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Pulse Decomposition Analysis of the Digital Arterial
Pulse during Hemorrhage Simulation
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Abstract—M arkers of temporal changesin central blood volume
are required to non-invasively detect hemorrhage and the onset of
hemorrhagic shock. Recent work suggests that pulse pressure may
be such a marker. A new approach to tracking blood pressure, and
pulse pressure specifically is presented that is based on a new form
of pulse pressurewave analysis called Pulse Decomposition Analysis
(PDA). The premiseof the PDA model isthat the peripheral arterial
pressure pulse is a superposition of exactly five individual
component pressure pulses, the first of which is due to the left
ventricular gection from the heart while the remaining component
pressurepulses arereflectionsand re-reflectionsthat originate from
only two reflection sites within the central arteries. The hypothesis
examined here is that the PDA parameter T13, the timing delay
between the first and third component pulses, correlates with pulse
pressure. T13 was monitored along with blood pressure, as
determined by an automatic cuff and another continuous blood
pressure monitor, during the course of lower body negative
pressure (LBNP) sessionsin fifteen subjects. Statistically significant
correlations between T13 and pulse pressure were established. The
agreement of observations and measurements provides a
preliminary validation of a new physical model of the origin and
composition of the arterial pressurepulse.

Index Terms—hemorrhage, arterial pulse pressure, pulse
reflections, negative lower body pressure

|I. INTRODUCTION

He ability to detect the onset of hemorrhagic shock is of

major concern because it remains one of the leading causes

of death on the battlefield as well asin civilian trauma cases
while also being highly preventable if intervention can be
implemented. * * Mortalities on the battlefield due to
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hemorrhaging account for about 50% of deaths and traumatic
injury hemorrhaging is the leading cause of death for persons
under 45, with 40% mortality before a hospital isreached in
civilian settings.

In order to detect hemorrhage, markers of temporal changesin
central blood volume are required. Recent work suggests that
pulse pressure is a sensitive as well as specific marker for central
blood loss, ** However, detecti ng progressive hemorrhage
requires resolution of changes on the order of afew mmHgin
pulse pressures of, normally, 35-50 mmHg. Given the separate
and unequal uncertainties in determining systole and diastole,
using the best brachial cuffs, ® such determinations are by and
large out of reach even in controlled environments

We present here anew approach to tracking blood pressure, and
pulse pressure specifically. It is based on a new form of pulse
pressure wave analysis, implemented through what we refer to as
the Pulse Decomposition Analysis (PDA) algorithm.

In view of the different approaches to the contour analysis of the
arterial pressure pulse at theradial or digital arteries that have
been developed, °7 2° *° ™! it is reasonable to ask why another
oneis proposed here. The responseis that the current view, asit
relates to the origin and the dynamic behavior of the pressure
pulse reflections, is not adequate.

A summary of the current view is one where the arterial pulse
contour, obtained at the radial or adigital artery, can be divided
into two traveling pressure wave parts, aforward traveling wave
that emanated from the left ventricle, and areflected wave
traveling in the opposite direction. *? According to this view, the
reflected wave is a summation of different wavesthat were
reflected at various different reflection sites which are “more of
astatistical notion than a physically discrete site”. 2 Among this
collection of reflection sites are branching points, changesin
arterial wall elasticity, aswell asthe artery/arteriole interfacesin
the arterial periphery. The reason for invoking these interfaces
and conditionsis that they represent significant impedance
mismatches to the forward traveling pressure wave due to the
downstep in arterial blood pressure, typically on the order of
tens of mmHg. 8 Interestingly, while some of the reflections are
hypothesized to be coming from as far away as the lower body,
other authors have raised the possibility of reflections coming
from the central arteries, *but this dichotomy has not been
further explored. Others yet have raised the possibility that the
“reflected wave” may in fact have distinct components, as
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opposed to being strictly the summation of different wave
components. Specificaly, according to ORourke, the peripheral
“second systolic” peak rises and fallswith aortic systolic
pressure, at least in hypertensive subjects.

We believe that the current view of the source of arterial
pressure pulse reflectionsis only partly true and that the arterial
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Figure 1: Sketch of the aorta/arm complex arterial system and its
effect on the arterial pressure pulse line shape that is observed at the
radial/digital artery. Two reflection sites, one at the height of the
renal arteries, the other one in the vicinity of the iliac bifurcation,
giveriseto the reflected pulses (gray) that trail the primary left
ventricular gjection (black).

peripheral pressure pulseis explained succinctly and entirely by
considering only two distinct reflection sites that are located in
the central arteries. The distinct structure of the arterial pulse
follows from several observations. 1. The arterial pressure pulse
demonstrates distinct features that have the same temporal
characteristics as the primary “wave” that corresponds to the | eft
ventricular gjection, and these features can be manipul ated by
maneuversthat affect distinct sections of the arterial tree, such as
Vasalva 2. The timing of the reflected wave relative to the
primary wave is incompatible with the concept of it having
originated in the distant arterial periphery because the arterial
pathwaysto reach the radial or digital palpation site are too long
to match the observed time intervals between primary and
reflected wave given known arterial pulse propagation
velocities.

Instead we propose the physical PDA model of the arterial
pressure pulse that is qualitatively summarized in Figure 1. It
models the brachial/radial/digital arterial pulse asa
superposition of five component pulses, the first of whichisthe
primary pressure pulse due to the left ventricular gjection while
the trailing pulses are reflections of the first pulse that originate
from two sites within the central arteries. Specifically, we
hypothesize that the structure of the peripheral pulse can be
explained entirely by the interaction of the primary |eft
ventricular g ection pressure pulse with thesetwo aortic
reflection sites. The first reflection site is the juncture between
thoracic and abdominal aorta, whichis marked by a significant
decrease in diameter and a change in elasticity and the second
site arises from the juncture between abdominal aorta and iliac
arteries. The first reflection site is|located approximately at the
height of the renal arteries and gives rise to the peak labeled #2
in Figure 1. It isimportant to note that it is the change in aortic
diameter and elasticity that gives rise to the #2 reflected pulse,

and not the presence of the small renal arteries. The #2 pulseis
commonly known as the “second systolic” peak. Werefer to it as
the“renal reflection” and it follows the primary ejection pulse
(#1) into the arterial periphery of the arm at delays of between
70-140 milliseconds.

The second central artery reflection site gives rise to the much
larger “iliac reflection”, labeled #3 in Figure 1, which follows
the #1 pulse at delays of 180 to 400 milliseconds. Additional
reflected pulses, due to re-reflections, follow the two initial ones,
but are less relevant for quantitative analysis due to their poorer
signal to noise characteristics and the fact that they are easily
swallowed by the pulse envelope of the next cardiac cycle unless
the heart rate is very low.

The PDA model presented here analyzes the arterial pulse as
observed on the lower arm by isolating, identifying and
quantifying the temporal positions and amplitudes of the renal
reflection (#2) and the iliac reflection (#3) each relative to the
primary systolic peak (#1), within the pulse shape envelope of an
individual cardiac cycle. The model’s predictions and
experimental studies show that two pulse parameters are of
particular importance. One parameter isthe ratio of the
amplitude of the renal reflection (#2) to that of the primary
systolic peak (#1). These amplitudes, labeled P1 and P2, are
indicated in to the left of the arterial pressure pulse envelope.
This parameter is hereinreferred to as the P2P1 ratio and it
tracks changesin central beat-by-beat systolic pressure. The
second parameter is the time difference between the arrival of
the primary systolic (#1) pulse and theiliac reflection (#3) pulse.
This parameter is referred to as T13, asindicated in Figure 1,
and it tracks changesin arterial pulse pressure, also beat-by-beat.

It isthe aim of this paper to validate the described arterial
pressure pulse reflection scenario through the presentation of
experimental data collected in the context of simulating central
hemorrhage and its comparison with predictions of the PDA
pulse propagation model. Specifically, our hypothesisisthat the
time delay between the primary component pulse (#1) and the
iliac reflection pulse (#3), T13, correlates with pulse pressure

We report here the results of monitoring the evolution of the
PDA parameter T13 during the course of lower body negative
pressure (LBNP) sessions. LBNP is an established technique
used to physiologically stress the cardiovascular system. It has
been used to simulate gravitational stress and hemorrhage, alter
preload, and to manipulate baroreceptors. > LBNP was chosen
for this project because it has been shown to be very effective at
modulating pulse pressure, thereby providing a meansto validate
the equivalent PDA arteria pulse parameter, T13.

1. PATIENTSAND METHODS

After IRB approval, tests of the CareTaker™ system, whichis
the hardware implementation of the PDA model that is described
in more detail below, were performed at the Cardiovascular
Physiology Laboratory of the University of British Columbiaon
fifteen healthy volunteers (average age: 24.4 years, SD: 3.0
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years; average height: 168.6 cm, SD: 8.0 cm; average weight:
64.0 kg, SD: 9.1 kg) whose lower bodies, from the height of the
iliac crest downwards, were subjected to increasingly negative
pressures. A humber of studies have demonstrated that it is
possible to simulate significant internal hemorrhage using
LBNP. Negative pressures of 10-20 mmHg correspond to 400 to
550 ml of central blood loss, 20-40 mmHg correspond to 500 to
1000 ml, and negative pressures in excess of -40 mmHg
correspond to blood losses exceeding 1000 ml. 1

The subjects were subjected to four stages of negative pressure, -
15 mmHg, -30 mmHg, -45 mmHg, and -60 mmHg, each stage
lasting typically about 12 minutes. The blood pressure was
monitored with an automatic cuff (BP TRU Automated Non-
Invasive Blood Pressure Monitor (model BPM-100), VSM
MedTech Devices Inc.) set to record blood pressures every three
minutes, resulting in typically four readings per LBNP setting as
well as an Ohmeda 2300 Finapres, and a pulse oximeter
(Ohmeda Biox 3740 Pulse Oximeter, BOC Health Care)
monitored oxygen saturation. The CareTaker system collected
arterial pulse shapesviaafinger cuff attached to the centra
phalange of the middle digit. Four subjects became presyncopal
and could not complete the -60 mmHg LBNP stage.

A. CareTaker Device

The hardware platform that provides the arterial pulse
signal for the PDA algorithm’ sanalysisisthe CareTaker™
device (Empirical Technologies Corporation,
Charlottesville, Virginia). It isaphysiological sensing
system whose three basic physical components are a
sensing pad such as a finger cuff that couples to arterial
pressure point, such as the middle phalange of the middle
digit, a pressure line that pneumatically telemeters the
pulsations, and a custom-designed piezo- electric pressure
sensor that converts the pressure pulsations, using
transimpedance amplification, into a voltage signal that can
be measured, digitized, transmitted and recorded. The
coupling to the artery is accomplished using pal pation
coupling, such as at the radial artery, or approximate
hydrostatic coupling, such as at the digital arteries. The
completely self-contained device wirelessly transmitsits
signal representing the arterial pulseto a PC computer
using the Bluetooth protocol. The deviceis not occlusive
asit operates at a coupling pressure of about 40 mmHg.
Another important characteristic of the deviceis that the
signal it provides, sampled at 512 Hz, isthetime derivative
of the arterial pulse signal. The derivative provides
significant signal to noise advantage and lowers the
resolution requirements for digital acquisition of the signal
because the derivative eliminates signal offsets. That is, the
signal is always clamped to the signal base line, whichin
turn allowsfor increased amplification.

B. Pulse Decomposition Algorithm (PDA)

The basic components of the algorithm are 1. a peak finder that
identifies heartbeats in the derivative data stream, 2. a

differentiator that produces the second derivative of the detected
heart beat which isthen used to find the inversions
corresponding to the locations of the component pulses, 3. a
digital integrator, implemented as a Bessdl filter, that generates
the integrated pulse wave form from the differentiated raw signal
stream, and from which relative component pulse amplitudes are
determined and 4. alow-passfilter that allowsidentification of
the primary systolic peak. Furthermore the frequency content of
the data stream is continuously analyzed in order to calculate
signal to noise (S/N) figures of merit that determine whether
signal fidelity is sufficiently high to permit peak detection and
anaysis.

Once the temporal locations of the reflection component pul ses
and the systolic peak are identified, the T13 interval, the time
delay between systolic (P1) and iliac peak (P3), is calculated.
The P2P1 ratio is calculated using the amplitudes of the P2 peak
and the systolic peak, in the integrated pulse spectrum.

C. Satistical Analysis

We present regression coefficients between LBNP |evels and

pulse pressure responses of the three measurement systems. In
order to compare relative sensitivities of the three systemsto

changesin pulse pressure we present results of different repeated
measures ANOV A analyses, which were performed using the
Minitab statistical software (Release 14, Minitab Ltd.). Data are
presented as means + SE unless specified otherwise.

[1l. RESULTS

A. Comparison of Pulse Pressure Changes

In Figure 2 we present an example of the evolution of arterial
pressure pulse line shape changes for the 6 stages of an hour-
long LBNP session (right-hand graph B) as well as the T13 trace
for the entire session (Ieft graph A). The subject in this case was
a 31 y. female. The time evolution of the presented pulse line
shapes is downward, starting at the top at atmospheric pressure,
and ending with a pulse line shape obtained after the LBNP
chamber was vented from -60 mmHg back to atmospheric
pressure. Each pulse line shape represents a 10-pul se average.

The dynamic range of the iliac and renal peak positions is
indicated by the downward sweeping arrows, while the position
of the primary systolic peak (#1) is indicated by the vertical
solid arrow. The narrowing of the timeinterval between iliac and
systolic component pulses with decreasing negative pressure is
clearly visible. Furthermore, while the heart rate also changed,
as indicated by the shortening inter-beat interval, it is clear that
the rates of change for T13 and heart rate are different, i.e. the
inter-beat interval narrowed faster than T13. A further point of
interest is the shape of the arterial pressure pulse after venting,
which in all subjects caused a significant rise in systolic blood
pressure, as determined using the conventional blood pressure
monitors. The pressure pulse line shape in question has the
typical pulse shape associated with a positive augmentation



SCH - TBME-00416 2010

index, which is defined as (height of #2 pulse — height of #1
pulse)/maximum overall amplitude. [24] A positive
augmentation index is usually taken to be indicative of arteria
aging, which, given the subject’s age, is unlikely to be the case.
This subject’s pulse shape returned, along with normalizing
systole, within minutes to the origina line shape (top trace in
Figure 2B).
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Figure2: Evolution of T13 parameter (graph A) and corresponding
arterial pressure pulse line shapes (10-pulse averages) for subject #5,
3ly.f, over the course of an entire LBNP session. The narrowing of
the arterial pulseisindicated by the downward (with time) pointing
arrowsthat identify the changing temporal position of component
pulses #2 and #3 relative to the primary systolic pulse #1. In this
subject the heart rate changed significantly. Note the different rate of
change in the T13 interval and the heart rate. Of interest also isthe
massive rebound that is observed in the #2 component pulse amplitude
after venting, which subsided within minutes.

While theresults displayed in Figure 2 exhibited a significant
changein heart rate along with the changein T13, thiswas not a
general observation. Figure 3 presents the results regarding
inter-beat interval and T13 for subject #9, a24 y. male, who did
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Figure 3: Temporal evolution of the inter-besat interval and T13 over
the course of the LBNP session of subject #9, 24 y. m., In this subject
the narrowing of T13 was observed without any change in heart rate
until venting.

not exhibit any appreciable changein heart rate until venting.
The narrowing of T13 with decreasing negative pressure,
however, matched those of al the other subjects.
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Figure 4: Comparison of theindividual results for cuff-based pulse
pressure (left graph), Finapresbased pulse pressure (center), and PDA -
based T13 measurements, for subject #3. Theright panels present the
simultaneously obtained T13 delay times between the primary left
ventricular ejection pulse and the iliac reflection pulse recorded on the
subject’s middle member of the middle digit.

Figure 4 displays a representative side-by-side comparison of
pulse pressures obtained with the automatic cuff (Ieft graph) and
the Finapres (center graph), as well as the evolution of the T13
parameter over the course of the LBNP session of subject #3,
(right graph). The general absence of a discernible trend in the
readings of the cuff with progressing hypovolemiawastypical
for all data runs.

Figure 5 presents comparative overall results for pulse pressures
and T13 as a function of progressive decreasing negative
pressure. Specifically, Figure 5A presents the overall pulse
pressure results of the automatic pressure cuff while Figure 5B
presents the overall results for T13. Figure 5C presents overall
pulse pressure results for the Finapres.
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Figure5: Overall results for pulse pressure obtained with the

automatic cuff (graph A), the PDA pulse pressure-equivalent
parameter T13 (B) and the Finapres (C).

The ability of the three measurement methods to resolve the
effects of the different LBNP stages at a statistically significant
level varied. While the PDA method was able to resolve each of
the four LBNP stages relative to atmospheric pressure, neither
the Finapres nor the cuff were able to resolve the stages with the
two least negative pressures (-15 & - 30 mmHg), corresponding
to the smallest changes in pulse pressure, with significance set at
p < 0.05. Table 1 presents the results of the ANOVA analysis.

Of interest also is the degree to which the PDA parameter T13
correlates with arterial pulse pressure. The parameter correlated
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linearly with the pulse pressure determined using the Finapres
and the cuff at a statistically significant level (0.19 x T13
(milliseconds) + 2.58, R? = 0.98, p<0.0001).

Table1:
ANOVA: PDA, Finapres, Cuff versus
LBNP (-15 & -30 mmHg)

Factor Type Levels Values

LBNP fixed 21,2
Analysisof Variance for PDA
Source DF SS MS F P

LBNP 1 1113.8 1113.8 48.32 0.0001
Error 92 2120.7 23.1

Total 93 32346

S=4.80119 R-Sq=34.44% R-Sq(ad]) = 33.72%

Analysisof Variance for Finapres

Source DF  SS MS F P

LBNP 1 60.3 60.3 0.23 0.636

Error 92 24540.0 266.7

Total 93 24600.3

S=16.3321 R-Sq=0.25% R-Sq(adj) =0.00%

Analysisof Variance for Cuff

Source DF SS MS F P

LBNP 1 403.8 403.8 1.57 0.214

Error 92 23688.4 257.5

Total 93 24092.2

S=16.0463 R-Su=1.68% R-Sa(adi)=0.61%

IV. DISCUSSION

The results presented support the hypothesisthat the time delay
between the primary component pulse (#1) and theiliac
reflection pulse (#3), T13, correlates with pulse pressure. Clearly
of interest now isto provide a physiological and quantitative
model that can explain the origin of the observed correlation.

A The PDA model

The hypothesis of two distinct central pressure pulse reflection
sitesmakesit is possible to propose a simple model of the
arterial paths that the primary pulse and its reflections traverse
and to compare its predictions with observations regarding the
relative arrival times of the different components pulses. The
model’ s equations predict the time of arrival of each individual
component pulse, subject to the total distance that the pulse has
traveled and the pressure-dependent pulse propagation velocity
in each arterial segment. The different relevant arterial paths are
denoted by x,, where x; refersto the arm arterial path whilex,
X5 refer to the thoracic and abdominal aorta, respectively. t,
refersto the time of arrival of the nth component pulse at the
radial/digital arterial peripheral site. While in the case of the #1
pulseits arrival time, t1, is determined only by its travel along
the arm complex arteries (x; path), the arrival timesfor the #2
and #3 pulses take into account their initia travel asthe primary
gjection pressure pulse as well as, after impacting areflection
site, their subsequent return as areflected pulse. As an example,
the “second systolic” (#2) pulse traverses the thoracic aorta at
systolic pressure, traversesit again as an R2 reflection after re-
direction at the rena arteries reflection site (indicated as R2 of

pulse pressure plus diastolic pressure) and then enters the arm
arteries where it loses another percentage of its amplitude due to
the R1 reflection coefficient that incorporates artery segment
transitions, such as the aortic/subclavian junction.

V,

sP
hEe
VN
2pa
arm, systole-Rt PP

X X X
t .= 2 + 2 + 1
Vaonal Systole Vaonal, diastole-R2*PP Varm, diastole-R2* (- RLy PP

X
t, :71,

where

X X
t, = % 2 8 +
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X X
2 + 1
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The pressure dependence of the pulse propagation velocity is
implemented using the Moens-K orteweg 1" equation relating
pressure and velocity. Its definitions are as follows: vy, pisthe
velacity of the xth arterial pulse path at the pressure P indicated.
E isthe Young'smodulus, a isthe artery’ sdiameter, histhe
arterial wall thickness, p isthe fluid density, & isthe arterial
compliance and P isthe pressure and PP is the pulse pressure.
The Young's modulus and the arterial extensibility & are
different for the different arterial segments.

Another critical feature of the model isthat R2, the renal
reflection coefficient, is dependent on systolic pressure. The
motivation for thisis based on the following consideration. As
discussed, the renal reflection (P2 pulse) originates at the
junction between thoracic and abdominal aorta, ajunction that is
characterized by asignificant change in arterial diameter. Since
the thoracic aortais the softest artery in the body, and much
more extensible than the abdominal aorta, increasing peak
pressure, or systole, will enlarge the diameter mismatch, giving
rise to amore pronounced renal reflection pulse amplitude while
falling systole will produce the opposite effect. The critical
insight then is that the amplitude of the renal reflection will
increase relative to the amplitude of the primary systolic (P1
pulse) peak because, while both component pulsestravel the
arteries of the arm complex, and are therefore both subject to the
pulse narrowing and heightening due to the taper and wall
composition changes of the peripheral arteries, only the renal
reflection will have sampled the pressure-induced aortic
impedance mismatch changes. This establishes the motivation
for taking theratio of the amplitudes of the #2 and the #1 pulse,
whichis P2P1.

The pulse pressure line shapes observed after venting
qualitatively support the physical description presented above.
Aswe pointed out in the discussion of the line shapes presented
in Figure 2, the line shape recorded immediately after venting
exhibited a massive second systolic peak (#2) amplitude,
simultaneously with which significant increases in systolic
pressure were recorded using the conventional blood pressure
monitors. After afew minutesand in parallel with arecorded
decrease in systolic blood pressure, the amplitude of the second
systolic peak (#2) returned to its original amplitude.
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A similarly physical argument can be made for the differencein
arrival times of the primary pulse (#1) and theiliac reflection
(#3), or T13. Thedifferenceinthe arrival timesof the primary
arterial pulse, that isthe left ventricular gjection, and theiliac
reflection pulse is determined by the differential velocities with
which both pulses propagated along their arterial paths. In the
case of theiliac reflection the path length is longer than that of
the primary pulse by almost twice the length of the torso. More
importantly, both pulsestravel at different velocities because
their pressure amplitudes are different. Specificaly, theiliac
reflection pulse amplitude, which is determined by the reflection
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Figure 6: Relative amplitudes and velocity/pressure rel ationships of
the component pulses. #2's amplitude and propagation velocity can
change significantly due to the pressure dependence of R2, the renal

reflection coefficient.

coefficient of theiliac reflection site, is on the order of 40% of
pulse pressure. This point is graphically madein Figure 6. Both
pulses therefore load the arterial wall differently during their
arterial travel, asaresult of which their propagation velocities
are different. The second insight is that, because the
pressure/vel ocity response curveis nortlinear, aresult known
since the 1960s based on Anliker’ swork, both pulses
accelerate and decelerate at different rates as the pressure rises
and falls. The primary pulse experiences the highest changesin
velocity as afunction of changesin blood pressure becauseit is
subject to the steepest section of the pressure/vel ocity response
curve, whiletheiliac pulse, “running” at much lower pressure,
changes vel ocity much more gradually. Changesin the time of
arrival therefore then reflect changesin the differential arterial
pressure that the two pulses experience. While this differential
pressure is not exactly pulse pressure, that is the difference
between the full pulse arteria pulse height and the diastolic
pressure floor, it represents about 60%-70% of it, assuming the
previously stated iliac reflection coefficient.

Figure 6 presents a graphic display of the relative amplitudes of
the left ventricular gjection (#1) and the trailing reflection pulses
and their resulting relative positions on the pulse propagation
velocity curve, whichis highly pressure dependent. As aresult
thearrival times of the different pulses are highly pressure
dependent, a point that is clarified by Figure 7, which presents
the pulse travel times, from bottomto top, respectively, of the
the primary gjection pulse (#1), therenal reflection (#2), and the
iliac reflection (#3). Theiliac pulse’ sarrival time shortens only

dlightly with increasing pressure because its amplitude remains
close to the diastolic pressure regime. The renal reflection
peak’sarrival time (middle) experiences significant non-linearity
because the reflection coefficient, R2, is highly pressure
dependent. The left ventricular gjection (#1, bottom curve) has
the highest amplitude and samples the steepest section of the
pressure/velocity curve and is therefore most pressure
dependent. Using Y oung’s moduli obtained from the literature
and letting the model fit R2 aswell as the velocities of the
primary arterial path waysit is then possible to compare
experimental data with model predictions.

Pulse Travel Time (miliseconds)
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Figure7: Arrival times, as predicted by PDA model, of the three
component pulses, from bottom up, #1 (left ventricular gjection),
#2 (rend reflection), and #3 (iliac reflection).

Figure7 displays the fact that human arterial pathways, for the
average height population we have studied, are generally very
short relative the distances the arteria pulse traverses within a
cardiac cycle. Typical arterial pulse propagation velocities
range, for healthy and unstressed arteries, from 4 —9 m/s. This
fact influences particularly the arrival time of the #1 pulse
profoundly. In the lower pressure range, which is the pressure
regime that was examined here, the #1 pulse pulls away from the
#2 and #3 reflection pulses, as evidenced by the fact that its
arrival time shortens significantly faster with increasing pressure
than the arrival times of #2 and #3. Consequently, in this
pressure range, T13 would be expected to widen with increasing
pressure and shorten with decreasing pressure. Figure7
therefore provides a quantitative basis for why T13 is directly
dependent on blood pressure changes in the blood pressure
regime that was examined here.

Asthe pressure continues to increase, however, the arrival time
of the primary #1 pulse saturates as it runs out of arterial

runway. Consequently further increasesin arterial pulse
propagation velocity do not result in afurther shortening of the
arrival time. Meanwhile the #3 pul se continues to accelerate with
increasing pressure, narrowing the T13 time delay in this high-
pressure regime. The details of the pressure-dependent evolution
of the arrival time curves are critically dependent on the choice
of different velocity profiles for the different arterial sections, a
point that is discussed in the following section.

B. Comparison with model predictions
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Using the experimental T13 and blood pressure values we
compare these with the predictions of the PDA model and
explore the relative temporal behavior of the component pulses.

350
300
T13 delay time (milliseconds)

250

200

Diastolic F'Blgssure (mmHg) 0 5
Figure 8: Overlap of PDA T13 prediction and LBNP study dataas a
function of diastolic pressure change. The line around which the data
are grouped corresponds to systole= 120 mmHg. Adjacent lines
correspond to £5 mmHa.

In Figure8 we present an overlay of the experimental results and
the model’ s predictions. The experimental data, al averages
from 15 subjects, are the T13 values obtained from each LBNP
stage as well as the corresponding pulse pressure values as
determined with the Finapres. Since systole did not change
appreciably for any of the subjects, we use the average value of
120 mmHg throughout. Consequently, as observed
experimentally, changes in pulse pressure are driven entirely by
changesin diastole. The most important aspect of the agreement
between the model and data, as presented in Figure 8, are the
arterial parameter assumptions that are required to achieveit.
The single dominant factor that determines the response of T13
to pressure changesis the pressure/arteria pulse velocity
response of the different arterial sections that the systolic pulse
and itstwo central reflections traverse. Furthemorethe range of
relative pressure/vel ocity response curves that is possible, given
the constraints of the experimental data, is very narrow. Clearly
the model at this stage uses a significant simplification of the
arterial path sections and the response curves presented
represent averages over these pathways. While more details will
be introduced in future versions of the model the aim hereisto
demonstrate that the basic physical picture hypothesized by the
PDA model matches observations.

While the starting values of the pressure/velocity curves for the
arm complex arteries as well as the thoracic/abdominal aorta
were based on published arterial pulse propagation velocities, 6
the results of the LBNP experiments provide an opportunity to
deduce the relative dynamic response characteristics of the
different sections, which are not readily available as they have
not been the subject of research interestsin along time. In order
to obtain the fit shown in Figure 8, a different dynamic behavior
of the arm complex relative to that of the central arteries had to
be modeled. Specifically, whilethe arm complex arteries
required a distinct exponential response characteristic, the
simulated central arteries response, in the blood pressure range
under consideration, was essentially linear. And it isthis

difference in dynamic response that enables the model to
generate T13 curves whose slopes match those observed. In
contrast, changes in starting values only shifted the family of
curvesin parallel up or down in but did not change the relative
slopes of the curves.

C. Other considerationsin support of the PDA model

Other considerations further buttress the case for the physical
PDA model proposed here. One is that the arterial pressure pulse
exhibits distinct features that have the same temporal
characteristics as the | eft ventricular gjection pulse, and these
features can be individually manipulated, making the concept of
summed reflections from different reflection sites unlikely.
Another consideration isthat the timing between the gjection
pulse and the reflected pul ses matches those predicted by the
PDA model while being incompatible with the notion that the
reflections originate from reflection sitesin the distant arterial
periphery.

2nd Derivative
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Figure9: Arterial pressure pulse line shape (black trace, 10-pulse
average), and its second derivative (gray trace), of a21y. male athlete
collected at the middle phalange of the middle finger. The pulse line
shape displays distinct pulsatile features labeled #1, #2, #3. While the
#1 isthe direct pass due to left ventricular gection, the rest of the
pulse envelopeis due to arterial reflections. Indicative of distinct
arterial pulsereflection sites is the fact that the reflected wave exhibits
pulsatile components (#2, #3, and beyond) that feature comparable
temporal extents as the primary gjection-related feature #1. The
inversions of the second derivative trace are labeled according to the
convention introduced by Takada et. al.

As an example regarding the distinct temporal features of the
pressure pulse, Figure 9 displays the 10-pulse average of the
arteria digital pressure pulse of a21y. maleathlete. A very
similar line shape, though obtained at the radial artery, is
displayed in Millasseau. ** The pulse displays three distinct
features, indicated by the black marked arrows. In order to
accentuate their temporal extent, the trace of the second
derivative of the pulseisoverlaid in light gray color.
Presumably, the primary peak (#1) corresponds to the left
ventricular gjection, while the other two peaks are part of the
reflected wave. However, why are there two distinct pulses that
constitute the reflected wave and why do they have atemporal
width comparable to that of the primary wave? If the reflected
wave were the summation of many different waves originating
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from different reflection sites, the temporal character of the
origina pulse would wash out in the reflected wave. Put
differently, the reflected wave would be expected to display an
amorphous character instead of displaying distinct features.

Another important observation is that the pulse-like featuresin
the reflected wave can be independently manipulated. Figure 10
displays a different subject’ s digital pressure pulse over the
course of the onset and until just before the release of a Vasalva
maneuver. The temporal progression from one pulse to the next
isin adownward direction in the figure. The change in contour
isunmistakablein that the #2 component pulse progressively
diminishesin amplitude relative to the primary pulse (#1) and
relative to the second reflected pulse (#3). If, as suggested by
the current view, the reflected pressure pulse waveisa
summation of reflections returning from various parts of the
arterial periphery, why is a maneuver that manipulates pressure
within the thorax able to modify a part of it more strongly than
another part? The fact that the#2 pulse can be directly
manipulated through val salva strongly suggeststhat this
reflection indeed originates from a reflection site within the
thorax.

T T
0.0 0.2 0.4 0.6 0.8 1.0
Time (Seconds)

Figure 10: Evolution of the digital arterial pressure pulse, 47 y. male,
over the course of the onset of a valsalva maneuver, just before release.
All pulse amplitudes were normalized to one. The sequence of the six
pulsesin timeisindicated by the labeling of the first and the sixth
pulse. Notice the disproportionate diminishing of the #2 reflected pulse
feature relative to that of the #3 feature as the pressure within the thorax
rises.

Another objection to the current view is that the timing of the
trailing reflected pulse relative to the primary systolic pulseis
simply not compatible with the concept of them having returned
from distant arterial reflection sites. As an example, the #2 pulse
of Figure 9 typically appears between 70-140 milliseconds after
the primary gjection ata pulsation site such asthe radial artery
or the finger. In order for this peak to have originated in the
distant arterial periphery of the “lower body” and to appear on
the order of 100 milliseconds past the primary (#1) pulseat the
radia artery, its velocity would have had to approach an
unreasonable 20 m/s, assuming an arterial pulse path of about 2
meters; from the left ventricle to the upper part of the legs, back
through the length of the torso, and aong the length of the arm.

Simple considerations also establish that the #2 pulse cannot be
traveling in the opposite direction of the primary pulse, as
suggested by the current view. If so, it would be areflection
from reflection sitesin the hand of the monitored limb. At
accepted arterial pressure pulse propagation velocities of about 7
m/s second in the radial artery, such areflection would appear
within afew milliseconds after the primary wave because the
arterial pathway to the hand and back is on the order of afew
centimeters. Also, the fact that essentially the sametime
separation between #1 and #2 peak is observed both at the radial
artery and the digits further establishesthat 1 the #2 peak does
not originate in the arm complex arteries, a point made by
Millasseau 2 concerning the reflected wave in general, and 2. it
travels in the same direction as the primary #1 pulse.

The reflection site at the height of the renal arteries was
measured directly by Latham, **who performed a detailed
experimental study to map out the shape of the pressure pulsein
the different sections of the aorta simultaneously using a catheter
with seven spaced micromanometers. At the junction between
thoracic and abdominal arteries, close to the location of the renal
arteries, the diameter of the aorta, which tapers continuously
away from the heart, undergoes its greatest change. This
discontinuity between thoracic and abdominal aorta presents a
significant impedance mismatch to the traveling pressure pulse,
as aresult of which an appreciable part of its amplitude, about
17%, isreflected. Latham also demonstrated that the reflection
site could be modulated using valsalva. The effect of the
maneuver is to increase pressure within the thoracic cavity, asa
result of which the thoracic aorta' s diameter shrinksrelative to
the diameter of the abdominal aorta, whichis not affected by the
maneuver. The impedance mismatch due to unequal arterial
diametersis therefore reduced, which reduces the amplitude of
the reflected pressure pulse, the #2 pulse.

Similar considerations apply to theiliac reflection, the #3 pulse.
This peak typically appears between 180 to 400 milliseconds
after the#1 left ventricular gjection pulse. This pulse again
displays, like the #2 pulse, a comparable temporal extent asthe
primary systolic peak (#1) Severa points are of interest. 1.
Sampled at theradia or digital artery, in which direction isit
traveling? If it were traveling in the opposite direction of the
primary peak the same argument offered for the direction of
travel of the#2 pulse would apply, i.e. it would have had to be
reflected from the end of the monitored limb, from which it
would return in afew milliseconds. Since this physical pictureis
irreconcilable with the long time delay between#1 peak and the
#3 feature, and the fact that the feature is observed at radia as
well as digital arterial observation sites, it has to be traveling in
the same direction as the primary pulse and it did not originate
in the arm complex arteries. 2. Sinceit arrives after the #2 pesk,
itsreflection site must lie past the renal reflection site. The next
major arterial impediment that could give rise to a substantial
pressure pulse reflection, assuming healthy arteries, istheiliac
bifurcation. Latham’ s results also determined the existence of
such areflection sitein the vicinity of theiliac bifurcation and he
demonstrated that the feature can be manipulated. Specificaly,
bilateral femoral artery occlusion increased the feature’s
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amplitude, presumably by increasing the reflection coefficient,
whilethe Mueller maneuver decreased it. Also, timing
considerations again support the choice of theiliac reflection
site. Assuming an arterial pathway of about 2 meters, the #3
pulse, appearing about 300 ms behind the primary peak, would
have traveled at an average arterial pressure pulse velocity of 6.6
m/s, an entirely reasonable estimate.

In more recent work, al the central arterial pulse reflections
were mapped out by J. Kriz et. al. *°, who showed that it is
possible to use force plate measurements as a noninvasive
method to perform ballistocardiography, which is the motion of
the body associated with heart activity and pul se propagation.
Interestingly, in addition to the reflected pulses originating from
therenal and iliac reflection sites his very sensitive setup also
determined the existence of harmonic reflection pulses that
arrive even further in time, but at the timeintervalsidentical to
thetimeinterval between the #2 (renal) and #3 (iliac) pulses.
These pulses are re-reflections of f the two reflection sites that
are, as secondary reflections, very weak in amplitude, making
them difficult to observe in the arteria periphery. In Figure9 the
light gray arrows indicate their possible temporal position.

D. Implications of the PDA model

Animportant point to realize is that any reflection sitesin the
arm complex arteries do not affect to the pulse line shape that is
observed at the radia/digital arteries because any pulse
reflections due to such reflection sites will travel away from the
radial/digital pulsation site and back toward the central arteries.
Their re-entry into the arm complex arteries could only be
accomplished as re-reflections, with dramatically reduced
amplitudes that would be masked by the primary renal and iliac
reflections.

Another important point is that the head plays a much
diminished role in regard to pressure pulse reflections that are
observed at the arterial periphery of the arm. Arterial pressure
pulse reflections that return viathe carotid arteries will, upon
entering the aortic arch and traveling along the descending
thoracic, re-reflect off the reflection site in the vicinity of the
renal arteries. Assuming areflection coefficient on the order of
17%, the amplitude of such are-reflection will be on the order of
3% of the primary peak amplitude, and consequently be again
masked by the much larger pressure primary pulse reflections #2
and #3.

The PDA model aso ties together recent related observations by
others. The fact that theratio of the amplitudes of the #2 (P2)
and #1 (P1) pulses correlates with systolic pressureis not
surprising in light of the results obtained by Takazawaet. al., **
Takadaet. al., “and Imanagaet al. 2 InFigure 9 wealso
presented the second derivative of the arterial pulse. Takazawa
et. al. labeled the different inversions, called “waves’, of this
second derivative trace as indicated in the figure. The results of
several studies suggest that the ratio d/a correlates with blood
pressure, along with many other physiological parameters. [21,
22] Comparative inspection of the two traces establishes that the

waves“d’ and “d” are temporally in very similar positions to P1
and P2, respectively. A parameter introduced by Bartolotto 2*
that incorporates very similar definitions of P1 and P2 asthe
PDA model was aso found to correlate with systolic pressure.
This parameter is the augmentation index of the
photoplethysmograph, PTG (AUGI), and it is defined as (P2-
P1)/MA, where P2 and P1 are the amplitudes of the primary and
second systolic peaks in the photoplethysmograph, respectively,
and MA is the maximum envelope amplitude. These correlative
results support the PDA model, which supplies the physical
explanation both for the origin of the component pulses as well
aswhy the correlation of the relative amplitudes of these
component pulses with systolic pressure exists.

Aswiththe PDA’s P2P1 parameter, others have suggested
measuresthat utilize the sametimeinterval corresponding to
T13 and have somewhat comparable physical interpretations.
Millasseau [12] labels the time delay PPT in the digital volume
pulse and suggeststhat it corresponds to the transit time of
pressure waves from the root of the subclavian artery to the
“apparent” site of reflection “in the lower body” and back to the
subclavian artery. The reason for choosing the subclavian artery
as astarting and ending point is however unclear, since the
pressure wave does not originate there. If, on the other hand, the
subclavian artery were to giverise to the #3 pressure pulse as a
reflection site, the amplitude of theiliac pulse would
dramatically lower than what is observed (20-40% of the
primary peak) at theradial or digital artery. Succinctly put, the
pulse would have traveled from the |eft ventricle to the
subclavian artery, reflected there at some reflection site, then to
travel to theiliac reflection site. It would return from there as a
re-reflection pulse with commensurately much reduced
amplitude, an unlikely scenario.

A significant benefit of measuring T13 over pulse pressure
directly isits higher resolution and sensitivity. The results
indicate the equivalence of a change of about 200 milliseconds
in T13 to avariation of about 8 mmHg in pulse pressure over the
entire range of asimulated central blood lossin excessof 1 liter
for this cohort of fit and relatively young subjects. The results
therefore indicate that the PDA technology is capable of
resolving small changesin pulse pressure, afeat that
sphygmomanometers are not well suited for. Given the
suggestion by others that pulse pressure can be considered asa
surrogate for stroke volume and therefore as a meansto track
loss of blood volume in trauma patients, # the accurate
monitoring of pulse pressure could be avital component in
predicting the onset of hemorrhagic shock.

The potential benefits of utilizing T13 in detecting small changes
in pulse pressure, coupled with the small size of the CareTaker
hardware, which weighs on the order of 5 oz, and the fact that it
tracks blood pressure at low coupling pressures, makesthe
system attractive for the monitoring of patients at risk for

internal hemorrhage. A benefit of such field-based monitoring is
that internal hemorrhage could be detected well before
hemodynamic collapse, making timely intervention feasible.
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A limitation of this study isthat it was conducted under ideal
condition, whereas mobile settings are likely to introduce
movement artifacts. Tests are planned to examinethe
performance of the CareTaker systemin emergency vehicles.

Conclusions

We have presented a new physical model of the propagation of
the arterial pressure pulse and its reflections as well as a
comparison of the predictions of the model with experimentally
obtained pul se parameters and conventionally obtained blood
pressures. The agreement of observations and measurements
provides a preliminary validation of the model whichin turn
could provide arenewed impetusin the study of the human
arterial pressure pulse. The model is based on few, physical,
assumptions because it proposes that the structure of the pulseis
duetoitisreadily identifiably arteria pulse reflection sites. Asa
result it is also readily testable.
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