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Abstract. Hemorrhagic hypovolemia and inotropic agent administra-
tion were used to manipulate cardiac output (CO) and oxygen deliv-
ery in rabbits to investigate the correlation between noninvasive fre-
quency domain photon migration (FDPM) spectroscopy and invasive
hemodynamic monitoring parameters. Frequency-domain photon mi-
gration provides quantitative measurements of light absorption and
reduced scattering (ma and ms8 , respectively) in tissue. Wavelength
dependent ma values were used to calculate in vivo tissue concentra-
tion of deoxyhemoglobin [Hb], oxyhemoglobin @HbO2#, total hemo-
globin [TotHb], and water @H2O# as well as mixed arterial-venous
oxygen saturation (StO2) in tissue. FDPM-derived physiologic proper-
ties were correlated with invasive measurements of CO and mean
pulmonary artery pressure (mPAP), FDPM-derived [TotHb] and StO2
correlated significantly with hemorrhaged volume (HV), mPAP, and
CO. Correlation coefficients for [TotHb] vs HV, mPAP, and CO were
−0.77, 0.86, and 0.70, respectively. Correlation coefficients of StO2 vs
HV, mPAP, and CO were −0.71, 0.55, and 0.61, respectively. Dob-
utamine induced changes resulted in correlation coefficients between
FDPM-derived and invasively measured physiologic parameters that
are comparable to those induced by hypovolemia. FDPM spectros-
copy is sensitive to changes in mPAP and CO of as little as 15%.
These results suggest that FDPM spectroscopy may be used in clinical
settings to noninvasively monitor central hemodynamic parameters
and to directly assess oxygenation of tissues. © 2002 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.1427046]
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1 Introduction
Adequate perfusion and oxygenation are critical for tissue vi
ability. Insufficient tissue oxygenation is the underlying cause
of tissue damage for an extensive range of medical emerge
cies, e.g., hypovolemic shock, peripheral vascular diseas
and stroke. Tissue oxygenation depends on oxygen deliver
(DO2) as well as oxygen consumption(VO2). DO2 is a prod-
uct of cardiac output~CO! and arterial oxygen content and is
an accurate indicator of the overall oxygenation status of th
body.1,2 Regional oxygen delivery depends onDO2 and the
local vascular resistance, whileVO2 is the difference between
arterial delivery and venous return of oxygen$i.e., VO2
5COx(@aO2# –@vO2#)%. Since arterial@aO2# and venous
@vO2# oxygen contents are generally proportional to hemo-
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globin oxygen saturation,DO2 and VO2 usually correlate to
arterial(SaO2) and venous(SvO2) oxygen saturation and car
diac output. Hemodynamic monitoring ofDO2 andVO2 is a
widely accepted principle for managing various medic
emergencies, particularly circulatory dysfunction a
shock.1,3–5 Noninvasive arterial blood pressure and heart r
are considered to be poor indicators of early shock.4,6

Pulmonary artery thermodilution and Swan–Ganz ca
eterization to determine CO and pulmonary artery wed
pressure~PWP! are common invasive clinical procedures
measureDO2 andVO2 that may cause serious complication
While DO2 and VO2 are accurate indicators of the overa
oxygenation status of the body, they are not necessarily
resentative of regional tissue oxygenation. The fractional d
tribution of CO to various organs is cumbersome if not im
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Noninvasive Monitoring of Hemodynamic stress . . .
possible to determine, especially in vasculature with multiple
arterial supplies and instances of regional heterogeneity. A
noninvasive modality capable of quantifying local tissue oxy-
genation that is also sensitive to factors contributing toDO2
and VO2 is of clinical importance for monitoring tissue hy-
poxia secondary only to shock.

Several noninvasive optical techniques are currently unde
investigation, including laser Doppler imaging7 and near-
infrared~NIR! reflectance.8–11The methodology and merits of
NIR spectroscopy have been intensely examined by numerou
researchers.12–16 Substantial progress has been made during
the past decade in our ability to quantify tissue optical and
physiologic properties, largely due to the emergence of time
and frequency-domain photon migration techniques.11,17

Frequency-domain photon migration~FDPM! uses high fre-
quency~MHz–GHz! intensity modulated near-infrared light
to noninvasively quantify light absorption(ma) and reduced
scattering(ms8) parameters in tissue.ma andms8 are sensitive
to biologically important light-absorbing and -scattering mol-
ecules and structures. Intrinsic NIR absorbers in tissue ar
generally assumed to be hemoglobin@deoxy-~Hb! and oxy-
(HbO2)#, water (H2O), fat, cytochromes, and melanin.18,19

Quantitative measurements of wavelength-dependent light ab
sorption can be used to determine thein vivo concentrations
of these species. Additional parameters such as tissue bloo
volume fraction, hemoglobin oxygen saturation(StO2), and
oxygen utilization can be deduced. Note that, in this article
the term tissue oxygenation(StO2) refers to the oxygenation
of arteriovenous hemoglobin found within vessels that have
diameters ranging from capillaries to medium-size veins
arteries. AlthoughStO2 and oxygen partial pressure~tension!
are proportional, they are distinct quantities. Light scatterer
are cellular~e.g., organelles, proteins! and extracellular~e.g.,
collagen, elastin! tissue components.20,21 Measurements of
wavelength-dependent scattering properties offer insight int
the composition, density, and organization of tissue structures
Consequently, changes in wavelength-dependent scatterin
properties may accompany processes such as ischemia, nec
sis, wound healing, and malignancy.

The sensitivity of optical properties to the tissue’s func-
tional and structural components may provide a means fo
noninvasive assessment of pathophysiologic processes, su
as ischemia and hypoxia. Indeed, previous studies have show
significant changes in the tissue’s optical and physiologic
properties in response to local ischemia.17,22,23 In this pilot
study, substantial hemodynamic changes were induced in
rabbit model to investigate how changes inDO2 affect tissue
oxygenation of the limb. The aim of this study was to asses
~1! the feasibility of using FDPM spectroscopy to quantify
local tissue oxygenation and~2! the sensitivity of FDPM-
derived parameters to changes in tissue oxygenation due
perturbation inDO2.

2 Materials and Methods
Experimental setups based on hypovolemia and dobutamin
treatment were selected on the basis of clinical relevance
Hypovolemia was induced in the rabbit in order to decrease
CO, and thereby decreaseDO2. Dobutamine was adminis-
tered to increase CO andDO2. FDPM data were collected
concurrently with systemic hemodynamic parameters, specifi
s
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cally, CO, mean pulmonary artery pressure~mPAP!, arterial
saturation (SaO2), and mean systemic arterial pressu
~mSAP!. FDPM-derived physiologic properties were corr
lated to hemodynamic parameters.

2.1 Animal
Pathogen-free white New Zealand male rabbits~Myrtle Rab-
bitry Inc., Thompson Station, TN!, weighing 4.0@60.4 stan-
dard deviation~SD!# kg, were used. Animals were housed in
pathogen-free animal facility and were given a commerc
basal diet and waterad libitum. The study was approved b
the Institutional Laboratory Animal Care and Use Committe
University of California, Irvine~ARC protocol No. 97-1556!.

2.2 Procedures
Hypovolemic hemorrhagic shock was induced in six anim
~the hypovolemic group!. Dobutamine was administered t
another six animals~the dobutamine group!. The animals
were anesthetized by an intramuscular injection of
ketamine–xylazine mixture at an induction dose of 50 mg
ketamine~Ketaject, Phoenix Pharmaceutical Inc., St. Jose
MI ! and 5 mg/kg xylazine~Anased, Lloyd Laboratories
Shenandoah, IA!. Anesthesia was maintained as needed
intravenous administration of the ketamine–xylazine mixtu
at doses of 2.5–5.0 mg/kg ketamine and 0.5–1.0 mg/kg x
zine. Immediately following anesthesia induction, anima
were intubated using a size 3.0 endotracheal tube and
chanically ventilated~dual phase control respirator, mod
32A4BEPM-5R, Harvard Apparatus, Chicago, IL! at a respi-
ration rate of 32/min and a tidal volume of 50 cc at 100
inspiratory oxygen. The animals were shaved at the tho
and thighs. The chest wall was opened to expose the thor
cavity, allowing direct access to the heart and aorta. The
mals were euthanized by exsanguination immediately a
the study in accordance with federal guidelines.

2.3 Physiology Measurements
A calibrated flow transducer~T106 small animal flow meter
Transonic System, Inc., Ithaca, NY! was placed around the
ascending aorta to measure CO. A time trace of the car
flow was recorded for;10 s, and an average of the time
the flow profile was calculated to yield the mean amount
CO. The heart rate~HR! was also determined from the tim
profile of cardiac flow. To measure the pulmonary arter
pressure, a calibrated pressure transducer~TSD104A trans-
ducer and MP100 WSW System, Biopac Systems, Inc., Sa
Barbara, CA! was connected to a fluid-filled line terminate
by an 18 gauge catheter. The catheter was inserted dire
into the right ventricular chamber and advanced into the p
monary artery under continuous monitoring for the durati
of the measurement. A time trace of the pulmonary arte
pressure was recorded for 10 s. The systolic and diast
pressures corresponded to the peak and trough of the pre
profile; the mPAP was calculated digitally. Systemic arter
pressures were similarly measured, with the transdu
connected catheter inserted into the ear artery. The mSAP
recorded.

Blood was drawn from the artery of the ear for arter
blood gas chemistry. All fluid-filled lines connected to th
transducers were intermittently flushed with small volum
Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1 35
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Pham et al.
~,1/2 cc! of heparin to prevent blood clots. A pulse oximeter
probe ~Biox 3700 pulse oximeter, Ohmeda, Hurst, TX! was
placed on the forelimb to measure theSaO2 and HR. Baseline
values for all hemodynamic and noninvasive measuremen
were determined prior to induction of hypovolemia or admin-
istration of dobutamine.

2.4 Hypovolemia
An 18-gauge needle was inserted into the right atrium and
cc of hemorrhaged volume~HV! was slowly removed. Three
minutes later, hemodynamic parameters were measured aga
in conjunction with FDPM spectroscopy. The procedure was
repeated until a total HV of 60 cc~corresponding to an aver-
age of 42% of the total blood volume! was removed, except
for in one rabbit where a total volume of 120 cc was removed

2.5 Dobutamine Administration
Dobutamine doses of 30, 40, and 50mg/kg were sequentially
administered into the ear vein at a average rates of 40, 53, an
67 mg/min, respectively. One minute after each dose, the he
modynamic parameters were measured simultaneously wit
the FDPM measurements. Two trials of administration of dob-
utamine were carried out on each rabbit. The values obtaine
from the two trials were averaged.

2.6 FDPM
Theory and instrumentation of the FDPM approach to quan
tify tissue optical properties are described in detail
elsewhere.24,25 Briefly, FDPM launches sinusoidally intensity
modulated NIR light into highly scattering tissues. Light that
is sinusoidally intensity modulated at angular frequencyv
propagates in tissues as highly damped diffuse photon-densi
waves ~PDWs! with well-defined wave characteristics, spe-
cifically, the phase velocity and decay rate.26 PDW propaga-
tion depends on the bulk tissue optical properties and can b
described by a diffusion approximation for light transport in
turbid media, e.g., tissues.

Analytically derived solutions to the diffusion equation for
the semi-infinite boundary condition yield nonlinear PDW
model functions. The model functions are fit to measurement
of the frequency-dependent phase shift and amplitude atten
ation of diffusely reflected PDWs in order to explicitly calcu-
late tissuema and ms8 . Wavelength-dependent absorption is
used to determine the tissue concentration of deoxyhemoglo
bin @Hb#, oxyhemoglobin @HbO2#, @TotHb# (5@Hb#
1@HbO2#), StO25(@HbO2#/@TotHb#x100%), and water
@H2O#; throughout this article, these abbreviations refer to
values derived from FDPM measurements. The tissue conce
trations and absorption values are related through molar ex
tinction coefficients,«, by the

F m674

m798

m811

m849

m956

G53
«Hb

674 «HbO2

674 «H2O
674

«Hb
798 «HbO2

798 «H2O
798

«Hb
811 «HbO2

811 «H2O
811

«Hb
849 «HbO2

849 «H2O
849

«Hb
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Extinction coefficients for Hb,HbO2, andH2O were obtained
from published values.18 Least-squares fits were used to sol
Eq. ~1!, with the constraint that the concentration values m
be greater than zero.27

For this study, a portable broad-bandwidth FDPM inst
ment was used to quantify tissue optical properties at mult
NIR wavelengths. FDPM measurements were performed
ing a probe with a source–detector separation of 9.45 m
Both the source and detecting fibers were gently placed on
quadricep muscles to collect the FDPM data set, which c
sists of phase and amplitude data for the wavelengths at
798, 811, 849, and 956 nm. The quadricep muscles were
sen because of their large tissue mass and thus best fulfil
semi-infinite boundary condition. Each data set consists
three to four repetitive measurements. Figure 1 is a schem
of the setup used to perform FDPM and hemodynam
measurements.

2.7 Data Analysis
Baseline data from the hypovolemic~six rabbits! and dob-
utamine ~six rabbits! group were combined, i.e.
hemodynamic- and FDPM-derived data on the 12 rabb
were pooled. Mean and standard deviation~6SD! were cal-
culated from the pooled baseline values for CO, mPA
mSAP, and FDPM-derived optical and physiologic para
eters.

In order to compare data obtained from different anima
the percentages of change from baseline values were c
puted for CO, mPAP, mSAP, and FDPM-derived physiolog
concentrations. The percentages of change for CO, mP
mSAP,@Hb#, @HbO2#, @TotHb#, @StO2#, and @H2O# from the
hypovolemic group were combined. The percentages
change in the FDPM-derived physiologic parameters w
correlated to HV,DCO, andDmPAP. To quantify the extent o
association between these variables, the correlation coeffic
and the 95% confidence interval were computed. Data fr
the dobutamine-treated group were analyzed in the s
manner.

3 Results
3.1 Hemodynamic Measurements
Values of CO, mPAP, and mSAP were measured for e
incremental HV or dobutamine dose. Figures 2~a! and 2~b!
show typical time traces of the cardiac flow and pulmona
arterial pressure, respectively. HR and CO were determi
from the time trace of the cardiac flow, and mPAP was de
mined from time trace of pulmonary arterial pressure. T
mean systemic arterial pressure was recorded. Baseline va
for CO, mPAP, and mSAP from the hypovolemic- an
dobutamine-treated groups were combined and are sum
rized in Table 1.

3.2 FDPM
An example of the FDPM phase and amplitude data is sho
Figure 3~a! for 798 nm. Model functions were fit to the phas
~h, left y axis! and amplitude~l, right y axis! of the PDW to
determine the tissues’ optical properties. Model functio
~lines! fit the phase and amplitude data well and yieldedma

andms8 values. Representativema ~h, left y axis! andms8 ~l,
right y axis! of the five wavelengths are shown in Figure 3~b!.



n of
rity

Noninvasive Monitoring of Hemodynamic stress . . .
Fig. 1 Schematic showing FDPM spectroscopy in conjunction with
measurements of hemodynamic parameters. The FDPM instrument
consists of the following principal components: computer (1), network
analyzer (2), five NIR diode lasers (3) at 674, 798, 811, 849, and 956
nm, optical fiber for the light source (4) and signal detection (5)
mounted 9.45 mm apart on a probe (6), and an avalanche photodiode
(7). The probe was placed gently on the shaved area of the hind limb.
CO was measured using a calibrated flow transducer (8) placed
around the aorta. PAP and SAP were measured with pressure trans-
ducers placed, respectively, in the right ventricle and advanced into
the pulmonary artery (9) and in the artery of the ears (10). SaO2 was
initially determined from and arterial blood gas analysis and subse-
quently monitored with a pulse oximeter placed on the forelimb.
e
Also shown is a line that represents a least-squares fit to th
wavelength-dependentma values, resulting in @Hb#
525.8mM, @HbO2#549.6mM, @TotHb#575.4mM,
StO2565.8%, and @H2O#531.6 M for the specific data set
shown in Figure 3. Table 2 summarizes the baseline optica
properties of the five wavelengths used, and Table 3 summa
rizes the baseline FDPM-derived physiologic properties.
l
-

3.3 Hypovolemia
Figure 4 shows a representative example of the progressio
physiologic parameters as a function of the increasing seve

Fig. 2 (a) Example showing the time trace of the cardiac flow, col-
lected with a calibrated flow transducer placed around the aorta. The
time average of the cardiac flow is the mean cardiac output. The heart
rate is also determined from the cardiac flow time profile. (b) Time
trace of the pulmonary artery pressure. A needle, which was con-
nected to the transducer, was inserted into the right atrium in order to
measure PAP. Systolic and diastolic PAP correspond to the peak and
trough, respectively. An average of the systolic and diastolic PAP gives
the mean PAP.

Table 1 Mean and standard deviation of CO, mPAP, and mSAP.

Physiologic parameters Mean6SDa

CO 394661 mL/min

mPAP 1263 mm Hg

mSAP 80613 mm Hg

a Calculated from baseline data in hypovolemic and dobutamine groups, n
512.
Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1 37
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Fig. 3 (a) Example of FDPM phase (h, left y axis) and amplitude (l,
right y axis) data at 798 nm collected from the tissues of the rabbit’s
hind limb. Model functions are fit to FDPM phase and amplitude data
to extract tissue ma and ms8 . Lines represent results of fitting the model
functions to the data. (b) Representative tissue ma (h, left y axis) and
ms8 (l, right y axis) for the five wavelengths. The ma and ms8 for each
wavelength were extracted from the FDPM phase and amplitude at
that wavelength. A constraint-imposed least-squares solution to Eq. (1)
is obtained for the wavelength-dependent ma data in order to calcu-
late [Hb], @HbO2#, and @H2O#. The solid line through the ma data
represents the least-squares fits.
of hypovolemia. In Figure 4~a!, CO ~l, left y axis! and mPAP
~h, right y axis! started to decrease when as little as 10 mL
~;7% total blood volume! of blood was removed, while
mSAP~j, right y axis! remained relatively constant until the
HV reached;30 mL ~;21% of the total blood volume!. Fig-
ure 4~b! is a plot of FDPM-derived concentrations for Hb~h,
left y axis!, HbO2 ~j, left y axis!, andH2O ~l, right y axis!
versus HV. Figure 4~c! is a plot of TotHb~h, left y axis! and
mixed StO2 saturation~l, right y axis! versus HV. As was
observed with CO and mPAP values,@HbO2#, @TotHb#, and
StO2 significantly decrease when as little as 10–15 mL of
blood is removed. Interestingly,@Hb# and @H2O# remained
relatively constant even when the hemorrhage volume
reached 60 mL~;42% of the total blood volume!.

For each animal in the hypovolemic group, we calculated
the percentages of change from the baseline values for th
38 Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1
e

hemodynamic- and FDPM-derived physiologic parameters
response to blood loss. The percentage of change data o
animals in the hypovolemic group were combined. To asc
tain that acute hemorrhaging decreased mPAP and CO
determined the correlation coefficients forDmPAP vs HV and
DCO vs HV. Correlation coefficients of20.76 and20.82
were obtained forDmPAP vs HV and forDCO vs HV, respec-
tively. The mean PAP and CO decreased by as much as
and 80%, respectively, in response to blood loss of 60
Correlations betweenD@TotHb# vs HV, D@TotHb# vs DmPAP,
andD@TotHb# vs DCO are shown for the hemorrhaged grou
in Figures 5~a!–5~c!, respectively.D@TotHb# is seen to be cor-
related with HV,DmPAP, andDCO, resulting in correlation
coefficients of20.77, 0.68, and 0.70, respectively. Furthe
more, the@TotHb# measured decreased approximately 10%
response to 60 mL of blood loss, while mPAP decreased 5
and CO decreased 80%.

Figures 6~a!–6~c! illustrate the relationship of changes i
tissue hemoglobin oxygen saturation(DStO2) and HV,
DmPAP, andDCO, respectively. As shown Figure 6,DStO2
varies with each, resulting in correlation coefficients
20.71, 0.55, and 0.61, respectively. As indicated by
smaller magnitude of the correlation coefficients, the asso
tion among HV,DmPAP, andDCO vsDStO2 is less dramatic
than these parameters versus@TotHb#. Table 4 summarizes the

Table 2 Mean and standard deviation of FDPM-measured tissue op-
tical properties.

Wavelength
(nm)

ma
mean6SDa

(mm−1)

ms8
mean6SDa

(mm−1)

674 0.019460.0012 1.0060.12

798 0.014860.0009 0.8660.09

811 0.014660.0011 0.7760.05

849 0.018660.0011 0.7160.06

956 0.038360.0012 0.5760.07

a Calculated from baseline data pooled from hypovolemic and dobutamine-
treated groups, n5158.

Table 3 Mean and standard deviation of FDPM-derived physiologic
properties.

FDPM-derived physiologic properties Mean6SDa

[Hb] 24.361.6 mM

@HbO2# 44.964.4 mM

[TotHb] 69.265.9 mM

StO2 64.8%65.3%

@H2O# 30.262.2 M

a Calculated using baseline data pooled from both the hypovolemia and
dobutamine-treated groups, n5177.
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Fig. 4 Representative data for the dependence of physiologic as well
as FDPM-derived parameters on the hemorrhaged volume. Data
points represent mean values and error bars are standard deviations.
(a) CO (l, left y axis), mPAP (h, right y axis), and mSAP (j, right y
axis) are plotted vs HV. CO and mPAP start to decrease when as little
as 10 mL of blood is lost, while mSAP remains constant until the
blood loss exceeds 30 mL. (b) FDPM-derived tissue concentrations vs
HV: Hb (h, left y axis), HbO2 (j, left y axis), and @H2O# (l, right y
axis). @HbO2# decreases with the hemorrhaged volume, while [Hb]
and @H2O# remain relatively constant. (c) [TotHb] (h, left y axis) and
mixed StO2 (l, right y axis) plotted as a function of HV. [TotHb] and
StO2 decrease in response to blood loss of as little as 10 mL.
Fig. 5 FDPM-derived D[TotHb] vs (a) HV, (b) DmPAP, and (c) DCO.
Correlation coefficient (r) and 95% confidence intervals for the data
are shown in (a)–(c). All data from animals in the hypovolemic group
are combined.
Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1 39
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Pham et al.
Fig. 6 FDPM-derived DStO2 vs (a) HV, (b) DmPAP, and (c) DCO. Cor-
relation coefficient (r) and 95% confidence intervals for the data are
shown in (a)–(c). All data from animals in the hypovolemic group are
combined.
40 Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1
correlation coefficients and 95% confidence interval for t
associations ofD@TotHb# and DStO2 vs HV, DmPAP, and
DCO.

3.4 Dobutamine
Dobutamine increased the CO and mPAP in a dose depen
manner as shown in Figure 7~a!. Cardiac output increased b
;16% and;32% in response to dobutamine doses of 30 a
40–50mg/kg, respectively. Likewise, dobutamine doses of
and 40–50mg/kg increased mPAP;25% and;35%, respec-
tively. Figure 7~b! shows the mean changes in@TotHb# and
StO2 in response to administration of dobutamine. T
@TotHb# measured increased;2% and;2.5% in response to
dobutamine doses of 30 and 40–50mg/kg, respectively, while
StO2 increased;0.5% for doses between 30 and 50mg/kg.
The percentages of change in@TotHb# and StO2 were com-
pared to the dobutamine-mediated increase in CO and mP
Figures 8~a! and 8~b! showD@TotHb# vs DCO andDStO2 vs
DCO, respectively. A correlation coefficient of 0.70 was o
served forD@TotHb# vs DCO. As shown in Figure 8@TotHb#
increased approximately 4% in response to a 50% increas
CO. This rate is slightly less than but comparable to the p
centages of change in@TotHb# in response to a hypovolemia
mediated decrease in CO, where@TotHb# decreased;6% in
response to a decrease of 50% in CO. The correlation betw
DStO2 vs DCO yielded a considerably smaller value of 0.4
Mixed StO2 increased by less than 1% in response to
dobutamine-mediated increase of 50% in CO. This is con
erably less than the changes inStO2 due to the hypovolemia-
mediated decrease in CO, whereStO2 decreased;4% in re-
sponse to a 50% decrease in CO. The correlation coeffici
for D@TotHb# vs DmPAP or forDStO2 vs DmPAP were 0.30
and 0.17, respectively. Table 5 summarizes the correlation
efficients and 95% confidence intervals for statistically s
nificant associations in the dobutamine study.

4 Discussion and Conclusion
Acute hypovolemia is the leading cause of shock.6,28 Early
identification of impending tissue hypoxia accompanied
rapid intervention constitutes the most effective way in whi
to prevent organ failure.29,30 Presently, the recommende
strategy for identifying hypovolemic shock is to assess
clinical signs and symptoms, central blood volume, card
output, arterial blood chemistry, and systemic blo
pressure.3,31 Pulmonary wedge pressure~PWP! has been
shown to be a sensitive and accurate indicator of central bl
volume;32 low PWP means that the preload volume is insu
ficient to maintain adequate cardiac output. However, m
surements of PWP necessitate invasive monitoring dev
that include placing a balloon catheter through the right v
tricle into the pulmonary artery. Some of the potential co
plications of PWP measurements include infection, the r
ture of veins, embolisms, and pneumothorax.33,34 Pulmonary
artery thermodilution catheterization is the most commo
accepted method for measuring CO in a clinical setting.35–37

Like PWP measurements, the procedure is invasive. Dop
ultrasound is a noninvasive alternative for measuring card
output.38 However, Doppler ultrasound is less accurate th
invasive procedures, it cannot be accurately obtained in m
cases, it requires a highly experienced operator, and it ca
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Table 4 Summary of the statistically significant correlations between DmPAP and DCO versus HV as
well as correlation among D[TotHb] and DStO2 vs HV, DmPAP, and DCO during hypovolemia.

Parameters to be correlated
Correlation coefficient

r a
95% confidence interval
(lower limit, upper limit)a

DmPAP (%) vs HV (mL) −0.76 (−0.84, −0.63)

DCO (%) vs HV (mL) −0.82 (−0.88, −0.72)

DTotHb (%) vs. HV (mL) −0.77 (−0.85, −0.65)

DTotHb (%) vs DmPAP (%) 0.68 (0.53, 0.79)

DTotHb (%) vs DCO (%) 0.70 (0.56, 0.81)

DStO2 (%) vs HV (mL) −0.71 (−0.81, −0.57)

DStO2 (%) vs DmPAP (%) 0.55 (0.36, 0.70)

DStO2 (%) vs DCO (%) 0.61 (0.44, 0.74)

a All data from the hypovolemic group were combined, n568 data points.
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be used for continuous monitoring.39 Near real-time magnetic
resonance imaging is potentially an ideal modality by which
to quantify cardiac output as well as to assess anatomica
features of the heart. Presently, the use of magnetic resonan
imaging for cardiac output measurements is expensive, and
not practical for unstable patients or for frequent serial asses
ments.

Systemic blood pressure and arterial hemoglobin oxyge
saturation(SaO2) are noninvasive measurements, but are no
sensitive indicators of tissue perfusion and oxygenation. Re
flex mechanisms, such as systemic vasoconstriction and in
creased cardiac output can maintain nearly constant bloo
pressure when faced with severe hypovolemia. Thus, bloo
pressure decompensation often indicates that shock has pr
gressed or advanced to irreversible stages of organ damag3

BecauseSaO2 represents the oxygenation state of arterial
blood, it is an indicator of the oxygen exchange processes o
the lung, not of the oxygenation status of local tissues nor a
measure of the delivery of oxygen to tissues. Although the
product ofSaO2 and CO is a good indicator of the delivery of
whole body oxygen, it is only an indirect measure of local
tissue oxygenation because regional levels depend on theO2
distribution as well as utilization. In fact, many of the current
physiologic measures~CO, PWP,SaO2, etc.! primarily indi-
cate the perfusion and oxygenation status of the whole bod
These whole body hemodynamic parameters may poorly rep
resent delivery of oxygen and utilization of certain organs.40,41

Percutaneous oxygen electrodes measure tissue oxygenat
in the local milieu of the sensor.42 However, electrode-based
measurements often reflect the oxygenation status of super
cial tissues, they are locally invasive, and they are unreliabl
in vivo for a variety of reasons. Consequently, a noninvasive
method that assesses the local tissue oxygen status and, at
same time, correlates to standard hemodynamic parameters
of great clinical interest.4,29,43

FDPM-derived physiologic properties@TotHb# and StO2
are direct indicators of the status of local tissue oxygenation
@TotHb# represents hemoglobin in the arteries, capillaries, an
veins of tissues at the measurement site. Likewise,StO2 quan-
l
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.
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Fig. 7 Changes in hemodynamic- and FDPM-derived physiologic pa-
rameters in response to dobutamine: (a) DCO and DmPAP vs the dob-
utamine dose. (b) D[TotHb] and DStO2 vs the dobutamine dose. All
parameters, except for DStO2, show dose-dependent responses. All
data from animals in the dobutamine-treated group are combined.
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Fig. 8 FDPM-derived D[TotHb] and DStO2 vs the dobutamine-
mediated increase in CO: (a) D[TotHb] vs DCO and (b) DStO2 vs DCO.
Correlation coefficient (r) and 95% confidence intervals for the data
are shown in (a) and (b). All data from animals in the dobutamine-
treated group are combined.
ob-

mic
tifies the mixed arterial-venous oxygen saturation of local tis-
sues.@TotHb# andStO2 values depend not only on the deliv-
ery of oxygen but also on utilization of local tissue oxygen.
@TotHb# decreases in proportion to a reduction in delivery
42 Journal of Biomedical Optics d January 2002 d Vol. 7 No. 1
(DO2) of regional oxygen. Vasoconstriction and decreas
hematocrit are likely to accompany the lowering of@TotHb#.
Mixed tissue saturation, i.e.,StO2, decreases when the utili
zation of oxygen exceeds delivery. In fact, FDPM-deriv
@TotHb# andStO2 have experimentally been shown to be se
sitive to changes in tissue perfusion and oxygenation.17,25,44

Moreover,@TotHb# andStO2 may also be sensitive to pertu
bations in CO, PWP, andSaO2, since these parameters clear
affect local tissue oxygenation.

The measurements of CO and mPAP during administra
of dobutamine were consistent with the known pharmacolo
cal effects of dobutamine on the circulatory system. Do
utamine increases cardiac output and elevates pulmonar
tery pressure.45,46 Our results show that dobutamine increas
CO and mPAP in a dose-dependent manner~Figure 7!. Analy-
sis of the dobutamine data indicates that FDPM-deriv
@TotHb# andStO2 are statistically correlated with dobutamine
mediated changes in CO. The dobutamine-mediated cha
in CO are comparable to the sensitivity of@TotHb# to
hypovolemia-mediated changes in CO. Interestingly, the s
sitivity of DStO2 to dobutamine-mediatedDCO was consid-
erably lower than its sensitivity to hypovolemia-induce
DCO. Specifically,StO2 increased 1% per 50% increase
dobutamine-mediatedDCO, while StO2 decreased 4% in re
sponse to a 50% decrease in hypovolemia-mediatedDCO. A
plausible explanation may be that hypovolemia causes inte
stress not found in the administration of dobutamine. Fi
hypovolemia caused systemic vasoconstriction and car
output may be preferentially shunted away from the region
the skin to the vital organs, thereby exaggerating the decre
of StO2 in the periphery. Second, tissues may enter hyperc
bolic states in response to ischemia, leading to maximal
traction of oxygen from arterial and venous blood as well
causing acidosis. Both factors contribute to the heighte
StO2 sensitivity to CO perturbation observed during hyp
volemic shock. In the case of the administration of do
utamine the delivery of oxygen exceeds the demand. The
cess oxygen contributes to an increase inStO2, but the tissues’
oxygen saturation clearly does not change to the degree
served in hypovolemia.

FDPM technology is capable of separately measuringma

andms8 . So far, little is known about the effect~s! of perfusion
changes on tissuems8 . In this study, tissuems8 did not show
statistically significant changes in response to hemodyna
Table 5 Summary of the statistically significant correlations among dose, D[TotHb], and DStO2 vs DCO
and DmPAP during administration of dobutamine.

Parameters to be correlated
Correlation coefficient

ra
95% confidence interval
(lower limit, upper limit)a

DCO (%) vs dose (mg/kg) 0.74 (0.44, 0.89)

DmPAP (%) vs dose (mg/kg) 0.56 (0.16, 0.80)

DTotHb (%) vs DCO (%) 0.70 (0.38, 0.87)

DStO2 (%) vs DCO (%) 0.42 (−0.02, 0.73)

a All data from the dobutamine-treated group were combined, n520 data points.
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Noninvasive Monitoring of Hemodynamic stress . . .
manipulations. This observation is consistent with the fact tha
FDPM measurements were performed during the acute pha
of tissue ischemia. Becausems8 depends mainly on the tissues’
structural milieu,20,21 it may be sensitive to long-term patho-
physiologic processes that alter tissue architecture, includin
cellular swelling, reperfusion injury, tissue necrosis, and
wound healing. These processes do not occur during acu
hypovolemia, which may explain whyms8 was unperturbed
following acute hemorrhaging or administration of dob-
utamine.

In summary, the results from this pilot study using a rabbit
model indicate that the quantitative, FDPM-derived@TotHb#
andStO2 values statistically correlate with blood loss as well
as to hypovolemia- and dobutamine-mediated perturbations i
CO and mPAP. Significant is the fact that@TotHb# and StO2
are responsive to~1! blood loss of as little as;7% and~2!
changes in mPAP and CO of as little as 15%. These result
suggest that@TotHb# andStO2 may be used to noninvasively
identify impending hypovolemic shock and to monitor the
efficacy of therapeutic interventions, such as restoration of th
blood volume and administration of dobutamine. Although we
have specifically addressed hypovolemic shock in this study
noninvasive FDPM spectroscopy may also be useful for othe
clinical manifestations associated with tissue hypoxia, such a
peripheral vascular disease47 and septic or cardiogenic shock.
FDPM technology warrants further investigation in surgical
and critical care settings where quantitative, dynamic moni
toring of local tissue oxygenation would be of vital clinical
importance.
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