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Franceschini, Maria Angela, David A. Boas, Anna
Zourabian, Solomon G. Diamond, Shalini Nadgir,
David W. Lin, John B. Moore, and Sergio Fantini. Near-
infrared spiroximetry: noninvasive measurements of venous
saturation in piglets and human subjects. J Appl Physiol 92:
372-384, 2002.—We present a noninvasive method to mea-
sure the venous oxygen saturation (Svp,) in tissues using
near-infrared spectroscopy (NIRS). This method is based on
the respiration-induced oscillations of the near-infrared ab-
sorption in tissues, and we call it spiroximetry (the prefix
spiro means respiration). We have tested this method in
three piglets (hind leg) and in eight human subjects (vastus
medialis and vastus lateralis muscles). In the piglet study,
we compared our NIRS measurements of the Svo, (Svo,-
NIRS;esp) with the Svo, of blood samples. Svo,-NIRS; s, and
Svo, of blood samples agreed well over the whole range of
Svo, considered (20-95%). The two measurements showed
an average difference of 1.0% and a standard deviation of the
difference of 5.8%. In the human study, we found a good
agreement between Svo,-NIRS, s, and the Svo, values mea-
sured with the NIRS venous occlusion method. Finally, in a
preliminary test involving muscle exercise, Svo,-NIRS,esp
showed an expected postexercise decrease from the initial
baseline value and a subsequent recovery to baseline.

tissue spectroscopy; frequency-domain; pulse oximetry; he-
moglobin saturation

THE POSSIBILITY OF USING LIGHT to measure the oxygen
saturation of hemoglobin in vivo has been explored
since the 1940s (37). The feasibility of optical blood
oximetry stems from the oxygenation dependence of
the optical spectrum of hemoglobin. This is illustrated
in Fig. 1, which shows the absorption spectra of 100
pM hemoglobin for oxygen saturation values of 0, 20,
40, 60, 80, and 100%. The spectra of Fig. 1 were

calculated from published values of the molar extinc-
tion coefficients of oxyhemoglobin (HbO3) and deoxyhe-
moglobin (Hb) (43, 53).

Oxygen saturation of the pulmonary capillary blood
in rabbits has been measured by using dynamic inva-
sive techniques (48). Near-infrared light in the wave-
length range from 700 to 900 nm results in a sufficient
penetration depth for the noninvasive optical monitor-
ing of skeletal muscle, cerebral gray matter, and breast
tissue. As a result, near-infrared techniques allow a
noninvasive assessment of hemoglobin saturation for a
wide range of applications, such as the study of muscle
metabolism (7, 9, 12, 29, 45), the diagnosis of vascular
disorders (2, 20, 32, 33, 44, 49), functional brain imag-
ing (3, 10, 24, 30, 35, 50), and breast cancer detection
(23, 28, 40, 42, 46).

If near-infrared light is highly sensitive to the oxy-
gen saturation of hemoglobin, then its large penetra-
tion depth inside tissues implies that the arterial,
venous, and capillary compartments all contribute to
the optical signal. The average hemoglobin oxygen-
ation measured with near-infrared spectroscopy (NIRS)
(19, 34, 41) is usually referred to as tissue oxygen
saturation (Sto,). Sto, values are assumed to be in
between arterial and local venous saturation values
(Sap, and Svo,, respectively). A number of research
studies have investigated the relationship between the
near-infrared (noninvasive) measurement of Sto, and
the values of Saop, and local Svo, measured invasively
from drawn blood samples (31, 51). The contribution of
the arterial compartment to the noninvasive optical
signal can be isolated because of its unique temporal
dynamics associated with the systolic-diastolic blood
pressure variation at the heartbeat frequency (1). The
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Fig. 1. Near-infrared absorption spectra of 100 pIM hemoglobin con-
centration ([Hb-T], where T stands for total) for different values of
the oxygen saturation (S02) in the range of 0—100%. The curve for
S02 = 0% corresponds to the deoxyhemoglobin (Hb) absorption spec-
trum, whereas the curve for So2 = 100% corresponds to the oxyhe-
moglobin (HbO2) absorption spectrum. These spectra have been
computed from published spectra of the molar extinction coefficients
of HbO2 and Hb (43, 53).

pulsatile component of the optical signals at two or
more wavelengths at the heartbeat frequency is used
by conventional (1, 36) or self-calibrated (21) pulse
oximeters to measure the Sap,. Sao, is a parameter
that provides information about the ventilation and
the oxygen exchange in the lungs. In contrast, Svo, is a
parameter that reflects the local balance between blood
flow and oxygen consumption. The noninvasive optical
measurement of Svo, is complicated by the fact that
the isolation of the contribution of the venous compart-
ment to the noninvasive optical signal is not straight-
forward. There are no clinical devices presently capa-
ble of monitoring Svo, noninvasively.

A number of experimental approaches have been
proposed to measure Svo, from induced local changes
in the venous blood volume. For instance, proposed
approaches involve a venous occlusion in a limb (13, 39,
55, 56), tilting the patient’s head down by 15 degrees
(47), a partial jugular vein occlusion (15, 54), or me-
chanical ventilation (52). In all these approaches, Svo,
is optically measured as the ratio between the in-
creases in the HbOs concentration ([HbOs]) and the
total hemoglobin concentration (equal to [HbOgz] +
[Hb], where [Hb] is deoxyhemoglobin concentration)
induced by the local increase in venous blood volume.
To overcome the limitations of these methods, which
can either be applied only to the limbs (venous occlu-
sion method) or require an external perturbation (par-
tial jugular vein occlusion, mechanical ventilation, and
tilting methods), we propose an alternative approach
that is an extension of the method of Wolf et al. (52).
This approach involves no external perturbations and
is applicable to subjects who are breathing either spon-
taneously or synchronously with a metronome set at
their average respiratory frequency. Furthermore, this
method can provide continuous and real-time monitor-
ing of Svo,. The basic idea is to measure Svo, from the
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amplitude of the optically measured [HbOs] and [Hb]
oscillations at the respiratory frequency. The basic
hypothesis, originally formulated in this context and
tested on the brain of mechanically ventilated infants
by Wolf et al., is that the oscillatory components of
[HbOgz] and [Hb] at the breathing rate are mostly
representative of the venous compartment. Because
the venous compliance is ~20 times as large as the
arterial compliance (4), a given change in the blood
pressure in the veins causes a venous volume change
~20 times as large as the arterial volume change
corresponding to the same pressure change in the ar-
teries. During normal breathing, the inspiration phase
involves a decrease in the intrathoracic pressure and
an increased pressure gradient between the peripheral
venous system and the intrathoracic veins. This causes
blood to be drawn from the extrathoracic veins into the
intrathoracic vessels and heart (26). Because of the
vein valves, venous return is increased more by inspi-
ration than it is decreased by expiration (38). The net
effect is the so-called respiratory pump that facilitates
the venous return from the periphery by the respira-
tion-induced periodic fluctuations in the central venous
pressure (38). As a result of the respiratory pump, the
peripheral venous blood volume oscillates at the respi-
ratory frequency, decreasing during inspiration and
increasing during expiration.

It is on this oscillatory component at the respiratory
frequency that we base our near-infrared measure-
ment of the Svp,. We coin the term spiroximeter to
indicate an instrument for measuring the Svo, from
respiration-induced oscillations in the venous blood
pressure and in the venous volume fraction in tissues.
It must be observed that respiration may also induce
perturbations to the heart rate (respiratory sinus ar-
rhythmia) and consequently to the cardiac output and
arterial blood pressure. As a result, the arterial com-
partment volume may, in general, also oscillate at the
respiratory frequency; thus near-infrared spiroximetry
data must be carefully examined to guarantee a reli-
able reading of Svo,.

We report a validation study conducted on the hind
leg of three piglets, in which we compared the near-
infrared measurements of Svo, (Svo,-NIRS) with the
Svo, values obtained by the gas analysis of venous
blood samples (Svo,-blood). To show the applicability of
spiroximetry to human subjects, we also conducted a
preliminary test on the vastus medialis and vastus
lateralis muscles of healthy volunteers at rest and
postexercise.

MATERIALS AND METHODS

Tissue spectrometer. The near-infrared measurements
were performed with a frequency-domain tissue spectrome-
ter (model 96208, ISS, Champaign, IL) (18, 25). This instru-
ment uses two parallel photomultiplier tube detectors that
are time shared by eight multiplexed laser diodes emitting at
636, 675, 691, 752, 780, 788, 830, and 840 nm, respectively.
The frequency of intensity modulation is 110 MHz, and
heterodyne detection is performed with a cross-correlation
frequency of 5 kHz. The multiplexing rate, i.e., the frequency
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of sequential laser switching, is 100 Hz. As a result, 50
cross-correlation periods are acquired during the on time of
each laser diode, and a complete acquisition cycle over the
eight wavelengths is completed every 80 ms. The laser diodes
and the photomultiplier tubes are all coupled to fiber optics.
The eight individual illumination fibers, each 400 pm in
internal diameter, are arranged into a fiber bundle having a
rectangular cross-section of 3.5 X 2.0 mm?2. The collecting
circular fiber bundles are 3.0 mm in internal diameter. The
optical fibers are placed in contact with the skin by means of
a flexible plastic probe. The optical probe arranges the tips of
the illuminating and collecting fiber bundles along a line,
with the two collecting fiber bundles at distances of 1.0 and
2.0 cm from the single illuminating bundle. In some cases, we
have used a second tissue spectrometer to perform simulta-
neous measurements on both legs (piglets 2 and 3) or at
different locations on the same leg (human subjects). In the
second tissue spectrometer (which used the optical probes PL
and HVL defined below), the 840-nm laser diode was replaced
by a laser diode emitting at 814 nm.

Measurements on piglets. We performed measurements on
three piglets that were 15 = 1 days old and weighed 5 = 1 kg.
The experimental arrangement for the piglet measurements
is schematically illustrated in Fig. 2. The piglets were anes-
thetized by inhalation of 3—4% isoflurane administered by
means of a breathing mask applied to the piglet’s snout. The
animals were not mechanically ventilated, and they breathed
freely throughout the experiment. A strain-gauge belt (Sleep-
mate/Newlife Technologies, Resp-EZ) was placed around the
piglet’s thorax to continuously monitor the respiratory excur-
sion. A pulse oximeter (Nellcor, N-200) continuously recorded
the heart rate at the foot of the right hind leg. The analog
outputs from the strain gauge and the pulse oximeter were
fed to the auxiliary input ports of the tissue spectrometer for
continuous coregistration of optical and physiological data. A
femoral cutdown was performed into the left inferior femoral
vein to insert a catheter for periodic blood sampling. The
femoral venous blood samples were run through a commer-
cial blood-gas analyzer (Instrumentation Laboratory, model

(respiratory excursion)

3- 4% Isoflurane
(for anesthesia)

|

piglet

(NIRS data)

|
PR
o
i
T ] PL \ femoral vein catheter
variation in FiO, T

MEASURING VENOUS SATURATION WITH NEAR-INFRARED SPIROXIMETRY

1304 pH/blood-gas analyzer) to obtain invasive readings of
Svo,-blood. One optical probe (identified as probe PR) was
always located on the right (noncatheterized) hind leg. In
piglets 2 and 3, a second probe (probe PL) was placed on the
catheterized (left) leg. The protocol consisted of varying the
femoral Svo, over the approximate range of 20-95% by mod-
ulating the volume fraction of oxygen inspired by the piglet
(F10,) over the range of 10-100%. The oxygenation cycles
performed on the three piglets are illustrated in Fig. 3. Each
cycle consisted of varying the Fio, approximately every 4—6
min through the values of ~40, 15, 10, and 100% (piglets 1
and 2) or ~40, 20, 17.5, 15, 12.5, 10, and 100% (piglet 3). We
performed two Fio, cycles on piglet 1, four on piglet 2, and
three on piglet 3. For each specific value of Fio,, we acquired
about 3,000 optical data points [4 min X (60 s/min)/(80
ms/data point)] or more. During cycles C and D on piglet 2,
the optical probe PR was slightly moved with respect to the
location examined during cycles A and B, to collect data on
two different muscle volumes during the two cycle pairs A-B
and C-D. Optical probe PR always collected data on the right
hind leg, whereas probe PL was placed on the left hind leg
during cycles A and B of piglet 2 and cycles A and B of piglet
3 (we did not collect data with the optical probe PL on piglet
1, during cycles C-D on piglet 2, and during cycle C on piglet
3). In all three piglets, the invasive measurement of Svo,
from a femoral vein blood sample was performed at the end of
each Fio, interval, as shown in Fig. 3. Motion artifacts were
minimized in the optical data by securing the piglet’s legs to
the operating table. The protocol was approved by the Insti-
tutional Review Board of the Massachusetts General Hospi-
tal, where the piglet experiments were performed.
Measurements on human subjects. We performed measure-
ments on eight healthy human subjects (6 men and 2 women,;
mean age of 24.5 yr, age range of 20—35 yr). The subjects sat
on a comfortable chair and rested for 10—15 min before the
experimental protocol was started. A pneumatic cuff was
placed around the right thigh of the subject to later induce a
venous occlusion by inflating the cuff to a pressure of 70
mmHg. A pulse oximeter probe (Nellcor, N-200) was placed

i .
~| aux. inputs

frequency-domain
tissue spectrometer

(SvO,-NIRS

|'esp)

¥l optical i/o

pulse oximeter (heart rate)

blood gas
analyzer

(SvO,-BLOOD)

o ‘

Fig. 2. Experimental arrangement for the piglet study. A breathing mask applied to the piglet’s snout provided the
3-4% isoflurane anesthetic and was connected to the oxygen line for variations in the fraction of inspired oxygen
(Flo,). A strain-gauge belt and a pulse oximeter monitored the respiratory excursion and the heart rate,
respectively, and their analog outputs were directed to the auxiliary inputs of the frequency-domain tissue
spectrometer (ISS, Champaign, IL, model 96208). One or two optical probes (PR on the right hind leg and PL on
the left hind leg) of the tissue spectrometer were used to measure the near-infrared tissue absorption with a time
resolution of 80 ms. The absorption oscillations at the respiratory frequency were processed to provide measure-
ment of the venous Oz saturation (Svo,-NIRSesp) (NIRS is near-infrared spectroscopy). Invasive measurements of
the venous Oz saturation (designated Svo,-blood) were obtained by gas analysis of venous blood samples collected
by a femoral vein catheter. aux, Auxiliary; optical I/O, optical input/output.
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Fig. 3. Schematic representation of
Fi1o, cycles for piglet 1 (A), piglet 2 (B),
and piglet 3 (C). @, Time at which ve-
nous blood samples were run through
the blood-gas analyzer for Svo,-blood
measurements.
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on the index finger of the left hand. A strain-gauge belt
(Sleepmate/Newlife Technologies, Resp-EZ) was placed around
the subject’s upper abdomen to monitor the respiratory ex-
cursion. As in the piglet experiment, we used the analog
outputs of the pulse oximeter and strain gauge for continuous
coregistration of the physiological and near-infrared data.
Two optical probes were placed on the right thigh; the first
probe (probe HVM) was positioned on top of a visible super-
ficial vein of the vastus medialis muscle, and the second
probe (probe HVL) was placed on the vastus lateralis muscle,
far from visible superficial veins. During the measurements,
we asked the subject to breathe regularly, following a met-
ronome whose frequency was set to the average breathing
rate of the subject at rest (typically 14-15 breaths/min).
During the whole experiment, the subject was asked to
breathe at the same frequency as the metronome pace. No
subjects experienced any discomfort or difficulties with this
procedure. The measurement protocol consisted of 2 min of
baseline (we acquired 1,535 optical data points at 80 ms/
point), followed by 40 s of venous occlusion, and a final
recovery period of a few minutes. A few subjects performed
an additional exercise routine to test the effect of exercise on
the measured value of Svp,-NIRS,.s, on the muscle. The
exercise consisted of raising the right foot, voluntarily con-
tracting the leg muscles (isometric contraction), until the
subject felt tired. The human study was approved by the
Institutional Review Board of Tufts University, where the
human experiments were performed; all subjects gave their
written, informed consent.

Near-infrared data processing for the measurement of Svo,.
We used a modified Beer-Lambert law approach (14) to
translate the temporal intensity ratio collected at each wave-
length [I(\, t)/I(\, 0), where I is intensity, \ is wavelength,
and ¢ is time] at a distance of 1.0 cm from the illumination
point, into a time variation in the tissue absorption [Ap.(\, ),

where ., is the tissue absorption coefficient]. This approach
was implemented by applying the following equation (14)

1[I0
At =7 ln[m,t)]

(1)

where L is the effective optical pathlength from the illumi-
nating point to the light collection point. We measured Lt by
quantifying p, and the reduced scattering coefficient (.s)
using the frequency-domain multidistance method (17). The
diffusion-theory relationship that gives Les in terms of g,
1., and the source-detector separation (r) in a semi-infinite
turbid medium (where the illumination and collection points
are at the boundary of the turbid medium) is the following
am

3’
Ly=—F7——
2(r\3pqps + 1)

More details on this hybrid frequency-domain [to measure
L.s(N)] and continuous wave (modified Beer-Lambert law)
approach are given in Refs. 14, 17, 21, and 22. Equation 2
shows that for typical values of the near-infrared p. and s,
say pe = 0.1 cm ! and p; = 10 em 1, the value of Legris ~5.5
cm for r = 1 cm. The multi-distance scheme was implemented
by considering the data collected by the two fiber bundles
located at two different distances (1.0 and 2.0 cm) from the
source fiber bundle. At these source detector distances, the
diffusion regime of light propagation in tissues is already
established (18). As an alternative to the diffusion equation
model to describe the spatial dependence of the optical signal,
empirical approaches have been proposed (6). The different
sensitivity of the two detector channels was accounted for by
a preliminary calibration measurement on a synthetic tissue-
like sample. The applicability of the initial calibration to the

(2)
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whole data set was verified at the end of each measurement
session by repositioning the optical probe on the calibration
sample. We typically reproduced the calibration values of the
block optical coefficients to within 10%. In the piglet experi-
ments, we updated the measured values of L. at each
wavelength every time the Fio, was changed. Specifically,
L.grwas computed, according to Eq. 2, from average measure-
ments of p, and i over the last 80 s of each period corre-
sponding to a specific Fio, value. For the measurements on
human subjects, we computed an initial value of L.s (at each
wavelength) over the first 2 min of baseline, and we used this
value for the analysis of the data over the whole measure-
ment session. The long integration time for the mean path-
length measurements (80 s in the piglet experiment, 120 s in
the human subjects measurements) realized a low-pass filter
that minimized the time-varying contributions from the Hb
oscillations caused by the arterial pulsation and breathing.
Furthermore, the two-distance measurement scheme for the
mean pathlength measurement also provided some level of
spatial averaging. In contrast, the optical data for the mea-
surement of Svo, were acquired with an 80-ms temporal
resolution and with the use of a single source-detector dis-
tance (1 cm).

To measure the Svo,, we followed a two-step procedure.
First, we computed the amplitude of the absorption oscilla-
tions at the respiratory frequency at each of the eight wave-
lengths considered. Second, we fit the spectrum of the ex-
perimental absorption amplitude with the hemoglobin ab-
sorption spectrum. We have used two alternative methods to
quantify the absorption oscillations at the respiratory fre-
quency. The first method is based on the fast Fourier trans-
form (FFT) of Ap.(¢). The sum of the amplitudes of the FFT of
A, over the respiratory frequency band yields a measure of
the amplitude of the respiration-induced absorption oscilla-
tions. This method assumes that the Fourier spectrum of Ap,
clearly shows a discernable peak at the respiratory fre-
quency. The second method is based on a band-pass (BP)
filter of Ap,(¢) and on a modeling algorithm (MA) (sine-wave
fit). The BP filter serves the purpose of isolating the absorp-
tion oscillations at the respiratory frequency by suppressing
higher and lower frequency components in Ap,(#). The MA
consists of fitting a sine wave to Ap,(BP) over each respira-
tory cycle. The amplitude of the fitted sine wave gives an
estimate of the absorption oscillation amplitude at the respi-
ratory frequency. As a result, the second method (BP + MA)
achieves a reading of Svo, from each individual respiration
cycle, whereas the first method (FFT) requires multiple res-
piration cycles to produce a Svo, reading. Both methods
provide phase readings that can be used to verify that the
respiration-induced absorption oscillations at different wave-
lengths are in phase with each other. We indicate the Svo,
measurement according to the FFT and BP + MA methods
with Svo,-NIRS,csp(FFT) and Svo,-NIRS,.sp(BP), respec-
tively.

In the piglet experiments, we evaluated the FFT of Ap,
over 256 data points, corresponding to a time trace of 20.5 s,
to achieve reliable spectra from a number of breathing peri-
ods (typically 13—16). Furthermore, we averaged about 800
successive FFTs (each computed from a data set shifted by
one data point with respect to the previous one), so that the
total number of data points resulting in a single Svo, reading
was on the order of 1,000, corresponding to a train of data
80 s long. This 80-s-long data set was chosen to be at the end
of each Fio, period, and it coincides with the 80-s period over
which we measured Leg. In the human subject experiment,
we used 512 points for the FFT because the breathing fre-
quency was lower (0.22-0.26 Hz) than that of the piglets

MEASURING VENOUS SATURATION WITH NEAR-INFRARED SPIROXIMETRY

(0.6-0.9 Hz) and we wanted to have a similar number of
breathing periods. As in the piglets experiment, we averaged
the results from multiple (500—1,000) successive FFTs.

The spectrum of the amplitude of the absorption oscilla-
tions at the respiratory frequency [Ap.*P(\;)] was fitted with
a linear combination of the HbO2 and Hb extinction spectra,
€0, (N)A[HbO2]™%P + epp(N;,)A[Hb]***P, where €¢,0,(\;) and
emp(N\;) are the extinction coefficients of HbOz and Hb, respec-
tively (43, 53). The fitting parameters were the amplitudes of
the oscillatory concentration of oxyhemoglobin (A[HbOz]*¢5P)
and deoxyhemoglobin (A[Hb]**P) at the respiratory fre-
quency. The minimization of the sum of the squares of the
residuals, i.e., D;[Apft(\) — Aur*sP(\,)]2, yields a linear sys-
tem whose solution gives the following best fit concentrations
of amplitude of the oscillatory [HbOs] and [Hb] (11)

(25 Ape™P(N)€rpo, (N2 eim(\)]
= [2 AP N)Em M) 2 Emo,(M)Em(N)]
A[HbO,]*P = 2
[ d (2 E%Iboz()\i)][Ei e\ — [ sHbOQ()\i)EHb(}\i)]z
(3)

[Z: ApgP(N)em (W) 2 812%02()\;‘)]
A[HbJ® — — [2; Ape"™PN)Emm0,A) 2 Evo,(N)Emp(N:)]
2 E%Iboz()\i)][zi efm(\)] — [ EHboz()\i)EHb()\i)]z
(4)

The oxygen saturation of the hemoglobin compartment oscil-
lating synchronously with respiration (Svo,-NIRS;.sp) is then
given by

A[HDbO, ]
A[HbO, " + A[Hb]*®

[ AM;esp()\i)sHbOQ()\i)][Ei efn(\)]

_ = [2; Ap™P(N)€m(N) 125 Exwo,(N)€xrn(N)]
(2 Ape P (N)Emo,N) 2 (N [Em(N) — Emmo,(N) 1}
— [ Apa™N)EmN) {2 Empo,(N)[Em(N) — Emo,(N)]}

It is important to note that for the determination of Svo,-
NIRS,esp 0ne only needs to know Legr to within a wavelength-
independent factor. In fact, Eq. 5 shows that a common,
wavelength-independent multiplicative factor in Ap,(\;) can-
cels out in the expression for Svo,-NIRS,csp. In contrast, the
wavelength dependence of L.¢r is important for the measure-
ment of Svp, with our method, and this is why we have opted
to measure L.¢r at each wavelength using the multidistance,
frequency-domain technique. It is also important to observe
that our method requires 1) oscillations of ., at the respira-
tory frequency to be reliably attributed to hemoglobin (and
not, for instance, to motion artifacts), 2) the hemoglobin
concentration fluctuations to result from the volume oscilla-
tion of a hemoglobin compartment rather than from periodic
fluctuations in the blood flow, and 3) the fluctuating hemo-
globin compartment responsible for the measured Ap, to be
mainly the venous compartment. In our measurements, we
have considered each one of the three above points. The
assignment of the absorption oscillations to hemoglobin
(point 1) was done by requiring that the hemoglobin spec-
trum fits the absorption data relatively well. To this aim, we
requested that the average absolute value of the relative
residuals, defined as €t = U/NZY | | Apft(\) — ApZesP(\,) |/
Apft(\;), where N is the number of wavelengths considered,
be at most twice the experimental percent error in Ap.*P. We
also used the standard deviation of the Svo,-NIRS,csp(FFT)
values obtained with the 800 (piglet experiment) or 500-—
1,000 (human experiment) successive FFTs to estimate the

Svo, — NIRS,, =

)
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error in Svo,-NIRS,esp(FFT). We discarded the cases having
a standard deviation error in Svo,-NIRS,.s, greater than
15%. The assignment of the absorption oscillations to volume
rather than blood flow fluctuations (point 2) is achieved by
verifying that the absorption oscillations at the eight wave-
lengths are in phase. In fact, blood flow fluctuations induce
out-of-phase oscillations in the [HbOz] and [Hb] (because of
the increased rates of inflow of HbOs and washout of Hb), as
opposed to the in-phase oscillations of HbOy and Hb that
result from volume pulsations. The third point, namely the
requirement that the absorption oscillations at the respira-
tory frequency are representative of venous blood, is investi-
gated by 1) comparing the Svo,-NIRS from the respiratory
hemoglobin oscillations (Svo,-NIRS;sp) with the correspond-
ing values measured by gas analysis of Svo,-blood (piglet
experiments) or by the NIRS venous occlusion method (Svo,-
NIRS,,) (human subject experiments), 2) studying the effect
on the [Hb] and [HbOs] oscillations at the respiratory fre-
quency of a venous occlusion induced between the lungs and
the peripheral measurement area (the thigh muscles in hu-
man subject experiments), and 3) by recording the effect of
muscle exercise on the near-infrared measurements of Svo,
[Svo,-NIRS,esp(BP)] in human subjects.

RESULTS

Figure 4 reports average spectra of L. measured for
a source-detector separation of 1 cm. Figure 4A refers
to piglet measurements conducted at two different val-
ues of Fio,, whereas Fig. 4B refers to human measure-
ments with probes HVM and HVL. The error bars in

7.5
g 7
[
T 65
—
<
~ 5.5

5

600 650 700 750 800 850
wavelength (nm)
—& FiO,~40% O FiOy~10%

6

5.8
§ 56
|L 5.4
=
£ 52
3

4.8

4.6

600 650 700 750 800 850
wavelength (nm)
—®-probe HVM -O- probe ITVL

Fig. 4. Near-infrared spectra of the effective optical pathlength (Legr)
measured on the piglet’s leg (A) and a human thigh muscle (B) for a
source-detector separation (r) of 1 cm. In A, different symbols refer to
2 different values of Flo,. In B, different symbols refer to 2 different
thigh muscles (vastus medialis for probe HVM and vastus lateralis
for probe HVL). The lines join the points as an aid to the eye.
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Fig. 4 represent the standard deviations over multiple
measurements (multiple Fio, cycles and piglets for Fig.
4A and multiple subjects for Fig. 4B).

In the piglet experiment, we discarded 11 (from a
total of 67) Svo,-NIRS,sp(FFT) measurements because
the standard deviation over 800 FFTs exceeded 15%.
These discarded Svo,-NIRS,cs,(FFT) readings occurred
as follows: one (of 8) in piglet 1, two (of 26) in piglet 2,
and eight (of 33) in piglet 3. One discarded reading was
assigned to motion artifacts, whereas the other ten
discarded measurements all occurred at low-Fio, val-
ues (10-17.5%) corresponding to Svo,-blood values of
20-50%. We were not able to apply the BP method to
piglet 2 and to the Fio, cycles A and B of piglet 3
because of irregular absorption oscillation waveforms
that were not reliably processed by the BP + MA
approach.

Figure 5 shows typical temporal traces of the relative
[HbO2] and [Hb] measured on the piglet’s leg (with
optical probe PR) (Fig. 5A) and on the human vastus
medialis muscle at rest (Fig. 5B) and during venous
occlusion on the upper thigh (optical probe HVM) (Fig.
5C). The temporal traces of [Hb] and [HbOg] are ob-
tained by fitting the measured spectrum of Ap,(\,¢)
(whose value at each wavelength was obtained from
Eq. 2) with a linear combination of the HbO2 and Hb
extinction spectra. This procedure results in the appli-
cation of Egs. 3 and 4 without the superscript “resp” on
Apa, A[HbOg], and A[Hb]. Two oscillatory components
are clearly visible in the relative [HbOz] and [Hb]
traces of Fig. 5A: the first one, associated with the
heartbeat (as shown by the pulse oximeter data; top
trace in Fig. 5) is at a frequency of ~2.5 Hz, whereas
the second one, associated with respiration (as shown
by the strain gauge signal; second trace from the top in
Fig. 5), is at a frequency of ~0.65 Hz. Only the latter
oscillatory component (at a frequency of ~0.23 Hz in
human subjects) is clearly visible in Fig. 5B, whereas
neither is present in Fig. 5C. Figure 5, B and C, shows
additional low-frequency oscillations associated with
changes in blood pressure and heart rate. We observe
that the strain-gauge signal (second trace from the top
in Fig. 5) increases during inspiration and decreases
during expiration. The BP filter described in the pre-
vious section aims at isolating the oscillatory compo-
nent at the respiratory frequency by filtering out
higher and lower frequency components. The relative
[HbOg2] and [Hb] traces after BP filtering are shown in
Fig. 5, bottom. In the case reported in Fig. 5, which is
representative of the results reported in this article for
Svo,-NIRS,csp, the oscillatory components of [HbOq]
and [Hb] at the respiratory frequency are in phase with
each other and disappear during venous occlusion.

Figure 6 illustrates representative Ap P spectra
measured on the piglet’s leg (probe PR) (Fig. 6A) and on
the human vastus medialis muscle at rest (Fig. 6B) and
during venous occlusion on the upper thigh (probe
HVM) (Fig. 6C). The y-axis of each panel of Fig. 6 refers
to the values of Ap;*P obtained with the BP filter
method. The values of Ap;**P computed with the FFT
method are normalized by a wavelength-independent
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human subject
during venous occlusion

et LT

breathing
signal W\/\/\/A‘;/\/

(a.u.)

[ 0.1 um

from raw data

[ [ o5um

- I 0.5 uM

relative hemoglobin concentration

after (BP) + (MA)

A A
' [HbO,]

[Hb]

0 2 4 6 8 0 5 10
time (sec)

time (sec)
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Fig. 5. Representative traces of the relative HbOz concentrations ([HbOz]) and Hb concentrations ([Hb]) measured
on the piglet’s leg (with optical probe PR) (A) and on the human vastus medialis muscle at rest (B) and during
venous occlusion on the upper thigh (optical probe HVM) (C). Bottom panels report the [Hb] traces after processing
with the digital band-pass filter [band pass (BP) + modeling algorithm (MA)] designed to isolate the oscillations
at the respiratory frequency. Top trace represents the piglet’s heartbeat monitored by the pulse oximeter. Second
trace from the top is the strain gauge signal that monitors the respiratory excursion. The strain gauge signal
increases during inspiration and decreases during expiration. a.u., Arbitrary units.

factor to match the BP value of A °*P at 636 nm. The
relatively high value of €fi* during venous occlusion
(Fig. 6C) is an indication of the poor fit, which in turn
results from the lack of hemoglobin oscillations at the
respiratory frequency (see Fig. 5C, bottom, and the
y-axis values of Fig. 5C compared with those of Fig.
5B). Figure 6 also shows the best fit of the hemoglobin
absorption spectrum to the BP Ap’**? and to the FFT
Ap PP, The best-fit hemoglobin spectra represent the
oxygen saturation of hemoglobin, as illustrated in Fig.
1. The value of Svo,-NIRS,p is given by Eq. 5.
Figure 7 compares the measurements of Svo,-
NIRS;esp(BP), Svo,-NIRS,sp(FFT), and Svo,-blood dur-
ing cycle A of piglet 1 and during cycle C of piglet 3. The
Svo,-NIRS,sp(BP) traces reported in Fig. 7 were ob-
tained by performing a running average of the breath-
to-breath values obtained with the BP method. In Fig.
7, the averaging procedure consists of a 5-point (in Fig.
7A) or 15-point (in Fig. 7B) running average. The
assessment of the agreement between the measure-
ments of Svo,-NIRS,esp(FFT) and Svo,-blood in the full
piglet study is carried out according to the procedure
described by Bland and Altman (5). Figure 8A plots the

results of the NIRS method based on the respiratory
oscillations of the tissue absorption against the inva-
sive measurement of Svo,-blood. The shape of the sym-
bols in Fig. 8A indicates the piglet number, whereas
the type of fill indicates the location of the NIRS mea-
surement. The range of Svo,-blood values considered in
this study is ~20-95%. The error bars in Fig. 8A are
the standard deviations (SD) computed from the re-
sults of ~800 successive FFTs (as described in MATERI-
ALS AND METHODS). Figure 8B displays the difference
between the two readings vs. their average, and it
quantifies the discrepancy between the two methods
and the possible dependence of such a difference on the
level of Svo,. The mean difference between Svo,-
NIRS;esp and Svo,-blood over the full oxygenation
range considered in this study is 1.0% (a measurement
of the bias of the Svo,-NIRS, s, measurement), and the
SD of the difference is 5.8%. Figure 8B does not show
any striking dependence of the difference on the mean.
If we take the values of mean difference *= 2 SD as the
limits of agreement of the two methods (5), we get an
estimate of the maximal discrepancies between Svo,-
NIRS,esp(FFT) and Svo,-blood of —10.6% and +12.6%.
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Fig. 6. Representative change in respiratory tissue absorption coef-
ficient (ApL**P) spectra measured with the BP and fast Fourier
transform (FFT) methods on the piglet’s leg (probe PR) (A) and on the
human vastus medialis muscle at rest (B) and during venous occlu-
sion on the upper thigh (probe HVM) (C). The experimental 8-point
ApLeP spectra were fitted with the hemoglobin absorption spectrum
(with the oxy- and deoxyhemoglobin concentrations as fitting param-
eters). The values of €t (defined in the text) for the BP and FFT
spectra give a measure of the quality of the fit.

B band pass

In the human experiment, we found that the NIRS
values of Svo, measured with probe HVM (placed on
top of a visible vein) were typically smaller than those
measured with probe HVL (placed far from any visible
vein). Furthermore, the amplitude of the oscillatory
absorption at the respiration (heartbeat) frequency
was typically greater (smaller) for the data collected
with probe HVM than with probe HVL. Of the 16
Svo,-NIRS,sp measurements (8 subjects, 2 locations),
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we discarded only 2 measurements (because of a value
of 3fit greater than twice the error in Ay **P), both
collected with probe HVL. Figure 9 compares the Svo,-
NIRS,esp values measured in the human subjects at
rest in which the FFT method and the BP filtering
approach were used. Figure 9A shows the good agree-
ment of the two measurements, and Fig. 9B quantifies
the average difference (0.9%) and the maximum dis-
crepancies of —5.1 and +6.9%, as given by the mean =+
2 SD of the differences. Figure 10 reports a similar
comparison between Svo,-NIRS;e,(FFT) and Svo,-
NIRS,,. As described by Yoxall and Weindling (56),
under the assumption that a venous occlusion induces
an initial increase in the venous blood volume, Svo,-
NIRS,, is given by [HbO2]o/[Hb —Tlp, where the dots
indicate a time derivative and the subscript 0 indicates
the initial time that immediately follows the onset of
venous occlusion. The agreement between Svo,-
NIRS,esp(FFT) and Svo,-NIRS,, is good, with an aver-
age deviation of 0.8% and maximum discrepancies of
—4.2 and +5.8%. Two horizontal lines in Figs. 8B and
9B indicate the range given by the mean difference = 2
SD. The maximum discrepancy among Svo,-NIRS,¢sp-
(FFT), Svo,-NIRS,¢sp(BP), and Svo,-NIRS,, is less than
the maximum deviation between Svo,-NIRS,csp(FFT)
and Svo,-blood found in piglets (see Fig. 8B).

The effect of muscle exercise on the measurement of
Svo,-NIRS,sp(BP) on top of a visible superficial vein
(probe HVM) is illustrated in Fig. 11. Although Sao,
(measured with a pulse oximeter) is unaffected by the
exercise, Svo,-NIRS,esp,(BP) shows a significant postex-
ercise decrease from a baseline value of 75-78% down
to a minimum value of ~54%. The recovery to the
baseline value of Svo,-NIRS,cs,(BP) occurs after ~30 s.
By using the BP approach, we could monitor Svo,-
NIRS,esp at every breathing period, i.e., every ~5 s,
thus achieving a real-time monitoring of Svo, We
observe that we could not obtain meaningful measure-
ments of Svo,-NIRS, s, during exercise because of mo-
tion artifacts.

DISCUSSION

Various methods for measuring Svo, The method
presented in this article to measure Svo, from the
near-infrared absorption oscillations at the respiratory
frequency (spiroximetry) can be implemented by using
a FFT or a digital BP filter in conjunction with a MA.
We have indicated the measurements of Svo, obtained
with these two approaches with the notations Svo,-
NIRS;esp(FFT) and Svo,-NIRS,esp(BP), respectively.
An alternative method for measuring Svo, with NIRS
is based on a previously described venous occlusion
protocol (13, 39, 55, 56). We have identified the results
of this measurement procedure with the notation Svo,-
NIRS,,. In the human study, the NIRS measurements
were conducted at two locations on the thigh. One
location was on top of a visible superficial vein of the
vastus medialis muscle (probe HVM), and the second
location was far from visible superficial veins on the
vastus lateralis muscle (probe HVL). Finally, the inva-
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Fig. 7. Comparison between the con-
tinuous measurement of Svo,-NIRS esp
(BP) and the discontinuous measure-
ments of Svo,-NIRSesp(FFT) and Svo,-
blood. A refers to cycle A of piglet 1,
whereas B refers to cycle C of piglet 3.
The values of Fio, (%, left y-axes)
during the experiment are indicated by

. =3
= =

Sv0, & FiO, (%)

(=1

the shaded profiles.

=

time (min)
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sive measurement of Svo, performed by the gas anal-
ysis of venous blood samples is indicated with Svo,-
blood. In this section, we discuss the different features
of these measurements of Svo,, and the comparison of
their results, as reported in Figs. 7-9.

The FFT and BP filter approaches to near-infrared
spiroximetry. The major advantage of the BP approach
is that it allows for a real-time measurement of Svo, by
providing a reading of Svo,-NIRS,.s,(BP) at every res-
piration cycle. Consequently, this method is particu-
larly effective during transients, as illustrated by the
recovery of the Svo,-NIRS,.s,(BP) traces corresponding
to the sudden increase of Fip, to 100% in piglets (see
Fig. 6, A and B), or to the end of the exercise period in
human subjects (see Fig. 11). On the other hand, the
BP filter + MA method is susceptible to fluctuations in
the respiratory frequency and to irregular respiration
patterns. This accounts for the fact that we did not get
reliable readings of Svo,-NIRS,esp(BP) in piglet 2 and
in Fio, cycles A and B of piglet 3. The FFT method was
more robust, producing reliable readings in 56 of 67
cases (84%) in the piglet study and in 14 of 16 cases
(87%) in the human study. It is important to observe
that 10 of the 11 discarded readings in piglets occurred
at low-Svo,-NIRS-blood values (20-50%), and one was

>
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assigned to motion artifacts. Both discarded readings
in the human study were collected with probe HVL,
which was placed far from visible veins. Therefore, we
have found indications that the measurement of Svo,-
NIRS,esp(FFT) is particularly robust at Svo, values
>50% (in piglets) and when the optical probe is placed
on top of a visible superficial vein (in human subjects).
Although the FFT method, which is based on a mea-
surement of the integrated peak at the respiratory
frequency, is less sensitive than the BP method to
irregular respiration patterns, it is not applicable dur-
ing transients. In fact, we did not obtain reliable read-
ings of Svp, when the time frame used to compute
Svo,-NIRS,sp(FFT) (80 s in piglets, 80—120 s in human
subjects) included significant changes in the Svo,.
When both the FFT and the BP methods can be ap-
plied, they provide Svo,-NIRS,csp measurements that
are in excellent agreement, as shown in Figs. 6 and 9.
The differences between the two measurements (SD of
3.0%) are comparable with measurement errors and
significantly less than the maximum deviation be-
tween Svo,-NIRS;en(FFT) and Svo,-blood (approxi-
mately *+10%) observed in the piglet study (see
Fig. 8B).

100

Fig. 8. Comparison of Svo,NIRSresp = go }
(FFT) and Svo,-blood in the piglet study. =

The shape of the symbols refer to the [

piglet (circles, piglet 1; squares, piglet 2; = g0 }
triangles, piglet 3), whereas the filling g
indicates the measurement side (filled §
symbols, right leg, i.e., probe PR; open Z 49 |
symbols, left leg, i.e., probe PL). A: Svo,- P
NIRS;esp(FFT) is plotted vs. Svo,-blood. 9

B: difference is plotted vs. the average of <* 2 |
the 2 measurements. Two horizontal

lines indicate the range given by mean

difference = 2 SD (SD is the standard 0

20

deviation of the difference between the 2
0 20 40
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Measurements of Svo,-NIRS,.s, and Svo,-NIRS,,.
Both of these NIRS methods to measure the Svo,
(resp and vo) rely on a change in the volume fraction
of venous blood in the tissue. The two major differ-
ences between the two methods are as follows. 1) The
vo method requires an external perturbation consist-
ing of a pneumatic-cuff-induced venous occlusion,
whereas the resp method is only based on the intrin-
sic blood pressure oscillations induced by normal
respiration and can be applied continuously. 2) The
vo method can be applied only to limbs, whereas the
resp method can, in principle, be applied to any
tissue and in particular to the brain, as already
shown by Wolf et al. (52). However, we stress that it
is always important to verify that the [HbOz] and
[Hb] oscillate in phase at the respiratory frequency
for the resp method to provide reliable measure-
ments of Svp,. For instance, Elwell et al. (16) re-
ported out-of-phase oscillations of [Hb] and [HbOg]
in the human brain, which would indicate a blood

>

B

flow rather than volume oscillations, thus rendering
the resp method inapplicable. In our human study,
we found an excellent agreement between Svo,-
NIRS,esp(FFT) and Svo,-NIRS,,, with a maximum
deviation on the order of +4-5% (see Fig. 10).
Optical probes PR, PL, HVM, and HVL. In the piglet
study, we have found no significant difference be-
tween the Svo,-NIRS,esp(FFT) data collected with
probes PR (on the right leg) and PL (on the left leg,
where the venous catheter was inserted) (see Fig.
8A). This result indicates that noninvasive measure-
ments of Svp, on one leg can be meaningfully com-
pared with invasive measurements of Svp, on the
other leg. In the human study, we found some differ-
ences between the Svo,-NIRS measurements with
probe HVM (placed on top of a visible superficial vein
in the vastus medialis muscle) and with probe HVL
(placed far from visible veins on the vastus lateralis
muscle). As shown in Figs. 8 and 9, the Svo,-NIRS
readings (with both the NIRS,es; and NIRS,,

100 10

90 T

(FFT) and Svo,-NIRS,, (venous occlu-
sion) in the human study. e, Vastus
medialis muscle; i.e., probe HVM. o,
Vastus lateralis muscle; i.e., probe

é Fig. 10. Comparison of Svo,-NIRS;esp

HVL. Probe HVM was place on top of a
'i visible superficial vein, whereas probe
HVL was far from visible veins. A: Svo,-

70 1

SvO,-NIRS, . (FFT) (%)

S
[SVO,-NIRS,,(FFT)]-
[SVO,-NIRS, , | (%)

L

NIRS;esp(FFT) is plotted vs. Svo,-
NIRS,.. B: difference is plotted vs. the
average of the 2 measurements. Two
horizontal lines in B indicate the range
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Fig. 11. Continuous measurement of Svo,-NIRS,.sp(BP) with optical
probe HVM (vastus medialis muscle, on top of a visible superficial
vein) on a healthy human subject during baseline and after isometric
muscle exercise (recovery).

method) of probe HVM (see Figs. 8 and 9) were
typically smaller than the readings of probe HVL
(see Figs. 8 and 9). We assign this result to a partial
contribution from the capillary and/or arterial com-
partments picked up by probe HVL. In fact, although
the optical data from probe HVM shown in Fig. 4, B
and C, do not show any visible contribution from the
arterial pulsation, data from probe HVL (not shown)
do contain pulsatile components at the heartbeat
frequency. As a result, we believe that the optical
probe should be placed on top of visible superficial
veins for more accurate readings of Svo,-NIRS;sp on
human subjects. We believe that the reason that
Svo,-NIRS,csp readings in the piglet study were in
close agreement with the invasive measurement of
Svo,, despite the evident arterial pulsation in Fig.
5A, is related to the smaller extent of respiratory
sinus arrhythmia in piglets with respect to humans.
In fact, respiratory sinus arrhythmia is the main
origin of the arterial oscillations at the respiratory
frequency (38). The larger role played by respiratory
sinus arrhythmia in human subjects with respect to
piglets will probably require a more careful interpre-
tation of the optical data for spiroximetry. However,
the results of Fig. 11 show the practical applicability
of spiroximetry to human subjects, so that we do not
expect respiratory sinus arrhythmia to introduce an
intrinsic limitation of the method.

Noninvasive vs. invasive measurements of Svo,. The
comparison between Svo,-NIRS;cs,(FFT) and Svo,-
blood in the piglet study shows a maximum deviation
range of —10.6% to +12.6%. The local character of
the Svo, (as opposed to the systemic nature of the
Sap,) requires some caution in the comparison of
invasive (Svo,-blood) and noninvasive (Svo,-NIRS)
measurements of Svo,. In fact, in our piglet study,
Svo,-blood was measured from blood samples drawn
from the femoral vein, whereas Svo,-NIRS,esp was
measured with an optical probe placed on the leg
muscle. It is likely that the NIRS oscillatory signal
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(at the respiratory frequency) is not just representa-
tive of the femoral vein and may therefore be indic-
ative of the oxygen consumption at different tissue
areas than those affecting the femoral vein satura-
tion. This fact may not lead to significant differences
under rest conditions, but it may be important un-
der stress. Although we found a good agreement
between Svo,-NIRS,csp(FFT) and Svo,-blood over
the whole range of F1o, values considered (see Fig. 8),
we observed a meaningfully greater SD of the differ-
ences over the 20—-55% Svo,-blood range (SD = 7.8%)
than in the 55-95% range (SD = 3.6%).

Effect of muscle exercise on Svo,-NIRS,.s,(BP). The
result reported in Fig. 11 serves the purpose of further
illustrating the potential of the Svo,-NIRS;csp(BP)
measurement approach. In fact, Fig. 11 shows the
feasibility of monitoring the Svo, in real time on a
breath-to-breath basis (one data point every 4-5 s).
Furthermore, the baseline Svo,-NIRS;.s,(BP) value of
75-78% and the exercise-induced drop indicate the
venous origin of the saturation measurement, since the
Sap, measurement provided by the pulse oximeter
stayed constant at 98 = 1% for the whole measurement
period. On the other hand, Fig. 11 reports only one
representative case, and more studies are required to
quantify the effect of muscle exercise on the measure-
ment of Svo,-NIRS,csp.

In conclusion, we have presented a noninvasive
approach to measure the Svo, in tissues from the
near-infrared spectrum of the amplitude of respira-
tion-induced absorption oscillations. We have imple-
mented this approach, which we call near-infrared
spiroximetry, by processing the optical data with a
FFT method or with a digital BP filter in conjunction
with a MA. More sophisticated data processing
schemes may further improve the effectiveness and
the range of applicability of spiroximetry. The Svo,
measurements reported in this article complement
previously demonstrated NIRS measurements of
Sto, (8, 27) and Sao, (21). Therefore, our results may
lead to the design of a noninvasive optical instru-
ment capable of providing simultaneous and real-
time measurements of local Sao,, Sto,, and Svo,.
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