Using PPG Morphology to Detect Blood to either a loss of central blood pressure or coniniof the
Sequestration arterioles perfusing the dermis (Partridge 1987; Shamir, Eidel

: 1 man et al. 1999). The pulse height is also constantlygihgn
Stephen P. Linder”, Suzanne M. Wendelken, Susan P. McGrath due to the RSA (Johansson 2003). A weakness of using pulse
Department of Computer Science, Thayer School of Engineering, height as a feature. even for detecting RSA . is thegritnot be
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calibrated and the absolute pulse height will vary deperating

Changes in thenorphology of the pulsatile component of the oW and where the sensor was applied to the skin.
photoplethysmogram (PPG) have been shown to varytith Three morphological features, labeled in Figure 1, are used:
respiratory cycle, but changes in the morphology caused by ~ the Pulse HeightRH) is the difference between the maximum
blood sequestration has not been investigated. The mogpho  ©f @ cardiac cycle and the previous minimum; the Carfélec

cal techniques used in this study allow the detectiomafiges ~ '1d (CP) is the difference in time between the peaks of two

in blood sequestration cause by changes in posture byanoni consecutive cardiac cycles, and the Normalized Peak Width
ing how the shape of individual cardiac pulses change with ~ (NPW), the Peak WidthRW) divided by the Cardiac Period

time. Whereas frequency domain techniques can be used effe (CP). ThePWis the width of the peak at a Peak Threshold
tively to analyze stationary processes, analyzingrtbehology ~ (PT)- A PT value of 10% was selected because it was tae me

of each individual cardiac cycle allows us to detect dratac- ~ N€ight at which the slope of the trailing edge of th&®Egins
terize the dynamic changes in heart rate, periphesakcoa- to shift from being nea}rly Ilnegr, |nd|cat|n.g rapid anmi\te' .
striction and changes in the dynamics of the blood ftotine blood flow from the skin, to being approximately quadrafie,
peripheral associated with the baroreflex responsanalistg. dicating that the blood is stagnating between cardiaspres
Becausevol ume sequestration of blood in the lower extremi- Waves (Wisely and Cook 2001). This is shown graphically in
ties mimics the effect of rapid blood loss from traumatjury, Figure 1 by the superimposed linear and quadratic dotted line.

these results may have significance for the autordatiection METHODS AND MATERIALS
of the baroreflex response to life threatening henairg in

: s I A diverse group of eleven subjects, four women and seven
mass casualty and battlefield situations (Shamir, Eidelst al. men ages 20 — 43, participated in the study with informed ver-

1999; Olsen, Vernersson et al. 2000; Cooke, Ryan et al. 2004)bal consent. The only inclusion criterion was tlinet $ubjects

BACKGROUND did not have a known cardiovascular condition.

The DC component of the PPG signal is attributabtbeo Using two FDA approved Nonin® pulse oximeters placed

bulk absorption of the skin tissue, while the pulsatilagonent N the finger and ear, we monitored 11 subjects, foethirals
is directly attributable to variation in the amounbidod in the ~ €&ch, as they stood from a supine position. Each carytiée
skin caused by the pressure pulse of the cardiac cycteriHis ~ Was automatically extracted from the PPG waveform dad-c

cally frequency domain analysis (Bootsma, Swenne a198i6; ag:teri;ed using statistics corresponding to'normalized'peak
Rusch, Sankar et al. 1996; Gratze, Fortin et al. 1998) veas us width, instantaneous heart rate, and amplitude of thetpalsa
to analyze this pulsatile component. However, the fiime component of the ear PPG. A non'parame.tric Wilcoxok ran
domain techniques to extract information from the PlgGas ~ Sum test was then used to detect in real-time changbese
has gained acceptance (Shamir, Eidelman et al. 1999; Johangfeatures. Data Analysis . _

son 2003; Shelley, Tamai et al. Matlab®-based signal processing software was written to
2005). 125) X ‘ i analyze the PPG data. The algorithm

extracts pulse morphology features
from the PPG using a mixed-state fea-
ture extractor.

Derived PPG statistics are filtered
using a Savitzky-Golay smoothing fil-
ter which fits a piecewise continuous
polynomial spline to data. Events as-
sociated with standing are detected
using nonparametric single-tail Wil-
coxon rank sum test. The Wilcoxon
rank sum test was used to test the null

Even thought the cardiac pressur
pulse is somewhat damped by the
time it reaches the skin, it is enough
to distend the arteries and arterioles| o
in the subcutaneous tissue. This cor{ el
responds to the rising edge of the
pulse waveform. The shape of falling
edge of the pulse and the trough be-| %
tween pulses characterizes the venols o}
response to the cardiac cycle. N j I /
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nent of the PPG is proportional to th¢ ~ *°| B hypothesis|f < 0.01) that one sample

pulse pressure, the difference betwegn 52 5025 593 has a statistically significant probabil-
! I Time (sec) . . .

the systolic and diastolic pressure in ity of having a higher (or lower) me-

the arteries. A reduction of pulsatile |Figure 1. Features of the pulsatile component of | dian that another sample.
amplitude can be directly attributable the PPG used to detect standing are shown: Pulse RESULTS

Height (PH), Cardiac Period (CP), and Peak
Width (PW). A fourth feature, the Normalized
! Email: spl@alum.mit.edu Peak Width (NPW) is the ratio of PWto CP.

The output of real-time Wilcoxon-
based detectors was tuned to discern




abrupt increase iRR, NPW
from the finger sensor, and
abrupt decrease in eBH
from the ear sensor. A peak
in HR was detected in all
trials for all subjects with
one false positive from a
strong RSA. Constriction of
the PHeag Was detected was
detected for 9 of the 11 sub-
jects with no false alarms.
While Subject 1 has a visu-
ally detectable pinch, it was
only detected for one trial.
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hypothesis that the baroreflex first
reduces the percentage of time blood
flow is stagnant during the cardiac
cycle, then increases the hear rate,
and finally vasoconstricts the periph-
eral tissue in order to reestablishing a
nominal blood pressure. These three
features therefore can be used as a re-
liable detector of the baroreflex re-
sponse to changes in posture or other
forms of blood volume sequestration.
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Subject 9 shows a unique
response to standing, with
the peak amplitude increase
for all three trials.

A peak in theNPW cor-
responding to standing was
detected in all but two tri-
als; detection was missed
for Subject 2, Trial 1, and
Subject 5, Trial 1. One false|
positive was detected coin-
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peaks.

Figure 2. Comparison of relative trough width 30 sec before
standing (black) and just before standing (gray). The graphs
are aligned so that the second peaks coincide with the
graphs for the finger (dashed) and ear (solid) PPG. The
heart rate increase before standing is almost completely at-
tributable to the narrowing of the troughs between the
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