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Exercise induced hemodynamic stress has been studied wlen individuals exercise at very high intensities,loed
tensively using a wide range of physiological sensors. Whillew to skin has been shown to attenuate, despite higher
athletes can modulate their training intensity using EKGthermoregulation requirements[8].,
based heart rate monitors, there are currently no noninva- Low frequency oscillations in skin blood flow have been
sive monitors that can be used to ascertain with a high debserved using laser Doppler infrared flowmetry when the
gree of certainty the hemodynamic stress an individual &arotid arterial baroreflex is stimulated using a negative
experiencing because of fatigue or an underlying pathologgressure cuff on the neck [3]. These oscillations wesea
We hypothesize that the low frequency spindle waves aed with sympathetic neural activity in the muscles unde
served in the photoplethysmographs (PPG) of individuathe skin and were close to the resonance frequenbg of t
exercising to volitional fatigue provide a mechanism foskin vasculature. These low-frequency oscillations, &ith
noninvasively detecting hemodynamic stress to the humperiod between five and fifteen seconds, have been ssed a
vascular system. In a clinical trial with eleven healthy submetric for physical fithess [7, 11], and relaxation [26].
jects performing the Bruce Protocol treadmill test these low These studies all used frequency domain techniques to
frequency spindle waves were observed in both the forehesstertain low and high frequency characteristics obtbed
and ear PPG in all subjects before the onset of volitional fdlow, but this approach may overlook morphologically dis-
tigue. As volitional fatigue approached, the spindle waveémct responses to stress, some of which cannotdoerdied
became more pronounced; then, within several secondshyffrequency analysis.
the cessation of the protocol, they disappeared. Using a Our study monitored blood flow using morphological
software-based detector, these distinct spindle waves are teehniques to discern patterns in the photoplethysmogram
liably detected with a low incidence of false positives. Th{PPG) from a pulse oximeter situated on the finger, edr a
technique holds promise for the automatic detection arfdrehead. Using a modified Bruce treadmill protocol, sub-
characterization of exercise induced hemodynamic stress. jects were exercised until volitional fatigue. In eachjact

we detected low frequency oscillations in the heighhef
running; thermoregulation; baroreflex; morphological sig-cardiac peaks, seen in Figure 1 and Figure 2, distinct from
nal processing; skin blood flow; respiratory rate respiration. We refer to these waveforms, charazdrby
periodic decrease or “pinching” in the PPG waveform, as

Moderate hemodynamic stress can be detected by morgPindle wavesThese waveforms, with oscillating cardiac

Lo - - k height have a morphology that is distinct from the
toring increases in heart rate, blood pressure and atispir pea i :
however, it is more difficult to ascertain noninvasjvthe Mayer waves described [19, 29] where the peak heights stay

degree of physical and hemodynamic stress an individual iéhe same and the baseline oscillates.

experiencing because of fatigue or an underlying pathologyppc waVEFORM

[2]. In many professions, such as fire fighting and wamijjt

operations, excessive hemodynamic stress can leaskto ta A pulse oximeter illuminates the skin with light from a

failure[15]. If reliable algorithms for detecting streswd fa-  Light Emitting Diode (LED), and measures the amount of

tigue, both in healthy and compromised individuals, can belight either transmitted or reflected to determine gesnin

developed, it will aid in the management of human reseurc&olume, the PPG. Though the cardiac pressure pulse is

in critical activities and potentially prevent unneeggsn- damped by the time it reaches the skin, it is suffidiertis-

jury or death. tend the arteries and arterioles in the subcutanesu® tésd
Exercise has been used a model for increasing hemodyroduce a distinct pulse in the PPG. A reduction of pulsatile

namic stress. Exercise induces stress by decreasing by pe amplitude can be directly attributable either to a &fs=n-

ripheral vascular resistance, increasing blood flomrs- tral blood pressure or to constriction of the artesgerfus-

cles and skin [14]. While increased blood flow to the skin ing the skin [27].

helps the body meet thermoregulation requirements,dt als One way respiration affects the cardiac cycle isayyv

reduces mean arterial blood pressure. In part to increase ing the intrapleural pressure. When the frequency and depth

blood flow to the muscles and to maintain blood pressure, Of respiration increase, the venous return incresesading




to increased cardiac output [20]. When respira- Staged

PPG
tion is not shallow it can be seen as a modula- /
tion to the cardiac cycle in the PPG, which is
often referred to as the Respiratory Induced

Variation (RIV) [9, 23].
Vasoconstrictive and vasodilative systems
of the skin used to mediate temperature and ar'

terial pressure also contribute to the morphol-
ogy of the PPG waveform. Exercise increases
the core temperature which results in vasodila- Respiration
tion and an increase in skin blood flow. At thes 560 om0 a0 20 1000 010
onset of exercise, vasoconstriction typically in- Time(sec)
creases until about 38° C, when vasodilation Flgure 1.PPG from a Nonin ear pulse oximeter. The PPG becongeso
begins [16]. ized at the start of Stage 6 (8.85 km/h, 20% incline) andirerconsistent
until the treadmill slow down. Respiration (black), frdekKG-based im-
pedance pneumography, shows a maximum of 80 respirations petemi
while there are between 11 and 12 spindle waves per minhig.high
breathing rate is consistent with results for traimedners running at
maximal effort.

Low frequency oscillations in arterial pres-
sure and peripheral blood flow, called Traube
Hering-Meyer (THM) waves [12, 22] also con-
tribute to oscillations in the PPG. THM waves
appear as a rhythmic rise and fall in the base-

line of blood pressure and vascular blood flow - .
(as measured by laser Doppler) with superimposed Cardlacdergradua'[e and three graduate students, participated in the

and respiratory cycles. THM waves are thought to result study with informed verbal consent. Subjects were sette
from multiple physiological phenomena, including thermo- for knqwn cardiovascular conditions, and medlcgtlons that
regulation, respiration, and baroreflex [26]. would influence Fhe resulf[s of the study. AII.subJ.ectse/_ver
nonsmokersphysically active and normotensive, including
METHODOLOGY four women (average age 25, range 21-27), and seven men
(average age 25, range 19-47) The experimental protocol
A group of twelve active healthy subjects, including six Unyereapproved by the IRB of Dartmouth-Hitchcock Medical
Center.
FDA-approved Nonin PureLight ®
pulse oximeters were placed on the sub-
ject’s finger and ear using the standard
«M clip, and the forehead using a standard
” Nonin-supplied holder. Each sensor was
connected to a Nonin OEM IIl Module
interface (Nonin Medical Inc., Ply-
mouth, MN, USA) which performs pro-
prietary notch filtering to the 12-bit

data. With a serial RS-232 interface a

personal computer recorded data at 75

Hz using a Java-based program. The
} for later analysis using Matlab®

forehead

ear

\ il

L wf« H

annotated data was saved in text files

. finger (Mathworks, Natick, MA, USA).
m A Datex S5 Collect® monitor

1!

USA)was used to collect an EKG, a sec-
ond finger PPG and an impedance
| pneumograph. Data was recorded to a
text file at a rate of 300 Hz. The respi-
‘ ‘ ratory rate was calculated from the im-
970 980 990 1000 1100 1020 1030 1040 1050 pedance pneumOQraphy USing a Mat-
Time (sec) lab®-based algorithm. Blood pressure
was taken manually with a standard
Figure 2. PPG data during, Stage 5. Spindle waves are stanforehead and earcuff during each stage.
but not clearly in the finger PPG. This section ofdstiows a difference in perloqiE
and structure of spindle waves between the forehead arehththat is not seen as
distinctly in other subjects.

W ﬂ (Datex-Ohmeda, Inc. Madison, WI,
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xperimental Protocol
The treadmill-based Bruce Protocol
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matically detected in software. Cardiac cycles witbrednt
morphology, such as a severely skewed shape, where marked
as motion artifact and not used in subsequent calculations

Stage 4 - Spindle Wave Detection
A classifier was tuned to detect spindle waves using the
following metrics to minimize false positives causedriy

| Forehead PPG

| Ear PPG tion artifact and respiratory induced variation:
no cardiac cycles with large motion artifact detected i
MW||m|lm|n|mmywl]uwwmumuuIWMIWIIWII\Nllﬂwm'wnklm\IllWMWIWWIIMIM\IINVlNIMIWIIWWWWWII HWNNlMNMWM\Mﬂl\{mMI“M«I“MWMMWNWNNWmmwmWW\ Stage 3;
Finger PPG  significant pinching at both beginning and end;
0 200 200 500 500 1000 1200 1400 . reIativer smooth envelope;

Time (sec) Slow Down .
Figure 3. PPG data from Subject 2 shows amplitude of the,
PPG increases more for the forehead than for thgefior
ear during the trial. After the treadmill slows, theeftead RESULTS
PPG amplitude decreases while the finger and ear instease . .
Periodic pinching in the finger PPG is from blood pressure All twelve subjects completed the Bruce protocol, with

symmetrical envelope; and
at least five cardiac cycles.

measurements. the twelfth subject being excluded from the study because of
apparent sensor failure. The distribution of Bruce Pobtoc

Stress Test was used to elicit cardiac stress [25]t€&te Stages reached by each subject is shown in Table 1.

protocol was run automatically by the treadmill (a C3G@0 None of the subjects exhibited detectable cardiac abnor-

testing system controlling a Series 2000 treadmill from GE Malities: all showed nominal EKG and blood pressure. De-
Healthcare, Waukesha, WI, USA), and consisted of succeshydration was not considered to be a factor sincettrizss
sive three minute stages, described in Table 1, with eac ~ Were of short duration, averaging less than 20 minutes [10].
stage made more challenging by increased pace and inclin@S Subjects approached their maximum heart rate, the vari
Subjects were asked to keep their hands on the treadihill r @Pility in heart rate disappeared. Oxygen saturationdéuel
ing at all times. All subjects exercised to volitioftigue. ~ the forehead at maximum heart rate were in the rang8 of

Blood pressure was recorded before the end of each stage 10 100% while the ear was consistently 5 - 9% lower. The
finger PPG gave inconsistent and noisy heart rate and o

Spindle Wave Detector o gen saturation readings.
Using Matlal5, a spindle wave classifier was developed Examination of the finger PPG showed that the signal

that detected the morphological characteristics ofgiedle - generally of poor quality because of motion artifaat

waves. This technique was based on a related method devgkan obscured any trend in the overall amplitude oPRE.

oped for detecting morphological features of the PPG indicgig 4 inspection showed short trains of over 10 spindle

tive of hypovolemia [17]. The detector was constructatl Wi \,~ves for just two subjects: Subject 2, Stage 4 and Suhject

the following stages. at the transition to Stage 6.

Stage 1 — Cardiac Peak Detection Table 1. Bruce Protocol Stage Descrip-  The forehead PPG amplitude in-
The peaks and valleys of each tions and Distribution of Maximum creased in 10 of 11 subjects as the trial

cardiac cycle in the PPG were detectd Stage Reached. progressed and then decreased after
using a timed automata. The temporg Time N“g‘fbef the treadmill slowed down . The ex-
characteristics of a cardpc cycle aré | siage (min) kmihr  Slope  Subjects ception, Subject 8, had a PPG ampli-
parameters of the algorithm: the minit 1 0 274 10% tude that undulated over a small range.
mum and maximum cardiac period, 2 3 402  12% The ear PPG amplitude gradually de-
and the maximum change in period 3 6 547  14% creased in 8 of 11 subjects, and only
between cycles. Detection is accom- 4 9 676  16% P increased in Subject 1. After the
plished without prior knowledge abou 5 12 805  18% 5 treadmill slowed down, the ear PPG
peak height or shape. The algorithm 6 15 sas 0% increased in all subjects. Figure 3
. ] () 5 .

therefore does not detect and reject shows the typical response shown by

) : ) 7 18 9.65  22% 2 )
motion artifact with the same temporal Subject 2.
characteristics as a cardiac peak. As shown in Figure 4 we detected spindle waves in the
Stage 2 — Envelope Peak Detection forehead and ear PPG of all eleven subjects duringribk fi

Using the peak detection algorithm from Stage 1 with Stage before volitional fatigue. All subjects had more pr
the temporal characteristics of the spindle waves esme ~ nounced spindle waves as they approached volitional fatigue

ters, the top envelope of the PPG was analyzed ametiies  @nd the spindle waves disappeared immediately when the
and valleys in the envelope were detected. treadmill was slowed to a walking pace. Visual examination

of the EKG showed no low frequency phenomena that could

Stage 3 — Motion Artifact Detection be correlated with the spindle waves in the PPG.

Cardiac cycles corrupted by motion artifact were auto-



Stagel Stage2  Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 mography. In all subjects the spindle waves
O @O @O o ® o O were of a longer period than breathing. For
L example, the minimum breathing rate for

Stage 5, the first stage that requires running,
is 28 breaths per minute (brpm) and the
maximum is 81 brpm which is consistent with
0 studies done with long-distance runners [13].
As shown in Figure 1, Subject 6, during Stage
6, shows a respiration of 80 breaths per min-
ute while there are only 11 and 12 spindle
waves per minute.

All subjects showed correlation between
the spindle waves of the ear and forehead
PPG. However, at times the two PPGs had

11

i,@ 00 O distinctly different patterns of spindle waves,

ThA A A as seen in Figure 2. In this example, Subject

a 11 during Stage 5 shows low amplitude spin-
o 0 ) 0 X X

NN - A dle waves in the forehead PPG with the same

phase and period as the spindle waves in the
ol ear PPG, but the forehead PPG has a super-
A| imposed train of large amplitude spindles not
present in the ear.

As seen in Figure 5, the number of spin-
dle waves per minute increased with fatigue
O Forenend except for Subjects 3 and 10. Subject 3 during
AEar Stages 5 and 6 had well formed spindle

O 00O o @O
200 Y000 Yy Ly

Treadmil waves, but since their periods lengthened,
| Q@ H Slow Down fewer occurred. Subject 10 had fewer spindle
A‘ waves during Stage 4 and 5 because of motion
0 1000 1200 uoo artifact in the ear PPG, while the forehead

Time(sec)

spindle waves become longer, with a period of
Figure 4. Spindle wave detections in the PPG from foklzeal ear pulseup to 8 seconds. Additionally, the number of
oximeters during the stages of the Bruce Protocol stesssSpindle wavesspindle waves detected per minute correlated
appearance often correlates with the start of stagkbacome more frequenwith the number of cardiac cycles per spindle
in the PPG as the subject become more fatigue, and disagiper cessationwave.

of protocol. Annotated gaps in detections are explainédeinext. The amount of pinching in the PPG
waveform caused by the spindle waves in-
Gaps in spindle wave detection are marked by letters in creased with fatigue. As shown in Figure 6, as

Figure 4. In all but one gafE), visual inspection shows volitional fatigue approached, the ratio of the smalieshe
regular, periodic pinching in the PPG, but the spindle shapkrgest cardiac peaks in a spindle wave decreased and then

is obscured because of motion artifact or other “riol3e- returned to near unity after the treadmill slowed. Wiinen
tails are as follows: ear PPG pinches during the final stages of the protidcol,
(A) The entire recording is extremely noisy, possibly pinches to an amplitude less than the minimum amplitude at
due to a weak sensor battery; the onset of the protocol for ten of eleven subjects
(B) (D) (F) The spindle shapes are obscured by motion DISCUSSION
artifact;
(C) In this subject the ear PPG has oscillations in the Exercise induced stress produces a wide range of sys-

baseline of 10 seconds and longer, superimposed on the spéfnic and localized physiological responses, including
dle shapes before and after the start of Stage 5. igerfi  hemodynamic responses similar to circulatory shock and
PPG has no spindle waves before the start of Stagel5, a  myocardial ischemia [6]. Additionally, exercise has been
then noisy spindle waves begin immediately; shown to induce an inflammatory response similar &b th
(E) In this subject, at the end of Stage 6, the periodic caused by septic and cardiogenic shock, i.e. Systemic In-
pinching is not significant, and is some what obscured by flammatory Response Syndrome (SIRS).
motion artifact. A diagnosis of SIRS is indicated if two of the follogin
Spindle waves did not appear to be an exaggeresed  signs occur: (1) temperature exceeds 38°C; (2) heart rate ex-
piratory induced variationas the spindle showed no correlageeds 90 beats/min; (3) respirations exceed 20 breaths/min;
tion to respiration waveforms collected by impedancaipne (4) inflammation is present. All these signs occurdime
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Figure 5. Frequency of well formed spindle waves for the e

and forehead PPG for all 11 subjects.

extent in athletes exercising to volitional fatiguepalhg
exercised induced stress to serve as a model for studying
SIRS.

A cardiologist examining EKG, blood pressure and car-

diac output of a healthy subject approaching volitional fa-
tigue would find markers for SIRS, but no markers for hem
dynamic stress [2]. However, our study shows that tree fo

head and ear PPG had distinct changes in morphology. As

with low frequency arterial pressure waves describedharo
studies, the origin of these spindle waves is debatedt, but
appears to be related to changing vascular resistarice in
arterioles perfusing the dermis of the skin [3]. One Hypot
sis for the genesis of these spindle waves is thatdtiedic
decrease in the blood flow to the skin, causing a pimcimn
the PPG, is a mechanism to increase blood flowtteratr-
gans.

Studies of exercise at different ambient temperatures
show that at warmer temperatures an individual’s cardiac
output increases to compensate for the increased bimed fl
to the skin. The up to seven fold increase in skin bftovad

can consume as much as 60% of the cardiac output [5, 21].
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Figure 6. The ratio of the minimum to maximum cardiac peak
amplitude for each candidate spindle wave in the ear PPG e
elope for each subjects. All subjects shows spindleesvav
which suppressed amplitude before volitional fatigue, and un-
suppressed amplitude after treadmill slow down. Black dots
show the location of the well formed spindle wavesoatim
and symmetrical envelope, with no significant motiati-a
facts. Data is aligned so the treadmill slow down ocetir®
sec.

With the cessation of exercise, a greater portioheftar-

diac output is available for thermo regulation, incregsire
perfusion of the forehead, as seen in Figure 3 [21].

Normally the baroreflex maintains cerebral perfusign b
increasing the heart rate and constricting the peripiBery
cause exercise increases vascular conductance in the mus-
cles, and because the blood supply to the viscera helglr
been suppressed [28], shunting blood from the skin may be
the only way to increase the cranial and musculardbsog-
ply. When individuals are subjected to baroreceptors unload-
ing via blood sequestration using lower-body negative-
pressure, skin blood flow is suppressed during exercise. Sup-
pression occurs because of a reduction in vasodilatog,driv
most likely originating in the central nervous systdrg)]]

This hypothesis is supported by the observation in [8]
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that cutaneous blood flow is attenuated at higher exdreise especially after the start of a new stage, with perobdsp to
tensities and our observation that spindles becomes mor 15 seconds observed.
pronounced as the skin blood flow to the forehead ineseas The Nonin pulse oximeters used in this study came with
during exercise. Increased PPG amplitude appears not to l@ito-zeroing software that made it impossible to monito
the only precursor for spindle waves since they do ppear changes in the baseline of the PPG. While the fadiRPG
after treadmill slow-down, when the finger and ear RIRtc  appears to have few baseline shifts, the ear PPG afte-
plitude increases, as see Figure 3. tains artifacts indicative of a slowly varying baseli While
While changes in the local physiological requirements this filtering has minimal impact on the cardiac peaiktte
of the skin might be hypothesized to induce spindle waves further study needs to be done with a sensor that does no
is thought unlikely because the structure of the ear aed fo auto-zero. Additionally, future studies should use a better
head microvasculature are different. The microvasculature sensor for respiration to conclusively characteriwedffect
the forehead contains venous plexuses that are used-to radf breathing on the PPG.
ate heat, while the ear contains arteriovenous amases The respiratory rate calculated from the impedance
(as in the hands, feet and lips) that are used to keegathe pneumograph seems higher than some clinicians would ex-
warm in the cold [1]. Arteriovenous anastomoses ativas  pect and should be verified by other methods. Future studies
resistant shunts for the capillary bed of the skin. kihese  will employ a more robust method, such as the detecfion
shunts are open large volumes of blood can pass through teehaled CQ.
skin and provide warming to the periphery, but this blood Our spindle wave detector was developed to detect indi-
flow provides no nutrients of the skin. This is showrour vidual spindle waves. A more sophisticated version ofithe
results: during the protocol the forehead shows an iserea tector would detect trains of waves, providing greatesisen
in average blood flow while the ear does not. Thehfeael tivity with a lower false alarm rate.
microvasculature is part of cooling system that can keep
brain cooler than the core while the human ear ighat].
Peripheral origins of low frequency oscillations in the We gratefully acknowledge the help of George T. Blike, Jes-
blood flow to the forehead have been shown in a stfidy 0 sica Cooke, Robert Foote, and Susan Woods in the completion of
anesthetized patients during nonpulsatile cardiopulmonarythis study.
bypass [24]. It is hypothesized that under sympathetiastim This research program was funded by the Institute for Security
lation the oscillations (with periods close to 7 set)rin the Technology Studies, supported under Award 2000-DT-CX-K001
diameter and blood flow of the cutaneous vascular are syn from the U.S. _Department of Homeland Security, Science and
chronized. While the capillaries in the forehead ndtyres- Technology .Dlrecto.rate and 20Q5-DD-BX-1091 awardeql by the Bu-
cillate without coherence, under low perfusion theyliaei reau of Justice Assistance, United States Departmensiéeu
coherently, but not synchronized with mean arteriabpure  RererReENCES
or blood flow in the finger [24]. These oscillation® quer-
haps the genesis of the PPG spindle waves, but require furll] E. Arens and H. Zhang, "The Skin's Role in Human Thermo-
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