalent of ND converted LVDT output, horizontal axis - grams. 
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apparent. Averaging the data helped to reduce all these noise affects, so it was 

decided that electronic calibration was unnecessary. 

3.2.1 Electronic Calibration = MANUAL VERSION 

The calibration procedure used the MWP, computer, an EKG simulator, a 

small ceramic block, and a simulated finger made of finger cots and EKG gel. Ten 

sets of data were collected for each filter during a calibration session, and 10 

sessions were performed over several days; data from the sessions were averaged 

together. An effort was made to keep room lighting and temperature constant from 

day to day. 

Two different contact surfaces (ceramic block and the imitation finger) were 

used. We were concerned that the light source caused localized heating which could 

effect our measurements. To reduce these effects we used the ceramic block to 

conduct heat away from the focal point, thus reducing heat radiating to the detector 

(important for longer wavelengths). The fake finger was intended to simulate a real 

finger without changes in reflection caused from blood flow. Data were also 

collected with the detector shuttered, that is, the filter wheel was rotated to block 

light in line with the detector. The MWP was lowered to contact a surface, and 

data collection proceeded after detection of a simulated EKG trigger pulse. 
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3.2.2 Calibration Data Reduction and Analysis 

It was necessary to reduce the amount of data to effectively analyze it. 

Reduction was accomplished by averaging each data set. Recall that four data 

groups, each containing 256 samples, are stored for each force level. The four data 

groups are averaged into one, reducing the total data by a factor of four. Further 

reductions were accomplished by averaging the groups of the ten sessions together. 

We were left with 10 data groups for each filter/surface combination, and shuttered 

photo-detector data. Figures 3.5 and 3.6 respectively present calibration results for 

all filter/surface combinations. Any reference to a data group in the remainder of 

this section implies an averaged group. 

We convert the digitized results gathered here into volts, because the slopes 

represent voltage drift, and standard deviation represent the magnitude of the 

higher frequency noise encountered. The slopes can be stated in units of volts per 

time, and the deviations can be stated in volts. The voltage equivalent of 1 bit 

change in the ND output is 4.88 millivolts. For example, if a slope is equal to .03 

bits/sample then: 

By/Bx = .03 bits/sample 

Bx/Bt: is equal to 256 samples/sec. 
Bv/By: is equal to 4.88 my/bit 
By/Bx * Bx/Bt * Bv/By = Bv/Bt = 37.478 mY/sec. 
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Figure 3.5 Plots of 10 sets of calibration data: imitation rmger with 580, 560, 810 nm. mters; 
shuttered data is also presented. 
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The standard deviation in volts is found by multiplying the decimal equivalent of the 

ND output by 4.88 millivolts. 

The standard deviations, taken over the ten groups, for each filter/surface 

combination were quite close. Average standard deviations over the ten sessions 

were: for the imitation finger - .009 to .019 volts (580), .008 to .016 volts (560), 

and .009 to .018 volts (810); for the ceramic block - .012 to .035 volts (580), .011 

to .023 volts (560), and .012 to .057 volts (810). 810 run. data from both surfaces 

appears non-linear, and nearly exponential. The other data plots are linear with 

approximately equal negative slopes, except for the 580 run. ceramic data which 

exhibits a positive slope. 

3.3 DATA COILECTION -- MECHANIZED VERSION 

3.3.0 Overview 

As mentioned in Chapter 1, preliminary data from the MECHANIZED 

VERSION indicated that it would be difficult to obtain good signals. Several sets 

of data were collected from one subject at different sites and under different 

conditions described below. 

3.3.1 Procedure 

The subject was in his mid-thirties, and in good cardio-vascular condition; he 

did not smoke, and was not obese. EKG electrodes were placed on him as he sat 
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comfortably with his left ann placed on a table top. The MWP was lowered to 

contact his skin (back of the hand and forearm) and constant force applied to the 

collection site. Data was averaged over 100 heartbeat intervals to minimize 

spurious noise, but poor signals resulted. We attempted to improve them by 

applying heat and increasing lamp intensity. Despite these signal enhancements, the 

results were not satisfactory. Figures 3.7 and 3.8 present averaged data of 100 

waveforms taken after heating and increasing the lamp intensity, respectively. 

Electro-static noise radiating from the D.C. brushless motor was responsible for the 

majority of signal degradation. Vibrational noise also occurred as the filter wheel 

spun. 

Considerable amounts of time and effort were invested in developing the 

MECHANIZED VERSION. Solutions were limited because our design necessitated 

the close proximity of the motor to the photo-detector. Various schemes were 

implemented to shield and isolate the photo-detector, but all attempts were futile. 

The delicate jewel bearings of the motor are easily crushed if too much end thrust 

is exerted on the shaft, and were in peril each time we opened and closed the 

housing. We had to replace the motor once, and questioned the replacement's 

ability just prior to changing our approach. Using the MECHANIZED VERSION on 

patients with compromised circulation would not have yielded results. 

The MECHANIZED VERSION is and inexpensive implementation of our ideas. 

We showed their feasibility, but improvements by re-design were unaffordable. So, 
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we re-assessed our arrangements and simplified the system somewhat to improve 

our signal to noise ratio, which allowed succe.ssful application of our ideas. 

3.4 DATA COLLECTION - MANUAL VERSION 

3.4.0 Overview 

As mentioned in Chapter 2, Instrument Hardware Overview, the MANUAL 

VERSION was used for all practical data collection. Only three filters were used, 

because drift resulting from longer wavelengths (particularly 950 run.) was 

excessive and would overwhelm the photo-plethysmographic waveform, and saturate 

the amplifiers. Three separate studies were conducted after approval of our study 

was granted by the Human Subjects Committee at the University of Arizona. 

The first, a non-clinical study, was made for the following reasons: to gain 

familiarity with a collection protocol, detect any unforseen problems, determine the 

ability of the instrument to be used on skin covering soft or muscular tissue 

(forearm, thigh) as well as skin over bone (fingers, toes), and determine an estimate 

of force needed to extinguish photo-plethysmographic waveforms. The 17 subjects 

ranged in age from 27 to 39. None of the subjects were obese, smoked or 

medicated. Most exercised regularly, and all were in good cardio-vascular condition. 

The measurements were carried out in the Clinical Engineering Laboratory in the 

Electrical and Computer Engineering Department at the University of Arizona. 
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Preliminary results with applied force indicated that a maximum forces of 

about one pound (454 grams) over soft tissue, and one-quarter pound (114 grams) 

over bony tissue should successfully extinguish the waveform, with minimal 

discomfort. 

Force level settings were determined by viewing the digital display of the 

LVDT controller. The controller output was digitized and stored along with the 

waveform, and converted to a force (grams) value by using the least squares fit 

equation 3.0. 

Unlike the bones in the toes and fingers, the soft tissue underneath the 

forearm and leg do not provide a good surface to compress the skin's blood vessels. 

The soft tissue force settings ranged from a mean force of (126.8 - 435.1) grams. 

Bony tissue force settings ranged from (27.2 - 185) grams. 

We believe that by applying smaller force increments over bony surfaces we 

could better see the effects on blood flow. That is, with larger increments of 

applied force we may see, for example, the magnitude of a waveform decrease by 

60%, but miss that the 60% reduction occurred at lower force level and further 

reductions do not follow additional force. Fewer force increments were used over 

soft tissue because there was less chance of compression, and less likelihood that a 

small force increase would exhibit a noteworthy change to the waveform magnitude. 

The second and third studies were conducted in the Podiatry Clinic at the 

Veteran's Administration Hospital in Tucson, Arizona. The all male study group 
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consisted of general, diabetic, and vascularly compromised patients. Data were 

collected off the tip of the great toes. This site was selected because diabetics 

typically have compromised toe circulation resulting from arteriosclerosis and 

calcification of the blood vessels. The general group ranged in age from 35 to 95. 

The diabetic group ranged in age from 54 to 95, and those with vascular 

impainnents ranged from 63 to 74. Most were geriatric patients who were in 

podiatry for routine foot care because of/for complications resulting from diabetes, 

arteriosclerosis or lack of sensation in their lower extremities (peripheral neuropa

thy). The group consisted of men from several races, some smoked, some were 

obese, some had several operations and several were under various medications. 

The forces applied in the clinical study were slightly greater than those 

applied over the toes in the non-clinical study. This was decided because the tip of 

the toe generally has a thicker soft tissue layer below the skin surface than the toe 

tops. The average beginning and ending forces were 45 and 255 grams, respective

ly. Force was increased six times with the average increment being 40 grams. We 

induced localized hyperemic responses when force was lowered from the maximum 

to 30 grams (average). 

A third study, also conducted in the Podiatry Clinic at the V.A., was a cursory 

attempt to collect data from an appendage whose arteries are artificially occluded 

by an inflated blood pressure cuff. After releasing the pressure in the cuff an 

arterial hyperemic response results. This effect is longer lasting than localized 
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hyperemic responses we induced through force. The test was conducted on a 

healthy 33 year old caucasian male. The hyperemic response was induced primarily 

by a blood pressure toe cuff, but MWP force needed to be adequate enough to keep 

the lens at a stable position after the cuff was deflated; this force was chosen to be 

10 grams. 

3.4.1 Data Collection = Non-Clinical Multiple Sites 

The first multiple subject use of the MWP was in the Clinical Engineering 

Laboratory in the Electrical and Computer Engineering Department. The equipment 

was allowed to warm up at least 10 minutes before collecting data. Data were 

collected on seventeen subjects at four sites in this order: back of the index finger 

between the first and second knuckles, the back of the forearm 3 to 4 inches from 

the elbow, about 10" from top of the knee cap, and back of the great toe between 

the first and second joints. Total collection time decreased with operator 

experience, and ranged from. 75 to 1.5 hours per subject. 

Mer placing EKG electrodes on a subject they were asked to be seated in a 

lounge chair with leg support. They remained in the lounge chair for all data sites 

except the toe, for which they sat in an arm chair. 

The MWP was positioned over a data collection site and lowered to contact 

the skin. It was necessary, at times, to use props under data locations so the 

objective lens would contact a flatter surface. For example, small pieces of wood 
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were placed under the fingers and toes to make the surfaces perpendicular to the 

MWP, and provide an even contact area. The LVDT controller display read -100 ± 

20 when the MWP hung freely with no force being applied. The first force level 

was applied so the controller display read 0 for bony tissue and 800 for the soft 

tissue. Force was applied in increments by watching the LVDT controller readout. 

The step increments were 250 and 800 millivolts for bony and soft tissue, respec-

tively. 

III 256. 512. 768. +Ht24 0 

1-1 
Z 
(;11-1 2787 
~= 
cz:1lo4 
~I-I 
~= = 0 2430 
~.:I 
(;I, 

~cz: 
cz: 
E 

2073 ~ 

CJ 
(;I 
.:I 64.0 192. 320. 448. 576. 704. 832. 960. 

SAMPLE POSITION OUT OF 256 

Figure 3.9 Illustration depicting a typical screen full of data. Four - 256 data point waveforms 
are displayed; they could also be stored. 

Data selection was accomplished with the system operator watching data 

being displayed and deciding which set to store. Figure 3.9 illustrates what an 

operator sees on the monitor. Four waveforms are displayed, each containing 256 

data samples. When good representation of photo-plethysmographs are shown the 

user stores that data by pressing a key to stop data acquisition. It may be difficult 

at times to make out clear strong waveforms, and several screens may be displayed 
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before storage. Some data were saved if only one of the four groups had a clear 

waveform. 

One data set (four waveforms each with 256 samples) are stored for each 

force level and filter. 60 to 72 separate sets of data were collected per subject 

depending upon the number of force levels used. The results are given in Chapter 

4, Non-Clinical Results. 

3.4.2 Data Collection :: Clinical Study 

The equipment was moved to the Podiatry Clinic at the Veterans Hospital 

in Tucson, Arizona, for the clinical trial. The Podiatry Clinic is run three days a 

week and averages 33 patients per day. The vast majority of the patients are 

geriatric. Many suffer from diabetes mellitus (adult onset diabetes) which can affect 

the micro-circulation in the extremities, especially the toes, feet and lower legs. 

These patients may also suffer from decreased sensation in the extremities 

(neuropathy), and cannot feel cuts, scraps, or traumas to their toes and feet. The 

decreased circulation increases the time needed to heal any such wounds and 

increases the chances of infection, and hence amputation. Preventative care is a 

necessity for these patients, and the Podiatric Clinic rotates about 1000 patients 

through every few months for routine maintenance and evaluation of diabetic feet. 

Patients suffering from peripheral vascular disease and neuropathy due to trauma 
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or disease also have problems healing skin ulcers, and are therefore routinely seen 

by the Podiatrist . 

. After completion of the scheduled podiatric exam, a subject was told about 

our study and asked to participate. They remained seated in the examination chair 

and EKG electrodes were placed on them to synchronize data collection. 02 

saturation measurements were also taken (Ohmeda 02 monitor). Infonnation 

concerning illness, weight, and age was entered into the computer. We began by 

collecting systolic toe pressures from the great toes of both feet (if present) with an 

ultrasonic doppler (Parks Electronics Labs, Model 906). A blood pressure toe cuff 

was placed around the base of the big toe, and ultrasonic gel was applied to the 

toe's bottom surface. The ultrasound probe was placed in the gel and we searched 

for the sound of blood pulsating through an artery. If found, the cuff was inflated 

until the pUlsations ceased, and the cuff was slowly deflated until the first pulsation 

was heard again; this pressure was recorded. 

Each leg was placed in a foam box and padded to make the patient feel as 

if his leg were supported and confined, but not constricted. A loose velcro strap 

wrapped the foot to a small board to keep the foot stable and roughly perpendicular 

to the leg (as if standing). The MWP was positioned over the tip of the toe and was 

lowered by the micrometer to contact the skin. 

Seven force levels were used, and were adjusted by watching the LVDT 

controller front panel. The first force level was set to about 200 counts (40 grams), 

_ .. _ .. - ------
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increments were in steps of 250 counts (45 grams) to about 1400 counts (255 

grams). The final force (level 7) was a hyperemic setting, and the force was backed 

down to about 100 to 300 counts (30 to 50 grams). Data were collected at each 

force level; two filters were used (580 and 810 nm.) to speed data acquisition time. 

The 580 nm. filter was used because it provided the best over all results in the non

clinical setting; and the 810 nm. light held the promise of returning signals from 

deeper vessels. Data collection time ranged from 20 to 30 minutes per subject, 

excluding time for EKG placement, O2 measurements, personal data summary, 

alignment, and patient orientation. 

We tried to collect data bilaterally, that is, from left and right great toes. 

However, this was not always possible because of movement, pain, or poor positions 

(insufficient skin surface to cleanly contact the lens and holder). Data selection and 

storage proceeded as described in section 3.4.1. above. 63 patients were used in 

this study, 26 diabetic, 27 general and 10 with documented vascular problems. 

Data analysis and results are presented in Chapter 4 and a discussion of the results 

is found in Chapter 5. 

3.4.3 Data Collection = Arterial Hyperemic Response Study 

This test was carried out to see if our system could study arterial hyperemic 

responses, and was performed on a 33 year old healthy, male volunteer at the 

Podiatry Clinic. The MWP was placed over the tip of the right great toe and 

----- ----.--- -- ----- ------_ .. 
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lowered to the skin following toe pressure measurements and leg stabilization 

(described in Section 3.4.1 and 3.4.2). 

A small force of 10 grams was applied. The toe pressure cuff was re-inflated 

and maintained for 5 minutes (at 220 mm Hg.) after which pressure was released 

and data collection began. Twenty second intervals separated the 14 data sets, and 

both 580 and 810 nm. light were used. 

This test was made to detennine if an arterial hyperemic effect could be 

found with our system. Our system was not intended for this purpose, but was 

designed for less imposing measurements and for quick and painless results. It was 
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Figure 3.10 Example of the test for arterial hyperemic responses. Maximum waveform 
amplitudes are plotted, data was collected in 20 second intervals; 580 and 810 run. light were used. 
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suggested that we occlude the arteries in the lower leg by placing the blood pressure 

cuff over the calf. However, the Human Subjects Committee did not grant approval 

for this type action; it is also quite uncomfortable. Nevertheless, we thought it a 

worthwhile test to attempt. We modified the idea, and occluded toe arteries - a 

much more comfortable procedure. These results are presented here in Figure 3.10. 

3.5 ANALYSIS METHODS 

3.5.0 Overview 

In Chapter 3 section 3.4, we describe how non-clinical data collection was 

carried out. Recall that four - 256 data sample groups were stored for each force 

level and filter combination. These four groups were averaged into one containing 

256 samples. This section describes the procedures used to analyze the data. 

Analysis includes comparisons of: slopes of systolic rise, maximum rates of change, 

changes in peak signal amplitude with applied force and fourier analysis. 

Low frequency drift compensation was necessary to make meaningful 

comparisons between groups of waveforms. The drift encountered would often shift 

the peak amplitude to an unnatural position in the waveform. Compensation for 

this effect was accomplished by subtracting a least squares line from each waveform. 

The least squares line was found for each averaged waveform, and the value 

of the line was subtracted from the value of the waveform occurring at each point. 

Figure 3.11 shows a typical averaged 256 sample waveform taken with the first 
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force level applied. Figure 3.12 is the corrected wavefonn. The corrected 

wavefonns were also smoothed by a 30 Hz. low pass digital filter. 

In the following pages we will be referring to actual non-clinical data, keep 

in mind that 5 force levels (7 for fingers and toes) are used at each data collection 

location and with each filter. We will refer to a "set of force frames" to indicate 

data collected at a position with one filter at all force levels. A "force frame" is one 

averaged 256 sample group resulting from application of one force level; Figures 

3.11 and 3.12 are each illustrations of one force frame. Figure 3.13 is an 

illustration of a set of force frames (7 force frames) of data collected from a finger 

location. The straight lines through each frame of Figure 3.13 are values of the 

LVDT output measuring applied force. Notice the data of Figure 3.13 is uncorrected 

for drift and not filtered. 

3.5.1 Analysis of Amplitude Changes 

Drift correction and low pass filtering provide clean wavefonns so effects of 

applied force on peak amplitudes can be studied. We choose the first local 

maximum following the first local minimum in each wavefonn as the systolic peak 

amplitude. 

We found the systolic peaks for all the frames within a set of force frames. 

Ideally, the peak values would decrease with increasing force, but this reduction did 

not always occur. Hyperemic responses, those gathered after force was released, 
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16.9 48.9 89.9 112. 144. 176. 298. 249. 

SAMPLE POSITION OUT OF 256 

Illustration of an averaged waveform, note the abrupt beginning and ending. 

16.9 48.9 89.9 112. 144. 208. 249. 

SAMPLE POSITION OUT OF 256 

Illustration of Fig. 3.11 after it is drift corrected and flltered at 30 Hz. 
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Figure 3.13 Illustration of a set of force frames, waveforms change with applied force. Left 
vertical axis gives waveform magnitudes; right vertical axis gives applied force in grams. 

were expected to return peak amplitudes equal or in excess (100%+) of the first 

force frame's peak amplitude. This was not always the case. 

Figures 3.14 - 3.16 present the average non-clinical systolic peaks (with mean 

standard errors) derived from light filtered at 580, 560 and 810 run., respectively. 

Each figure contains plots corresponding to the location at which the data were 

collected. Plots for arms and legs have data over 5 force frames; toe and finger 

plots cover 7 force frames, the hyperemic response is the last force frame in all 

plots. 
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Figure 3.14 Illustration of the average maximums of each data location and at each force frame 
for the 580 nm. optical filter. 
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Figure 3.16 IllustratIon of the average maXlmums of each data locatlOn and force frame for the 
810 nm. optical filter. 

Figure 3.14 and 3.15 (580 and 560 run. filters) show monotonic decreases 

in signal amplitude corresponding to increasing force, except at the toe. In both 

figures toe signal amplitudes increased with application of force, for 1 or 2 force 

frames, then monotonically decreased. The hyperemic response is apparent for all 

cases. 810 run. signals do not significantly diminish with applied force (see Figure 

3.16) though a hyperemic response is apparent. 

Seeing the plots in Figures 3.14 - 3.16 compelled us to pair hyperemic data 

and the largest non-hyperemic for all comparisons. The non-clinical population 

produced their largest non-hyperemic waveforms at the first (or minimal) force 

--------- ----
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frame on fingers, anns and legs; we used the non-hyperemic wavefonns of the 

second force frame for toe data, because 2 of the 3 filters produced their average 

peaks there. The clinical population produced the largest non-hyperemic wavefonns 

at the first force frame, and these data were compared to data from the hyperemic 

peaks. 7 force levels were applied to the great toes of all the men in the three 

groups (general, diabetic, and compromised) making up the clinical population. 

Figures 3.17 and 3.18 present plots (580 and 810 nm. data respectively) of 

average peak amplitudes collected off the clinical population. 

3.5.2 Maximum rate of Change and Rising Slope Analysis 

Blood pressure is pulsatile in nature. The pressure rises to a peak (systolic) 

and begins to roll back down to a lower diastolic pressure with each heart beat. 

Blood flow is also pulsatile, and the maximum rate of change occurs along the 

systolic rise. We differentiated the data of each waveform collected, and found the 

maximum (positive) rate of change occuring after the first waveform minimum 

(generally the diastolic minima). We limited the search for the maximum rate of 

change to 128 samples (1/2 second) following the minima, providing ample time 

for the waveform to reach a peak and to eliminate any confusion caused by second 

systolic rises found with faster heart rates. 

Slopes of the systolic rising edges were found by noting the value and 

position of the first minima and systolic maxima. Subtracting the minimum value 
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Figure 3.17 Average maximum amplitudes attained at each force level for the three clinical data 
populations (general, diabetic, and compromised). 580 nm. light is being used. 
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from the peak gives the rise, and subtracting a minimum's position from the peak's 

gives the run. Dividing the rise by the run yields the slope. 

3.5.3 Spectral Analysis 

We performed spectral analysis on the hyperemic and largest non-hyperemic 

waveforms. Our examinations covered a frequency range of 0 to 30 Hz. because of 

the analog and digital filter cutoff frequencies were set there. Spectral analysis 

involves the computation of the Fourier components of a waveform, and we used 

the Fast Fourier Transform (FFT) algorithm provided by the ASYST system to 

accomplish this. 

The power spectrum is the magnitude squared of the fourier components and 

has units of watts/vhz. Our data groups contain 256 points collected at a 256 

sample/sec rate, because an FFT can only be performed on a lip ower of two" number 

of data points (eg. 28 = 256). Sets begin and end abruptly (see Figure 3.13), 

because we essentially chop out, or window, a section of an infinite waveform. The 

sharp discontinuities existing at the ends of our windowed waveforms produce 

unwanted high frequency energy (known as spectral leakage) in the frequency 

domain after fourier transformation. 

The discontinuities can be thought of as the product of the data multiplied 

by a rectangular window (amplitude of 1 and finite width). By applying a more 

tapered window we reduce the leakage. Reducing the leakage impairs our 
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Figure 3.19 Power spectrum of 10.5 (mag.= 1) and 16 hz. (mag.= .01) sine wave, rectangular 
window signal combination. Note poor representation of the 16 Hz. component. 

resolution, because in the frequency domain, tapered windows have lower sidelobes 

(reducing leakage) but larger main lobe (reducing resolution). The only way to 

compensate for the latter effect would be to increase our data size, but it is limited 

to 256 samples. Nevertheless, the improvements in our spectral analysis are 

impressive as can be seen from Figure 3.19 and 3.20. The figures present the power 

spectral information of the first 30 spectral components for a waveform consisting 

of a 10.5 and 16 Hz. sinusoid. The 16 Hz. signal is -40 Db. from (1/100th of) the 

10.5 Hz component. Result from using a 4 term Blackman-Harris window 

(Harris49) is presented in Figure 3.20, we selected the Blackman-Harris primarily 

for it's low sidelobe levels. The equation for the window is: 



ao = .35875 
at = .48829 
a2 = .14128 
a3 = .01168 

and it provides -92 db. of sidelobe suppression. 

~ 34.0 
~ 
til 
to! 

U 

~ -48.0 

z: 
to! 

fl: 
~ -130. 
3 
o 
~ 2.00 6.00 14.0 18.0 

FREQUENCIES IN HERTZ 

100 

22.0 26.0 30.0 

Figure 3.20 Power spectrum of 10.5 and 16 hz. (mag. = 1 and .01 respectively) signals used 
in Fig. 4.7, but windowed with a 4 term Blackman-Harris function. 
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CHAPTER 4 

DATA COLLECTION RESULTS 

4.0 OVERVIEW 

This chapter presents the results obtained from the data collection procedures 

for non-clinical and clinical populations. Statistical tests for significant differences 

between data are performed using Student's "T" significance tests for paired and 

unpaired data. We tested for significant differences in peak values, maximum rates 

of change, rising slopes, and total power found in several wavelength bands. 

Additional tests performed on the clinical data are described in section 4.2. The 

statistical package was provided in a Digital Corporation Pro 350 minicomputer. 

14 NON-CUNlCAL DATA COLLECTION RESULTS 

4.1.0 Overview 

Significance tests for differences between data of the largest non-hyperemic 

and hyperemic waveforms were performed on all data of the non-clinical population. 

The tests were performed on peak amplitudes, systolic slopes, maximum rates of 

change, and power content within three wavelength bands (5-12, 12-19, and 19-26 

Hz.). Largest non-hyperemic data are taken from first force level (minimal force) 

for finger, arm, and leg data, but are taken from the second force level for toe data. 



102 

To better examine the effect of applied force we separated peak amplitudes 

by their nonnalized values (peak of any frame / peak of 1st frame). For example, 

a wavefonn peak could fall to 40% of first force peak amplitude after application 

of a force. This data point would be placed into a bin indicating the percentage 

reduction at the particular force level. The bin breakpoints were set to indicate data 

ratios of less than 20%, between 20 and 40%, 40 - 60%, 60 - 80%, 80 - 100%, and 

above 100% (indicating increasing peaks with force or 100%+ hyperemic peaks). 

With equal force applied to a data location, amplitude height reductions varied 

among waveforms. That is, they did not reduce by the same proportion with 

equalvent force as expected. We decided to concentrate on the effects at maximum 

force, and hyperemic response after force is released. 

Table 4.1 presents results of the total number of waveform peaks which 

showed any reduction (COMPRESSED) in peak amplitude as a result of force, and 

the number of 100%+ hyperemic responses that occurred from the COMPRESSED 

signals, for all filters and data loctions. Column COMPRESSED contains the number 

peak amplitudes showing any reduction at maximum force. Column HYPEREMIC 

contains the number of COMPRESSED waveforms which returned a 100%+ 

hyperemic peak amplitude after releasing maximum force. This table is discussed 

in Chapter 5, and is presented in a condensed form in Table 5.1, and in which the 

HYPEREMIC to COMPRESSED ratio is formed and compared with other results. 
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PosmONS FILTERS COMPRESSED HYPEREMIC 

FINGERS 580 16 8 

16 560 16 7 

SUBJECTS 810 9 o 

ARMS 580 15 13 

17 560 15 12 

SUBJECTS 810 11 8 

LEGS 580 14 9 

17 560 12 11 

SUBJECTS 810 6 6 

TOES 580 12 6 

17 560 14 6 

SUBJECTS 810 10 3 

Table 4.1 Summary of amplitude changes in non-clinical data. Column COMPRESSED gives 
the number of non-clinical peak amplitudes reduced below the peak of the largest non-hyperemic 
amplitude, column HYPEREMIC gives the number of those COMPRESSED peaks to return 100%+ 
hyperemics peaks. The number of subjects, data location, and filters used are also provided. Data 
were collected on 17 subjects, 1 subject's finger data were lost. 
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4.1.1 Non-Clinical Test Results of Peak Amplitude Comparisons 

Table 4.2 presents the results of a statistical comparison of the largest non

hyperemic to hyperemic systolic peaks. The paired Student's 'T' significance test is 

used, the null hypothesis being that non-hyperemic peaks are greater or equal to 

hyperemic peaks. We can be assured that hyperemic peaks are greater than non

hyperemic peaks (at certain significance levels) when the null hypothesis is rejected. 

Table 4.2 is broken into sections corresponding to each data location and filter. ''T'' 

values, significance levels, results of a normalcy test and indications of acceptance 

of the null hypothesis (at a .05 significance level) are given. 
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LOCATION FILTER REJECf NUll SIGNIFICANCE 'T' GAUSSIAN 
HYPOTHESIS LEVEL VALUE 

580 Y .0149 -2.40 Y 

FINGERS 560 N .6509 .3954 Y 

810 N .5859 .2207 Y 

580 Y .0005 -5.01 Y 

ARMS 560 Y .0005 -4.88 Y 

810 N .0986 -1.35 Y 

580 Y .0052 -2.90 Y 

LEGS 560 Y .0005 -6.32 Y 

810 Y .0005 -5.46 Y 

580 Y .0101 -2.59 N 

TOES 560 N .9006 -1.26 N 

810 N .1233 -1.63 N 

Table 4.2 Non-clinical results of peak amplitude comparisons - largest non-hyperemic 
vs. hyperemic. Null hypothesis is that non-hyperemics are greater or equal hyperemics. 
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4.1.2 Non-Clinical Test Results for Maximum Rate of Change and Rising Slope 

Tables 4.3 and 4.4 respectively present paired 'T' test results of maximum 

rates of change and rising slope analysis using data from the largest non-hyperemic 

waveforms paired with the hyperemic waveforms. The null hypothesis is that non

hyperemic data (slopes and maximum rates of change) are greater or equal to the 

hyperemic. A rejection implies that the hyperemic data are significantly greater 

than the non-hyperemic. The significance level, ''T'' value, indications of a normalcy 

test and acceptance of the null hypothesis are provided for the rates of change 

comparisons in Table 4.3 and rising slope comparisons in Table 4.4. 
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LOCATION FILTER REJECT NULL SIGNIFICANCE "T" GAUSSIAN 
HYPOTHESIS LEVEL VALUE 

580 Y .0005 -4.08 Y 

FINGERS 560 N .4568 -0.11 Y 

810 N .485 -0.03 Y 

580 Y .0005 -4.89 Y 

ARMS 560 Y .0005 -5.01 Y 

- 810 Y .0217 -2.19 N 

580 Y .01 -2.92 N 

LEGS 560 Y .01 -2.77 N 

810 Y .02 -2.19 Y 

580 N .485 -0.15 Y 

TOES 560 N .9699 2.03 N 

810 N .8244 0.96 N 

Table 4.3 Non-clinical results of maximum rate of change comparison of hyperemic and 
non-hyperemic waveforms. Null hypothesis is that non-hyperemic are greater or equal to 
hyperemic. 
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LOCATION FILTER REJECT NULL SIGNIFICANCE "T" GAUSSIAN 
HYPOTHESIS LEVEL VALUE 

580 Y .0005 -4.707 Y 

FINGERS 560 N .2271 -.7683 Y 

810 N .2347 -.7424 Y 

580 Y .0005 -4.141 Y 

ARMS 560 Y .0005 -4.09 Y 

810 Y .0242 -2.135 Y 

580 Y .0087 -2.649 Y 

LEGS 560 Y .0005 -6.113 Y 

810 Y .0005 -4.139 Y 

580 Y .0052 -2.924 Y 

TOES 560 N .4604 -.1008 N 

810 Y .0218 -2.191 Y 

Table 4.4 Non-clinical results of rising slope comparisons of the largest non-hyperemic and 
hyperemic wavefonn. Null hypothesis is that non-hyperemic are greater or equal hyperemic. 
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4.1.3 Non-Clinical Test Results of Spectral Power Comparisons 

Tables 4.sA and 4.sB present the results of the statistical comparison 

between largest non-hyperemic and hyperemic waveforms of all data locations and 

filters. We calculated the power spectra for both waveforms and found the total 

power in three frequency ranges (5-12, 12-19, 19-26 hertz) of each pair. The total 

power was found by integrating the power spectral 

data over each frequency range. 

Table 4.sA presents finger and arm results; Table 4.sB presents leg and toe 

results. A IITII value, significance level, indication of normalcy and acceptance of the 

paired IITII null hypothesis are given for each data location, filter and frequency 

range. The null hypothesis is that the non-hyperemic data are greater or equal to 

the hyperemic, and rejection implies the hyperemic are significantly greater than the 

non-hyperemic. 
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IDCATION FILTER HERTZ REJECfNULL SIGNIFICANCE 'T' GAUSSIAN 
RANGE HYPOTIlESIS LEVEL VALUE 

FINGERS 5 - 12 Y .0062 -2.84 N 

580 12 -19 N .4486 -.13 N 

19 -26 N .5172 .044 N 

FINGERS 5 - 12 N .901 1.35 N 

560 12 - 19 N .917 1.46 N 

19 - 26 N .4729 -.069 Y 

FINGERS 5 - 12 N .9308 ],57 Y 

810 12 - 19 N .7293 .6251 N 

19 - 26 Y .0288 -2.06 Y 

ARMS 5 - 12 Y .0049 -2.93 N 

580 12 - 19 N .8205 .9446 N 

19 - 26 N .2439 -.71 N 

ARMS 5 - 12 Y .0013 -3.61 Y 

560 12 - 19 N .874 1.19 Y 

19 - 26 N .2539 -.678 N 

ARMS 5 - 12 N .7032 .5443 Y 

810 12 - 19 N .6508 .3946 Y 

19 - 26 N .9489 ],73 Y 

Table 4.SA Non-clinical results of total power comparisons in 3 frequency ranges. Null 
hypothesis is that non-hyperemic are greater or equal to hyperemic waveforms. 
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lOCATION FILTER HERTZ RFJECfNULL SIGNIFICANCE 'T' GAUSSIAN 
RANGE HYPOTIlESIS LEVEL VALUE 

LEGS 5 -12 Y .0329 -1.97 Y 

580 12 - 19 N .7037 .5459 Y 

19 - 26 N .6219 .3137 N 

LEGS 5 -12 Y .0110 -2.55 N 

560 12 -19 N .9039 1.36 N 

19 - 26 N .4160 -.215 N 

LEGS 5 - 12 N .1151 -1.24 Y 

810 12 - 19 N .1044 -1.31 Y 

19 - 26 N .8577 1.11 Y 

TOES 5 -12 Y .0287 -2.06 N 

580 12 - 19 N .8839 1.24 Y 

19 - 26 N .5508 .1298 Y 

TOES 5 - 12 N .7784 .7862 N 

560 12 - 19 N .1014 -1.33 N 

19 - 26 N .4537 -.118 Y 

TOES 5 - 12 N .3599 -.365 N 

810 12 - 19 N .8870 1.26 Y 

19 - 26 N .8798 1.22 Y 

Table 4.Sb Non-clinical results of power comparisons in 3 frequency ranges. Null hypothesis 
is that non-hyperemic is greater or equal to the hyperemic waveforms. 
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~ CLINICAL RESULTS 

4.2.0 Overview 

Clinical data analysis proceeded similarily to non-clinical data analysis. In 

addition to the statistical tests perfonned in the non-clinical results, we found the 

total spectral power in a fourth frequency band (1-5 Hz.). We also calculated 

correlation coefficients for all toe pressure measurements with peak amplitudes, 

maximum rates of change, and power in 2 spectral ranges (1-5, 5-12 Hz.). The 

largest non-hyperemic signals were found at the first force (minimal force) level for 

all clinical data. 

Comparisons of data collected with minimal force were made to data 

collected at a hyperemic force. Data taken from the left great toes were compaired 

to data from the rights (on same subject), comparisons were made between the 

three patient populations: general patients, diabetics and circulatory compromised 

patients. 

Table 4.6 presents the total number of wavefonn peaks reduced (COM

PRESSED) below the peak amplitude found at minimal force. Table 4.6 also shows 

the number of COMPRESSED wavefonns to return hyperemic peaks (HYPEREMIC) 

greater (100 %+) than the peak at minimal force. The three data populations are 

represented. Denominators of the entries represent the combined number (right 

plus left toes) of data points. 
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GROUPS AND FILTERS COMPRESSED HYPEREMIC 

GENERAL--580 36/42 27/42 

GENERAL--810 35/44 18/44 

CONWRONUSED -- 580 16/16 5/16 

CONWRONUSED--810 13/16 3/16 

Table 4.6 Presentation of the number of clinical waveforms that COMPRESSED at 
maximum applied force, and returned a 100%+ hyperemic peak (HYPEREMIC). 

4.2.1 Clinical Test Results of Hyperemic vs. Non-Hyperemic Data 

Test results for significant differences in peak amplitude,maxirnum rate of 

change, and systolic slopes are given in Table 4.7 A. Results on differences in four 

spectral ranges (1-5, 5-12, 12-19, and 19-26 Hz.) are given in Table 4.7B. The null 

hypothesis for the results in Tables 4.7 A and B is that the values collected with 

minimal force are greater than or equal to hyperemic data. Rejection of the null 

hypothesis implies that hyperemic data are significantly (significance level =.05) 

greater than the minimal force data. 
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S11JDENrS"T" RESULTS OF PEAK AMPUlUDES 

"T"VALUE SIGNIFICANCE RF.JECT ? 

TIPE FILTER RIGHT LEFT RIGHT LEFT RIGHT LEFT 

GENERAL 580 -6.6 -2.12 .0005 .023 Y Y 

810 -2.25 -.38 .0176 .35 Y N 

DIABETIC 580 -2.16 -4.86 .02 .0005 Y Y 

810 .551 .095 .706 .537 N N 

COMPRO. 580 .003 -1.14 .5 .142 N N 

810 .905 -.528 .804 .305 N N 

S11JDENrS 'T' RESULTS OF MAXIMUM RATES OF CHANGE COMPARISONS 

'T'VALUE SIGNIFICANCE REJECT ? 

TIPE FILTER RIGHT LEFT RIGHT LEFT RIGHT LEFT 

GENERAL 580 -5.5 -2.69 .0005 .007 Y Y 

810 -1.39 .23 .089 .59 N N 

DIABETIC 580 -1.01 -3.45 .16 .001 N Y 

810 1.03 1.11 .84 .86 N N 

COMPRO. 580 .35 -1.29 .63 .14 N N 

810 1.05 -.31 .84 .38 N N 

S11JDENrS 'T' RESULTS OF SYSTOLIC SLOPE COMPARISONS 

'T'VALUE SIGNIFICANCE REJECT ? 

TIPE FILTER RIGHT LEFT RIGHT LEFT RIGHT LEFT 

GENERAL 580 -5.5 -1.64 .0005 .057 Y N 

810 -.16 .3 .43 .63 N N 

DIABETIC 580 -1.14 -2.99 .133 .003 N Y 

810 .32 1.5 .62 .93 N N 

COMPRO. 580 .74 -.07 .76 .47 N N 

810 1.11 -.38 .85 .358 N N 

Table 4.7A Presentation of paired Student's "T" tests of clinical results for largest non-
hyperemics versus hyperemic data. The three data populations are represented with light 
wavelengths. 
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'T'VALUE SIGNIFICANCE RF.JECf ? 

RT LT RT LT RT LT 

1-5 -3.3 -1.7 .0017 .049 Y Y 

5-12 -2.54 -.77 .01 .22 Y N 

12-19 -.35 2.06 .63 .97 N N 

19-26 .46 .68 .68 .75 N N 

1-5 -1.1 .26 .15 .60 N N 

5-12 -1.1 2.0 .15 .97 N N 

12-19 .54 1.58 .70 .04 N N 

19-26 -1.8 .75 .04 .77 Y N 

RT LT RT LT RT LT 

1-5 -1.7 -3.7 .05 .001 N Y 

5-12 1.14 .98 .87 .83 N N 

12-19 -.09 1.7 .47 .95 N N 

19-26 -.21 -.54 .42 -.30 N N 

1-5 1.6 .08 .94 .53 N N 

5-12 .53 .57 .7 .7 N N 

12-19 .84 -.57 .79 .29 N N 

19-26 -3.4 1.2 .001 .88 Y N 

FREQUENCY RT LT RT LT RT LT 

1-5 -.92 -I .19 .17 N N 

5-12 1.1 .69 .84 .75 N N 

12-19 1.4 1.8 .91 .95 N N 

19-26 -.14 .31 .45 .62 N N 

1-5 .74 -1.3 .24 .11 N N 

5-12 -.09 1.92 .46 .96 N N 

12-19 .55 -.6 .70 .28 N N 

N 

bands for largest non-hyperemic versus hyperemic for each data 
populations and light wavelength are made. 
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4.2.2 Clinical Test Results of Left Versus Right Great Toes 

Test results for significant differences between data of left and right great 

toes are presented in Tables 4.8A and B, and were perfonned using the paired 

Student's ''T'' test. Table 4.8A contains results of tests on peak amplitude, maximum 

rate of change, and systolic slopes. Table 4.8B contains results of tests on total 

power differences in the four ranges mentioned above. The null hypothesis in these 

tables is that the data means are equal. Rejection of the null hypothesis implies 

significant differences exist between mean values of left and right great toes. 
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STUDENT'S'T' RESULTS OF PEAK AMPlITUDES 

'T'VALUE SIGNIFICANCE REJECf? 

TIPE FILTER MIN HYP MIN HYP MIN HYP 

GENERAL 580 -.575 1.75 -.58 .1 N N 

810 -1.4 -.18 .17 .86 N N 

DIABETIC 580 -.57 -1.77 .57 .09 N N 

810 1.2 .36 .25 .72 N N 

COMPRO. 580 .58 -.18 .58 .86 N N 

810 -.013 -.79 .99 .44 N N 

STIJDENT'S 'T' RESULTS OF MAXIMUM RATES OF CHANGE COMPARISONS 

'T'VALUE SIGNIFICANCE REJECf? 

TIPE FILTER MIN HYP MIN HYP MIN HYP 

GENERAL 580 -.73 .83 .47 .43 N N 

810 -.39 .6 .7 .56 N N 

DIABETIC 580 .96 -1.49 .35 .15 N N 

810 1.1 .78 .3 .45 N N 

COMPRO. 580 .78 -.5 .46 .63 N N 

810 .45 -.79 .67 .45 N N 

STUDENT'S 'T' RESULTS OF SYSTOlJC SIDPE COMPARISONS 

T"VALUE SIGNIFICANCE REJECf ? 

TIPE FILTER MIN HYP MIN HYP MIN HYP 

GENERAL 580 -.92 .84 .37 .41 N N 

810 -.67 -.25 .53 .81 N N 

DIABETIC 580 .87 -.76 .39 .45 N N 

810 -.15 -.25 .88 .4 N N 

COMPRO. 580 .7 -.86 .5 .4 N N 

810 .39 -.84 .7 .42 N N 

Table 4_BA Presents Student's "1''' results obtamed when chmca data trom lett and ngnt great 
toes are compared. Table includes peak amplitude, maximum rate of change and peak systolic slope 
comparison results. Comparisons are made for data at largest non-hyperemic, ie. minimum (MIN) 
force and at hyperemia (HYP). 
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FIRST FORCE VALUES HYPEREMIC VALUES 

GENERAL 580 NM 1-5 5-12 12-19 19-26 1-5 5-12 12-19 19-26 

'T'VALUE -.4 -1.2 -.22 .25 .5 -.27 .95 .97 

SIGNIFICANCE LEVEL .7 .28 .83 .8 .63 .36 .35 .7 

REJECf HYPOTIlESIS N N N N N N N N 

GENERAL 810 NM 

'T'VALUE -1.9 -1.2 -1.4 -1.2 .89 -.76 -1.2 -1.9 

SIGNIFICANCE LEVEL .08 .23 .19 .24 .16 .46 .26 .08 

REJECf HYPOTIlESIS N N N N N N N N 

DIABETIC 580 NM 1-5 5-12 12-19 19-26 1-5 5-12 12-19 19-26 

'T'VALUE -.68 1.21 1.59 1.37 -.20 1.2 1.1 1.0 

SIGNIFICANCE LEVEL .5 .24 .13 .19 .06 .26 .29 .31 

REJECf HYPOTIlESIS N N N N N N N N 

DIABETIC 810 NM 

'T'VALUE 1.12 .58 .88 -.11 .42 .85 -.81 2.9 

SIGNIFICANCE LEVEL .28 .57 .39 .92 .68 .41 .42 .009 

REJECf HYPOTIlESIS N N N N N N Y N 

COMPROMISED 580 NM 1-5 5-12 12-19 19-26 1-5 5-12 12-19 19-26 

'T'VALUE -.41 .62 .55 -1.14 .78 -.92 -.36 -1.1 

SIGNIFICANCE LEVEL .69 .56 .59 .29 .46 .38 .73 .32 

REJECf HYPOTIlESIS N N N N N N N N 

COMPROMISED 810 NM 

'T'VALUE 

SIGNIFICANCE LEVEL 

great 
toes are compared. Table includes spectral power comparisons at four frequency bands (1-5, 5-12, 
12-19, 19-26 Hz.). Comparisons are made for data at minimum (MIN) force and at hyperemia 
(HYP). 
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4.2.3 Clinical Test Results for Comparisons Between Data Groups 

Results of un-paired Student's ''Til significance tests of data between different 

populations are provided in Tables 4.9A and B. The groups consisted of 25 general 

subjects, 25 diabetics, and 10 circulatory compromised patients. Comparisons were 

made between generals and diabetics, diabetics and compromised, and general and 

compromised. Table 4.9A contains results of tests on peak amplitudes, maximum 

rates of change, and systolic slopes. Table 4.9B contains results of tests on total 

power differences in the four ranges mentioned above. The null hypothesis for 

general versus diabetic data is that the means are equal. Rejection of the null 

hypothesis implies that significant differences between means exist. The null 

hypothesis between general (or diabetic) versus compromised data is that 

compromised data is greater than or equal to the other groups. Rejection implies 

that compromised data is significantly less than the other group. 



sruDENTS"T" RESULTS OF MAXIMUM RATES OF CHANGE COMPARISONS 

'T'VALUE SIGNIFICANCE REJECf? 

TYPE FILTER MIN HYP MIN HYP MIN HYP 

GENERALVS. 580 .43 1.2 .67 .24 N N 
DIABETIC 

810 -.71 .48 .48 .63 N N 

DIABETIC VS. 580 .74 .1.5 .23 .07 N N 
COMPRO. 

810 .27 -.61 .39 .72 N N 

GENERAL VS. 580 1.03 2.2 .15 .017 N y 
COMPRO. 

810 -.4 -.4 .66 .65 N N 

:', .... : ..... : .... 

sruDENT'S 'T' RESULTS OF SYSTOUC SLOPE COMPARISONS 

T"VALUE SIGNIFICANCE REJECf? 

TYPE FILTER MIN HYP MIN HYP MIN HYP 

GENERALVS. 580 .21 .12 .84 .9 N N 
DIABETIC 

810 -.51 .58 .61 .57 N N 

DIABETIC VS. 580 .7 2.04 .49 .049 N Y 
COMPRO. 

810 .18 -.71 .86 .49 N N 

GENERALVS. 580 .99 2.23 .32 .03 N Y 
COM PRO. 

810 -.25 -.48 .8 .64 N N 

able 4.9A Presentation or :>tuden s 'Tn results obtamed trom data compansons between 
clinical population groups. Comparisons of largest non-hyperemic, ie. minimum (MIN) applied 
force, and at hyperemia (HYP) are made between the populations for each light wavelength. 
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FIRST FORCE VALUES (HERTZ) HYPEREMIC VALUES (HERTZ) 

GENERAL VS. DIABETIC 1·5 5·12 12·19 19·26 1·5 5·12 12·19 19·26 
580NM 

'T'VALUE ·.41 ·.92 ·1.4 ·.41 ·.38 1.5 .61 ·1.5 

SIGNIFICANCE LEVEL .68 .36 .17 .68 .71 .16 .55 .15 

REJECT HYPOTIlESIS N N N N N N N N 

GENERAL VS. DIABETIC 
810NM 

'T'VALUE ·.07 ·.91 .19 .87 .99 .18 ·1.12 1.36 

SIGNIFICANCE LEVEL .94 .37 .84 .39 .33 .86 .27 .18 

REJECT HYPOTIlESIS N N N N N N N N 

DIABETIC VS. COMPRO. 1·5 5·12 12·19 19·26 1·5 5·12 12·19 19·26 
580NM 

'T'VALUE 1.53 .47 1.39 .51 2.53 ·.41 2.2 .93 

SIGNIFICANCE LEVEL .06 .32 .09 .31 .008 .66 .02 .18 

REJECT HYPOTIlESIS N N N N Y N Y N 

DIABETIC VS. COMPRO. 
810NM 

'T'VALUE 1.24 ·.01 2.2 .41 ·.54 .44 1.6 ·.06 

LEVEL .11 .5 .02 .34 .70 .33 .06 .52 

REJECT HYPOTIlESIS N N Y N N N N N 

GENERAL VS. COMPRO. 1·5 5·12 12·19 19·26 1·5 5·12 12·19 19·26 
580NM 

'T'VALUE 1.2 ·.92 .09 .225 2.1 .36 1.5 ·.11 

SIGNIFICANCE LEVEL .12 .81 .47 .41 .02 .36 .08 .54 

REJECT HYPOTIlESIS N N N N Y N N N 

GENERAL VS. COM PRO. 
810NM 

'T'VALUE 

SIGNIFICANCE LEVEL .22 .10 

N N 

clinical population groups. Comparisons of spectral power in four frequency bands (1·5, 5·12, 12· 
19, 19·26 Hz.) for waveforms collected with minimum (MIN) applied force, and at hyperemia (HYP) 
are made between the populations for each light wavelength. 
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CHAPTERS 

DISCUSSION 

5.0 OVERVIEW 

Evaluating blood flow around a wound or proposed amputation site has been 

attempted with several modem techniques, outlined in Chapter 1. Unfortunately, 

none have yet proven significantly more reliable or effective than clinical evaluation 

by the surgeon. This has prompted the development of our Multiple Wavelength 

Photo-plethysmograph. In this chapter we will discuss the clinical and non-clinical 

results obtained with our system. 

5.1 DISCUSSIONS OF RESULTS 

5.1.0 Overview 

Our aim was to develop an instrument to detect and evaluate blood flow in 

the dermal layers of the skin. To accomplish this we decided to use a focal optical 

system to concentrate and return light from just below the skin surface. We chose 

two wavelengths (580 and 560 nm.) that were strongly absorbed by blood, but that 

did not efficiently penetrate to deeper skin layers. Two other wavelengths (810 and 

950 nm.) were chosen for their superior ability to excite the silicon detectors 

available, and because they would penetrate to deeper layers. The appropriateness 

of our lower wavelength selection was corroborated by CuisO who found that in 
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vivo maximum pulsation modulation occurred with 510 to 590 nm. reflected light. 

We were able to induce a localized hyperemic response by releasing an applied force 

on the skin, comparisons of hyperemic to the maximum non-hyperemic waveform 

(minimum applied force) were made. 

A calibration procedure indicated the low frequency drift and higher 

frequency noise that could be expected. Noise did not pose a noticeable problem 

in larger signals (580 and 560 nm.), but could be seen in the 810 nm. signals and 

when good lens/skin contact was difficult. A systolic rising edge was usually the 

most prominent feature in the signals despite noise. 

The fingers provided the easier bony surface to manipulate because it could 

be made perpendicular to the direction of applied force by placing a small piece of 

wood underneath it. Fingers are also flatter, ie. less protuberances are found, so 

better contact can be established. 

The toes provided a poorer surface because they are not flat, and the 

objective lens holder often made contact before the lens could. We were able to 

correct this by using small pieces of wood to prop up the toe, producing a more 

acceptable surface, and better contact with the lens. 

Arms and legs provided good soft tissue surfaces. The surfaces were smooth 

and very little needed to be done to create a perpendicular surface to the line of 

force. 
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5.1.1 Discussions of Calibration Results 

It is apparent from Figures 3.15 and 3.16 that low frequency drift is "piece

wise" linear. The steepest slope is approximately .15v/sec, and is found in the first 

second of data collection with 810 nm. light. Drift over the entire averaged time 

period of 10 seconds is approximately 30mv/sec. The drift problem was easily 

corrected by calculating a least squares fit line for, and subtracting it from, the 

drifting waveform. Higher frequency noise was reduced by digitally filtering at 30 

Hz. The higher frequency noise, as measured by standard deviation of the averaged 

calibration data, was quite low, and was usually swamped by good signal. 

5.1.2 Discussions of Applied Force :: Non-Clinical 

In this section when referring to largest non-hyperemic waveforms we are 

referring to the first force frames for fingers, arms, and legs; and the second force 

frame for toes. We compare the peak amplitudes at the hyperemic force to those 

of the largest non-hyperemic waveforms. If the hyperemic peak is greater than that 

of the largest non-hyperemic waveform it is called a 100%+ hyperemic value. 

Table 4.1 is a synopsis of the effects of force on waveform peaks. We 

expected to see larger reductions in peak magnitudes with increasing force, and do, 

generally. Peaks reduced, by different amounts, with each increase in force, so a 

variety of peak magnitude reductions occur at each force level. Instead of 

comparing magnitude reductions at each force setting, we compared magnitude 
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reductions occuring at maximum force. This seemed appropriate, since the majority 

of reductions occur at maximum force. The column of Table 4.1 labeled COM

PRESSED contains the numbers of waveforms that showed any peak magnitude 

reduction at maximum force. The column labeled HYPEREMIC contains the number 

of waveforms which returned 100%+ hyperemic peaks. 

Though the column labeled COMPRESSED shows significant numbers of 

reductions from peak amplitude, it does not delineate between peaks reduced by 

different amounts (20%, 40%, 60% or 80%). Signals from the toes and fingers 

were more readily reduced with force than were signals from anns and legs, but 

arms and legs produced more 100%+ hyperemic peaks, regardless of the amount 

of peak reduction. For example, with 580 nrn. light and maximum force at finger 

and ann locations, 12 and 9 subjects respectively, had peaks reduce below 20% of 

the largest non-hyperemic peak. But, 100%+ hyperemic signals, for the same wave

length, occurred in 8 of 16 subjects at the finger, and 15 of 17 subjects at the ann. 

This is an interesting result when considering the forces applied to soft tissue are 

approximately twice those applied to bony tissue. These results seem to imply that 

waveform amplitude reductions do not relate to hyperemic waveform amplitude 

increase. Hyperemic increases may be more affected, in these cases, by the amount 

of skin surface area contacted. Arms and legs distribute the applied force over a 

larger surface because the lens holder may also press into the skin, while applied 

force is more concentrated over bony surfaces because the lens is usually the only 
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contacting surface. The well vascularized muscle masses under the soft surfaces 

may also contribute to this disparity, because more vessels are able to contribute to 

hyperemia. 

It was curious that many of the waveform amplitUdes actually increased with 

application of the first force level. The most likely explanation for this is that the 

lens was not completely engulfed by tissue at the first force setting and contamina

tion reduced the signal to noise ratio. As force is applied, more of the lens presses 

against the skin so less opportunity exist for contamination. The 810 run light 

signals were smaller in amplitude and noisier than 580 or 560 run. light, and they 

were also less likely to diminish with applied force. This could be attributed to the 

ability of the 810 run. light to penetrate more deeply into tissue. 810 run. light is 

detected after it backscatters below and then through the front focal plane of the 

system. The force applied would not be sufficient to reduce signals derived from 

below the focal plane. 

5.1.3 Discussions of Non-Clinical Results 

Table 5.1 is a condensation of the more important features of Tables 4.1-4.5. 

The rows of Table 5.1 contain data presented in Tables 4.1-4.5 respectively. Under 

the column heading IICOMPARISONSII is found a name of the test results provided 

in that row. Under the heading IILOCATIONSII is found four entries corresponding 

to the data collection sites of the non-clinical procedures. 
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I I 
LOCATIONS 

I COMPARISON FINGER I ARM I LEG I TOE 

580 8/16 13/15 9/14 6/12 
RATIO 

560 7/16 12/15 11/12 6/14 OF 
H/C 810 8/11 8/11 6/6 3/10 

580 580 580 580 
MAXIMUM 560 560 

AMPLITUDE 810 

580 580 580 
MAX RATE OF 560 560 

CHANGE 810 810 

580 580 580 580 
SYSTOLIC 560 560 

SLOPES 810 810 810 

580 580 580 580 
POWER IN 5-12 HZ. 560 560 
* IMPLIES 19-26 HZ. 810* 

Table 5.1 Presentation of wavelengths exhibiting significant differences (t< .05) between 
data. Tests indicated in row headings, and data locations are indicated as column headings. 

The first row - "Ratio of H/C" - represents the HYPEREMIC and COM-

PRESSED data of Table 5.1 fonned in ratios. The row is subdivided into 3 smaller 

rows each corresponding to one of the optical filters. Entries in the subdivisions 

are ratios of HYPEREMIC (H) over COMPRESSED wavefonns (C) described in 
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Chapter 4. Entries in the remaining rows are the wavelengths of light which 

produce significant results ( t < .05 with Student's 'T' test) for the analysis tests 

(row heading) at locations indicated in the column. 

The most apparent result in Table 5.1 is the consistency with which data 

from 580 nrn. light shows significant results to the tests. The only exception is for 

the test on the maximum rate of change at the toe location, no significance was 

shown at all. The fewest significant results for the four tests presented in Table 5.1 

are found in data from bony surfaces (toes and fingers). 

Compare the results for the values of H/C ratios of each filter at fingers and 

toes. 580 nrn. light is consistently represented as showing significant results to the 

tests when the H/C ratio is .5. The exception is found in the "maximum rate of 

change" row for toes (no significance shown). HYPEREMIC/COMPRESSED ratios 

for arm and leg data are all greater than .5. The ratio is not an indicator of signifi

cance in three of the arm/leg entries -- all are for 810 nrn. light. 

810 nrn. entries do not follow this trend (HYPEREMIC/COMPRESSED = .5). 

810 nrn. entries are absent in rows labled: "maximum amplitude" (fingers and 

arms), "maximum rates of change" (fingers), "systolic slopes" (fingers), and "total 

power" (arms and legs). Also, an 810 nrn. entry is found in "systolic slopes" for toe 

locations, but the HYPEREMIC/COMPRESSED ratio is less than .5. 

Failure of significance tests with 810 nrn. signals may have resulted from 

inferior quality of these signals. Failures corresponding with finger or toe data 
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locations may have resulted from improper surfacellens contact or force applica-

tions. 810 nm. significance in total power occurred in the 19-26 Hz. range and is 

believed to have resulted from noise. 

It is curious that 560 nm. signal were not significant in any finger or toe 

results though 580 nm. signals were, and only 20 nm. separate their center 

wavelengths. That is, the optical properties of tissue must be similar for these two 

wavelengths. 

It appears that the bony and soft surfaces are well matched since their results 

are nearly identical. It is logical to expect significance test on differences in slopes, 

maximum rates of change and maximum amplitudes to yield similar results, ie. to 

corroborate each other, and they do. We could expect corroboration of significanct 

differences in total power if spectral content increases with signal amplitudes. 

The HIC relationship seems logical because the number of 100%+ hyperemic 

signals exceeds the number of (largest) non-hyperemics, and therefore tests on the 

data should follow similarly, and do generally. 

5.1.4 Discussions of Clinical Results 

Table 4.6 presents the effect of force on waveform maximum amplitudes for 

the three data populations (general, diabetic, and compromised). Table 4.6 is the 

clinical equivalent of Table 4.1, the table combines left and right great toe data. 

--------- -------- ----- ----
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The HYPEREMIC/COMPRESSED relationship, discussed above, holds for geriatric 

populations as well. 

The tip of the toe is not as bony a surface as the top of the toe, but it is not 

as soft as the arms and legs. So, it is no surprise that large portions of the clinical 

waveforms were compressed under the maximum applied force, as were bony 

surfaces in the non-clinical study. Waveform compression occurred monotonically 

as applied force was increased. 

The ratios of clinical waveforms to compress with 580 and 810 nrn. light 

were almost equal for the three data populations, but the diabetic data returned the 

largest proportion of 100%+ hyperemic waveforms (32/42 - 580 nrn.; 19/38 - 810 

nm). The general population had nearly equal percentages in H/C ratios ( 27/36 -

580, 18/35 - 810 nm). 

HYPEREMIC/COMPRESSED ratios of 810 nrn. light vary between data 

population, but differences are not very great (23.1% - compromised, 50% -

diabetic, and 51.4% - general). Larger differences in the HYPEREMIC/COMPRES

SED ratio exist in 580 nm. data (31.2% for compromised and 75 and 76.2% for 

generals and diabetics, respectively). The differences in the HYPEREMIC/COMP

RESSED ratio might be explained by the disproportion in the number of compro

mised patients to general or diabetic patients. 

Table 5.2 is a synopsis of the significant results recorded in Tables 4.7 

through 4.9. Circulatory compromised data, as a group, showed no significant 
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differences when comparing hyperemic and minimal force (largest non-hyperemic) 

data. No significant differences where found in any data comparisons of left and 

right great toes -- except in the 19-26 Hz. spectral range (810 nm. light) in the 

diabetic feet. Significant differences did not exist when data from general and 

diabetic populations were compared. 

General and diabetic patient populations show significant differences between 

their respective hyperemic and minimal force data. Significant differences exist in 

most comparisons made between compromised and diabetic or compromised and 

general populations. The single exception is found when diabetic and compromised 

"maximum rates of change" comparisons are made; there is no significance. 

Significant differences exist between hyperemic and minimal force data for 

the general population when 810 nm. light is used. This is the only significant 

result derived with 810 nm. light; except when comparing spectral power. There 

are four entries in Table 5.2 showing significant differences in spectral power 

comparisons with 810 nm. These indicate that significant differences derived by 

810 nm. light exist: between hyperemic and minimal force data (19-26 Hz.) of 

general and diabetic populations, between left and right great toes of the diabetics, 

and between the diabetic and compromised minimum force signals. The 810 nm. 

entry for the general population under the "peak amplitude" column supports the810 

nm. power comparison, although the frequency range claimed as significantly 

. different is most likely the result of higher frequency noise. It is unfortunate that 
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FILTERS GENERAL DIABETIC COMPROMISED 

RATIO OF 
(HIe) 

580 
810 

27/36 
18/35 

32142 
19/38 

5/16 
3/13 

WAVELENGTIlS FOR WHICH SIGNIFICANT DIFFERENCES ARE FOUND IN TABLES 4.7A AND B. 

TYPE 

GENERAL 

DIABETIC 

MINIMUM FORCE LEVEL DATA COMPARED TO HYPEREMIC FORCE LEVELS. 

MAXIMUM 
AMPLITUDE 

580 

810 

MAX. RATE OF 
CHANGE 

580 

SYSTOLIC 
SLOPES 

580 

SPECTRAL 
POWER (HZ) 

580 (1-5, 5-12) 

810 (19-26) 

580 (1-5) 

WAVELENGTIlS FOR WHICH SIGNIFICANT DIFFERENCES ARE FOUND IN TABLES 4.8A AND B. 
MINIMUM FORCE AND HYPEREMIC DATA OFF LEFT GREAT TOE COMPARED TO LIKE DATA OFF 

RIGHT GREAT TOE. 

MAXIMUM MAX. RATE OF SYSTOLIC 
TYPE AND FILTER AMPLITUDE CHANGE SLOPES 

~d.~~~~~~I~~ ~~I~~ 

WAVELENGTIlS FOR WHICH SIGNIFICANT DIFFERENCES ARE FOUND IN TABLES 4.9A AND B. 
MINIMAL FORCE AND HYPEREMIC DATA COMPARISONS ARE MADE BE1WEEN DATA POPULATIONS. 

ALL SIGNIFICANCE OCCURS IN HYPEREMIC DATA EXCEPT WHERE NOTED BY (M) INDICATING MINIMAL 
FORCE DATA. 

TYPE AND FILTER 

DIABETIC VS. 

COMPROMISED 

GENERALVS. 

MAXIMUM 
AMPLITUDE 

MAX. RATE OF 
CHANGE 

SYSTOLIC 
SLOPES 

SPECTRAL 
POWER (HZ) 

580 (1-5, 12-19) 

(M) 810 (12-19) 

< 
) differences. The four tests (maximum amplitudes, maximum rates of change, systolic slopes, and 
spectral power) are represented along with the types of data that provided the significant 
differences. The light wavelength for which the significance is given in the table entries. Hie 
rations are also provided. 

--------
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these 810 nm. entries are not corroborated by other 810 nm. entries in "peak 

amplitude" column of Table 5.2, or by 580 nm. results in similar frequency ranges. 

Data derived from 580 nm. light provides significant differences between 

hyperemic and minimal force data for diabetic and general populations. 580 nm. 

light also provides significant differences between groups, and is responsible for the 

significant differences in the 1-5 Hz. spectral range. 

Heart rates cause the major low frequency power components, and do not 

vary significantly in a subject. Therefore, comparisons between hyperemic and 

minimal force data provide the most reliable spectral results. Comparing hyperemic 

power to minimal force power for the same subject will negate power increases 

resulting from elevated heart rates (more power is added with each occurrence of 

a heart beat during the data collection period). Though significant power 

differences in 1-5 Hz. exist between the compromised and other populations, a 

lower averaged heart rate for either group could adversely effect the test. 

Significantly more power would occur in the higher heart rate populations (for a 

slightly higher frequency). However, we believe that actual differences do exist in 

the 1-5 Hz. range of our data. Unlike the 1-5 Hz. findings, the significant 

differences existing in high frequency spectral regions with 580 nm. light is not 

corroborated by similar findings in other tests. 

We calculated correlation coefficients for toe pressures and: peak amplitudes, 

maximum rates of change and spectral power in 1-5 and 5-12 hz. ranges for 



134 

minimum and hyperemic force settings. Strong correlation is indicated by a coeffi-

cient value near 1 (r = 1). The strongest correlation we found (r = .64) was for 

toe pressures and maximum rates of change in compromised patients. 

The coefficients ranged from -.47 to .64 with the majority falling between 

.2 and .4 (indicating a slight correlation). The unrelatedness may have resulted 

from drugs, cool skin, measurement errors or undetected vascular problems. But, 

these results seem to indicate that toe pressure does not necessarily relate to quality 

of blood flow in the skin. 

This contradicts Holstein's12 assertion that systolic blood flow correlates well 

with skin blood flow, though he measured blood flow by dye washout. We believe 

our system reflects the perfusion in the skin and sub-cutaneous layers, much like 

Tcp02 (perfusion pressure). So, our results would corroborate with Welch35 who 

found blood flow (measured with TCp02) correlates with successful and failed 

surgeries, but ankle blood pressures do not. Our results do directly compare with 

work done by Karanfilian38 who found a significant difference exists in blood flow 

waveform amplitudes of normal patients and those with peripheral vascular disease. 

We also tested 580 run. data to 810 run. data. It was quickly evident that 

diabetic and normal popUlations would not provide any new findings. We compared 

peak amplitudes at minimum force to hyperemic peak, and found very large signifi

cance levels (> .9999) between the data sets. A smaller number «.05) would 

show significant differences existed. Even compromised data produced high signifi-
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cance levels. Our null hypothesis was that 580 run. data would be greater or equal 

to 810 run data, rejection would imply 810 data is significantly greater than 580 

data. No rejections occurred. 

Pulse oximetry measurements were taken on all the clinical subjects, but the 

readings were confined to a narrow range of values. Only one subject in 65 had a 

reading of 90% Sa02, the remainder were between 93 and 98% Sa02• We observed 

obese diabetic smokers with 97% Sa02 readings, and healthy vibrant subjects with 

93% Sa02• We did not believe this information to be of any value. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 OVERVIEW 

This chapter outlines the conclusions reached from using the multiple 

wavelength photo-plethysmograph to examine skin blood flow. It also contains 

recommendations for improving the MWP operation, clinical applications, and 

suggestions for redesign. 

6.2 CONCLUSIONS 

The MWP has successfully monitored blood flow in soft and bony tissue in 

healthy young adults, and from tips of great toes in a geriatric population. We 

were able to verify the existence of significant differences between hyperemic and 

non-hyperemic waveform amplitudes, maximum rates of change, systolic slopes and 

spectral power. The differences were manifested in bony and soft tissues most 

consistently by green light (560 and 580 nrn.), and soft tissues provided the best 

medium of response to infra-red light (810 nrn.). When the HYPEREMIC/COMPRE

SSED ratio of a data population is greater than or equal to .5, significant differences 

in the tests are found. 

General and diabetic geriatric patient populations also exhibit significant 

differences in tests between hyperemic and non-hyperemic waveforms. But, 

------ -------.-- --- ---------
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geriatric patients with compromised circulations in their extremities exhibit no 

significant differences in maximum rates of change, systolic slopes, peak amplitudes 

or power. No reliable differences in data comparisons of data from left and right 

great toes were found to exist. 

Our system can detect the existence of significant differences between 

diabetic and compromised, or general and compromised geriatric populations. But, 

differences between general and diabetic populations were not found. This could 

improve if proper vascular exams were given to the general population to separate 

subjects with borderline vascular disease or other vascular irregularities, or if a 

system of rating severity of diabetes were implemented. 

Uttle correlation exists between our results and recorded blood pressures 

measured at the great toes by doppler ultrasound. A better relationship was 

expected, but several factors may have influenced these outcomes. Lens placement, 

skin hardness, callouses, inaccurate blood pressure recordings, and skin temperature 

may all have adversely effected these results. Also, the blood pressures measured 

are arterial, but waveforms are derived from cutaneous blood flow, implying that 

arterial pressures may not necessarily reflect the quality of cutaneous blood flow. 

For our purposes pulse oximetry measurements did not provide useful 

infonnation. TCp02 measurements would provide a more useful measurement to 

correlate with our work. Comparisons could be made between our wavefonn 
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characteristics and the Tcp02 pressures measured. A range of perfusion pressures 

resulting for Tcp02 would relate to our perfusion detection. 

Application of force does not reduce waveforms as hoped. Indeed application 

of force actually improves the amplitudes in a few cases. This most likely occurred 

when the objective lens was not completely engulfed by flesh. Nevertheless, we 

observed significant hyperemic responses in subjects whose non-hyperemic signals 

reduced only slightly (20%) with applied force. We believe the size of the 

compromised population should be increased for more valid comparisons. 

Knowledge of the amount of applied force did not provide us with any insight, but 

may provide information as to which subjects are suspected with having calcified 

micro-vessels. If healing potential is of primary concern, knowledge of blood 

supplied is key. A follow up vascular study of our patient population may provide 

a clearer distinction between signal reduction and vascular conditions. 

The choice of the two green wavelengths was appropriate because of the 

strong modulations induced in the reflected light by pulsing blood. The 810 nm. 

light was inappropriate for the MANUAL VERSION. It was used in the MECHA

NIZED VERSION for its ability to penetrate tissue, and because it is an isobestic 

wavelength for Hb and Hb02. We used 810 nm light in the MANUAL VERSION 

because of it penetration capability, but the lack of modulation made it's signals 

suspect. A better choice would have been a wavelength near 950 nm. but with a 

narrower bandwidth than 70 ±35 nm. that we had. A 900 nm. center wavelength 
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filter with ±10 run. bandwidth would have provided us with more penetration, 

larger signals and less drift (than the 950 run filter we had). 

It is unfortunate that the MECHANIZED VERSION could not provide useable 

waveforms. We could have attempted to derive a oxygen concentration relationship 

from the multiple copies of the waveforms produced with different filters. 

The data collected with a completely occluded great toe did show the 

expected arterial hyperemia, and may be used in the future, but our system was not 

built for such a procedure. Similar work has been done by others using different 

techniques, and we see no use for it as a means of quickly determining healing 

potential of amputation flaps, unless multiple detectors are positioned around the 

affected limb. 

6.3 RECOMMENDATIONS 

Work could progress with the system as currently configured, but by re

designing the objective lens holder to a more tapered shape, skin contact would be 

improved. This would then improve signals. Force could then be applied over a 

any bony or soft surface consistently, and better relationships to signal change and 

applied force may develop. 

Other changes to the optical system (lens selection and layout, stronger 

source, different filters) or electronics (chopper stabilized amplifiers, a reference 

detector) could improve the system. A more efficacious procedure would be to 



140 

eliminate the housing, and use a bifurcated fiber optic cable. One branch of the 

bifurcation would provide light from a high powered incandescent source 

(preferably quartz-halogen for cleaner spectral output), the other branch would 

return the signal carrying light through a chopper with a variety of filters. 

Detectors would follow the filters, and an electronic scheme similar to the 

MECHANIZED VERSION could be employed. 

The end of the bifurcated cable which contacts the skin can be held in place 

by hand, or taped to the site, if the probe head is specially designed. Hyperemia 

could be induced by pushing the probe into the skin for a period of time, and 

releasing. A hand held probe may be susceptible to movement artifact, but taping 

a specially designed probe may overcome these problems. A system like this would 

provide wavelength flexibility that a (significantly) more expensive laser source 

would not. 

We would like to see measurements performed down the length of the lower 

leg on patients with known peripheral vascular disease and age matched normals. 

This would help determine if our system is sensitive enough to detect a demarcation 

line between healthy and unhealthy skin of the same leg. Applying heat improved 

the signals of the MECHANIZED VERSION and may provide more insight with the 

MANUAL VERSION if used on a patient population. 
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APPENDIX A 

OPTICAL CONSIDERATIONS 
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Al O~CALCONSIDERATIONS 

A1.0 Chief and Marginal Ray Tracing:: Locating Focal Point in Skin 

Figure A,I illustrates the optical component layout. The focal lengths, indices 

of refraction, and thicknesses of the lenses are provided. Distances between the 

pertinent optical surfaces are also illustrated. 

lE NUMBERS IN ( ) ARE APPROX, HEIGHTS 
L1 
(6.5) 

"('io:'~r-""""" (3.8) 
.............. (1.2) F 
y--..... 0 
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Figure Al The layout of the focusing optical components. The "t" represent distances between 
surfaces, y and ij represent the marginal and chief rays 0' is focal point in the skin. 

The image formed by LI of the aperture stop (L2) is the entrance pupil (E). 

The angle subtended from E to the object position (0) is smaller than angles 

subtended from 0 to any other surface, or to images of other surfaces made by LI. 

The object position (0) is actually the position of the photo-detector's active 
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element. "F" defines the optical filters' positions, but the filters do not effect the 

tracing significantly. 

A ray trace tableS1 was used to perform a paraxial ray trace through the 

optical system, and helped determine the depth of the focal point in skin. Filling 

in the table in a sequential method calculates the heights and angles formed 

between optical rays and all the optical surfaces of a system. Only two rays need 

be used. The chief (ij) runs froms the peripheral point on the object (0) to the axis 

point of the entrance pupil (E), while the marginal ray (y) runs from the axis point 

of the object to the periphery of the entrance pupil. The entrance pupil was located 

by using the Newtonian lens equation: 

Xc, = 11.975; the distance from the front focal point (to the 
right) of L1 to the aperture stop (L2). 

~ = 52.192; the distance of the aperture stop image from 
the rear focal point (to the left) of L1. 

fLl = the focal length of L1 (25 mm.). 

Marginal ray height at the entrance pupil is found by multiplying the aperture stop 

height (L2) by the magnification factor of the entrance pupil. 

The first column of Table A.l contains the optical surfaces encounted, and 

the first row contains definitions of the remaining elements of the table. In the first 

-------------



I SURFACE I C=~ I 
E 

o 

1 

2 

(AS) 
3 

4 

5 

6 

0' 

o 
52.192 

o 
22.5 

o 
3.9 

-13.1 
36.975 

L 

o 
5.5 

-4.44 
5.5 

o 
2.5 

-9.4 
t6 

n' 

1 

1 

1.523 

1 

1.522 

1 

1.523 

1 

I ~=(n'-n)C I _ 7"= 'C/n' _ 

o 
52.192 

o 
22.5 

o 
2.56 

.04 
36.975 

o 
3.614 

.1177 
5.5 

o 
1.642 

.0555 
t6 

y 
u' 

10.438 
-.2 

o 
-.2 

-4.5 
-.2 

-5.012 
.0005 

-4.994 
.0005 

-4.992 
.588 

-1.76 
.588 

-.794 
.6319 

o 
.6319 

ij 
o 
o 

.024 

1.274 
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Table A1 Optical ray trace table for tracing out the path of the marginal (y) and chief 
(ij) rays and changes in their angles of deflection caused when encountering optical surfaces. 

row are found the symbols C, t', n', <I>, T, y, u', ij, and O. C is the inverse of the 

radius of curvature for any surface, t' is the distance between the present surface 

and the following surface in millimeters, n' is the index of refraction of the material 

filling the space t', <I> is the refractive power of a surface, T' is the reduced distance 

between two surfaces (t'/n'), y and u' are the marginal ray height and angle at a 
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surface, and ij and 0' are the chief ray height and angle at a surface. Ray heights 

and angles are calculated from the paraxial ray trace equations: 

Y· = y. 1 + U'. 1 * T'. 1 J J- J- J-

., ., U .. , * , 
lJ· = lJ' 1 + . 1 T· 1 J J- 1- 1-

U'" U .. , .. * rf. . = . 1 - lJ· ':l" 1 J- I I 

<P is the power of a lens surface, ie. how much refracting 
ability it possesses. 

T is the reduce distance between two sufaces ie. tin', with 

n' as the index of refraction for the material in the distance 
t. 

The chief ray height at the entrance pupil (ije) is 0, and the marginal ray 

height eYe) equals the entrance pupil radius. Angles for the maginal and chief rays 

at the entrance pupil are found from: 

ue = Ye I 52.192 

De = ijo I 52.192, 

where ijo is the radius of the detector element: 

ijo = {(5.1 mm2) 17T }'h = 1.27412. 



146 

The table is completed with repeated use of equations A.3 - A.6. The 

distance from lens L3 to the focus of image point is 1.25685 mm. in air, and is 

found .by working equation A.3 with Yi equal o. 

o = -.79428 + .63196 * r i_l 

1.25688 = r6' = t'/n' 

1.25688 = t' since n' = 1 for air. 

To calculate t6 in skin n'6 would have to be changed to about 1.5, this changes the 

marginal and chief ray angles coming out of surface 6, and causes a deeper focus 

to about 2 mm. The final focus 0' can be varied by changing the distance t4, and 

is easily accomplished by screwing the lens holder of L3 in or out. 

A1.1 Shift in Center Wavelength of Narrow Band Optical Filters 

The center wavelength of a narrow band filter will undergoe a shift to a 

lower wavelength if the collimated light beam strikes the filter at an angle. If the 

light is focused through a filter not only is the center wavelength shifted, but the 

entire passband spectrum is spread and peak transmission efficieny is lowered. The 

Ealing Optics catalot2 states "relatively uniform beams (with full cone angles less 

than 20°) will undergo peak shifts of approximately one half that which would be 

predicted for a collimated beam at the maximum angle of incidence of the cone". 

To predict the wavelength shift in a beam we use (Ibid pg. 168): 

w = w * en 2 - sin28)'h * n where· o 0 e e-l· 



We = new wavelength 

Wo = original wavelength 

ne = the effective index of the filter 

e = angle of incidence or worst case angle. 

147 

Our full cone angle of light is approximately 22° (tan-1 ue = tan-1 .2) so our worst 

case shift (from A.10) for 580, 560 and 810 run. filters (ne = 2.0) were 5, 4.9 and 

6.49 run. respectively. 
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APPENDIX B 

RESISTOR VALUES 



B.1 RESISI'OR VALUES 

B.1.0 Values for Figure 2.3C 

R1 -- 1 kO 
R2 -- 10 KO 
R3 -- 10 KO 
R4 -- 10 KO 
R5 -- 10 MO 
R6 -- 3.9 KO 
R7 -- 20 KO 
R8 -- 10 MO 
R9 -- 20 KO 
R10 -- 3.9 KO 

B.1.1 Values for Figure 2.5 

R1 -- 10 kO 
R2 -- 10 KO 
R3 -- 10 KO 
R4 -- 100 KO 
R5 -- 25 KO 
R6 -- 1-2.5 MO 
R7 -- 1 KO 
R8 -- 51 MO 
R9 -- 25 KO 
R10 -- 1500 
R11 -- 10 KO 
R12 -- 10 KO 
R13 -- 10 KO 
R14 -- 5 KO 

B.1.2 Values of Figure Z:2 

R13 -- 1 kO 
R14 -- 1 KO 
R17 -- 10 KO 
R19 -- 10 KO 
R23 -- 1 KO 
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