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Abstract. Optical monitoring of various tissue physiological and bio-
chemical parameters in real-time represents a significant new ap-
proach and a tool for better clinical diagnosis. The Tissue Spectro-
scope (TiSpec), developed and applied in experimental and clinical
situations, is the first medical device that enables the real-time moni-
toring of three parameters representing the vitality of the tissue. Tissue
vitality, which is correlated to the oxygen balance in the tissue, is
defined as the ratio between O, supply and O, demand. The TiSpec
enables the monitoring of microcirculatory blood flow (O, supply),
mitochondrial NADH redox state (O, balance), and tissue reflec-
tance, which correlates to blood volume. We describe in detail the
theoretical basis for the monitoring of the three parameters and the
technological aspects of the TiSpec. The comparison between the
TiSpec and the existing single parameter monitoring instruments
shows a statistically significant correlation as evaluated in vitro as well

as in various in vivo animal models. The results presented originated
in a pilot study performed in vivo in experimental animals. Further
research is needed to apply this technology clinically. The clinical
applications of the TiSpec include two situations where the knowl-
edge of tissue vitality can improve clinical practice. The major appli-
cation is the monitoring of “nonvital” organs of the body [i.e., the
skin, gastrointestinal (G-I) tract, urethra] in emergency situations, such
as in the operating rooms and intensive care units. Also, the monitor-
ing of specific (vital) organs, such as the brain or the heart, during
surgical procedure is of practical importance. © 2004 Society of Photo-
Optical Instrumentation Engineers. [DOIl: 10.1117/1.1780543]
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1 Introduction cating tissue perfusion and mitochondrial function is neces-
sary for the improvement of patient outcome.

Presently, monitoring of mitochondrial function by moni-
toring NADH fluorescencen vivo has not been possible in
clinical practice due to the absence of a Food and Drug Ad-
ministration (FDA) approved device. The main aim of the
present publication is the introduction of a new device—the
Tissue Spectroscope—whereby tissue perfusion and mito-
chondrial function are monitored in real-time. Before going
into details, a short introduction to tissue energy metabolism

The monitoring of tissue or organ vitality in real time is a
critical factor in the process of surgery as well as in preopera-
tive and intensive care unit management.

Currently, the main monitoring devices available for clini-
cal use are aiming to provide hemodynamic and respiratory
parameter$. Local monitoring of tissue parameters is very
rare or absent in clinical routine, and most of the monitoring
effort has been made in animal experiments. The multiple
organ dysfunction syndrome accounts for most deaths in the, | pe given.
intensive care unit,and inadequate tissue perfusion and oxy- Note that in this paper, we examine several pathophysi-
genation are likely to contribute to the development of organ qggical conditions, defined as follows:
failures. Also, Fink claims that “several lines of evidence
indicate that cellular energetics are deranged in sepsis, not by 1. Ischemia is a decrease in blood supply to the tissue due
inadequate tissue perfusion but rather by impaired mitochon- to obstruction or constriction of a blood vessel.
drial respiration.” Therefore monitoring of parameters indi- 2. Hypoxia is a decrease in the level of oxygen in the
breathing mixture to which the animal is exposed.
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Fig. 1 Schematic representation of the way cells are able to do work.
The blood supply is the source for the substrate and O, , providing the
energy needs of the tissue. There exists a tissue oxygen balance,
which can be defined as a ratio between the oxygen supply and de-
mand. Every tissue may utilize the energy for various types of activity
(the demand). Most of the ATP is synthesized in the mitochondria in
oxidative phosphorylation.

Tissue spectroscope: a new in vivo approach . . .

The Tissue Spectrosco&Sped monitors the parameters
related to oxyger(energy supply and oxygerienergy de-
mand.

1. Oxygenated blood availability represents the supply as-
pect and its measurement relies on the specific optical
properties of static and moving blood cells.

2. On the part of demand, the spectroscopic properties of
the respiratory chain components, unique to their redox
status, are used as internal markers of the state of oxi-
dative phosphorylation.

The intracellular concentration of mitochondrial NADH
(the reduced formis a parameter related to the tissue’s state
of energy metabolism. Energy exchange depends@n(par-
tial oxygen pressupelnformation regardinggO, in the tissue,
therefore, is helpful for the evaluation of the tissue metabolic
activity. The need for an intracellulgpO, indicator, as a
physiological and biochemical parameter of living tissue, has
emerged more than 50 yr ago. Mitochondria are the intracel-

lular organelles that consume most of the oxygen. Therefore,
L S the redox state of electron carriers in isolated mitochondria as
3. Anoxia is a reduction in the level of oxygen to 0% by 5 fynction of oxygen concentration has been extensively stud-
exposing the animal to 100%,. ied (for a review see Ref.)3 Chance concluded that “For a
4. Hypoxemia is a decrease in the amount of oxygen in the system at equilibrium, NADH is at the extreme low potential
arterial blood. end of the chain, and this may be the oxygen indicator of
choice in mitochondria and tissue as well.”
1.1 Tissue Energy Metabolism In excitable tissues, such as brain or muscle tissue, as well
The functional capacity of a tissue is related to its ability to as in other cells, the activity of Na-K-ATPase is very sensitive
perform its work. It is possible to assess this ability through to alterations in ionic homeostasis. An increase in extracellu-
the knowledge of changes in the oxygen balance, i.e. the ratiolar potassium ion concentratiofiK "], will stimulate pump-
of oxygen supply to oxygen demand in the tissue. ing activity in order to bring the extracellul@ik *] back to
Let us first briefly describe how cells are able to do work normal levels(i.e., 3-mM rangg The activation of Na-K-
(Fig. 1). Healthy tissue cells perform various types of work, ATPase will increase the hydrolysis of ATP and thus the mi-
such as muscle contraction, secretion, the nervous system actochondria will phosphorylate the ADP molecules that are re-
tivity, and the synthesis of cell constituents. The energy leased. The accelerated activity of the mitochondria will be
needed to perform these types of work is derived from the accompanied by a more oxidized state of the respiratory chain
degradation of foodstuffs, primarily through biological oxida- components, as well as by an increase in oxygen consump-
tion reactions, mediated by a respiratory chain comprised of tion.
several complex enzyme systems, in which oxygen is the ul-  To deliver more oxygen to the cells, blood flow and blood
timate electron acceptor. The electron transf@rsidations/ volume will be increased, and thus the extra oxygen needed
reduction$ down the respiratory chain result in the production by the tissue will be provided. This coupling between energy
of energy-rich pyrophosphate bonds of adenosine tri- consumption and energy production is maintained as long as
phosphatgATP). Concomitantly with the electron transport, the O, supply is well regulated.
the respiratory chain components switch between reduced and Under conditions where the oxygen supply or delivery is
oxidized states, each of which has different spectroscopic limited, e.g., after a stroke or heart attack, the energy supplier,
properties. Hydrolysis of the pyrophosphate bonds provides i.e., the mitochondria, will not be able to produce the amount
the energy necessary for the cell’'s work. of ATP needed. As a result, energy-demanding processes will
The formation of the pyrophosphate bonds depends on thebe restricted. The net effect of the imbalance between energy
sufficiency of sugar and oxygen supply to the tissue by the demand and supply will be manifested by a decrease in the
blood stream. Without the sufficient supply, cells cannot func- tissue’s ability to do work. This can lead to the development
tion properly and can, ultimately, die. Since most of the en- of various pathological deviations.
ergy consumed by tissues is dependent on the availability of
oxygen, the terms “energy” and “oxygen” are used here syn-
onymously. ] o ] o
In a normal healthy tissue, the ratio—or balance—between 1.2 Real-Time Monitoring of Tissue Vitality
oxygen supply and oxygen demand is positive and reflects theThe monitoring of various tissue parameters is among the
cell's functional capacity to do work. That is, the supply tools employed by clinicians to improve diagnosis. The major

mechanismoxygenated blood circulatignis able to provide
the amount ofO, needed for the demand mechanistA$P
production for various types of work

techniques developed for real-time analysis of tissue vitality
are shown in Fig. 2. Their classification is based on the extent
of the technology/probe invasiveness in the tested tissue.
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Real Time Monitoring of Tissue Metabolic Activity and Vitality in Medical Practice
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Fig. 2 Various techniques for real-time monitoring of tissue vitality currently available for clinical studies, classified according to their level of
invasiveness (see text for details).

1.2.1  Noninvasive techniques (for instance, during a surgical procedumay be also af-

To evaluate the tissue hemodynamic and metabolic activity fécted by the surrounding atmosphere.
non-invasively and in real time, laser Doppler flowmetry Saturation of hemoglobin
(LDF) can be utilized. LDF provides information correlated to .g _ o
tissue microcirculatory blood flo# (TBF). Another noninva-  In order to determine the level of hemoglobin oxygenation in
sive approach is the use of a pulse oximeter that provides the circulating blood, a methodology was developed based on
continuous data on hemoglobin saturation in the arteries of the absorption spectra of oxy and deoxy hemogldbin.

the monitored areée.g., a fingertip The development of the Another approach, described by Rampil et'3lis based
near-IR techno|ogy has Opened up the pOSSibilitieS of moni- on two narrow WaVeIength windows that are used in a time-
toring the saturation of hemoglobin and even the oxidation- Sharing reflectometer device. By this technique, only relative
reduction state of the mitochondfia® oxygenation values are monitored.

Mitochondrial NADH redox state

The conceptual foundations for mitochondrial NADH fluo-
Our definition of this approach is that the monitoring probe rometry were establishétland published in the early 1950s.
has to be in contact with the examined tissue. This group of
techniques includes the following four devices, as shown in
Fig. 2.

1.2.2  Minimally invasive techniques

1.2.3 Invasive techniques

According to our definition, this group of techniques involves
Tissue blood flow (TBF) penetration of the monitoring probe into the tissue. The main
To evaluate microcirculatory blood flow, at least two ap- disadvantage of this approach is the damage to the integrity of
proaches have been developed and clinically applied. Heatthe monitored tissue. After the probe penetration, a new mi-
clearance is the oldest one and requires heating of the sample@roenvironment is developed in the monitored area, and one
tissue to measure the heat clearance thereafter. The advantag@ust take this point into consideratioh.
of this technology is the ability to calibrate the flow in abso-
lute units. However, the heating procedure is the main disad-
vantage of this approach. The predominant technology em-
ployed for monitoring the microcirculatory blood flow is LDF,
which enables continuous monitoring without the need for

1.3 Aims of This Study
The aims of this study can be summarized as follows.

1. We aim to describe the scientific and technological

tissue preheating. Its main drawback, according to most users,
is that relative values are obtained instead of absolute
values®1?

Oxygen partial pressure (pO,)

Oxygen sensitive electrodes have been used since the early
sixties and even earlier, in various vitro as well asin vivo
situations. Recently, continual monitoring of brgi®, has
been implemented and a large number of clinical reports have
been publishedt Monitoring of pO, from the tissue surface

1030

principles of the “TiSpec” whereby microcirculatory
blood flow, tissue reflectance, and mitochondrial
NADH redox state are measured by means of a single
light source.

2. We intend to review the typical published papers on the
monitored parameters under vitro andin vivo condi-
tions.

3. Since the TiSpec provides information on three differ-
ent physiological and biochemical parameters, it was
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Fig. 3 lllustration of the experimental principles of the TiSpec simultaneous monitoring of TBF, tissue reflectance, and mitochondrial NADH redox

status using the same light source and the same optic fibers.

necessary to compare it to various existing instruments,
therefore this aim was divided to three stages, as fol-
lows.

a. We aim to demonstrate the ability to measure NADH
fluorescence signal comparable to a clinical fluo-
rometer, by comparing measurements of aqueous
NADH solutions at various concentrations by the
TiSpec versus th¥ictor? 1420 Fluorometer.

. We intend to demonstrate the correlation between
the TiSpec and th&/ictor? 1420 Fluorometer with
respect to NADH fluorescence measurements in so-
lution.

We compare, in a short pilot study, the signals moni-
toredin vivo by the TiSpec to those of standaird
vivo monitoring devices by which tissue blood flow,
NADH fluorescence, and reflectance are measured.

2 TiSpec
2.1 Principles of Monitoring

The TiSpec is an innovative monitoring device, developed by
a commercial company, Vital-Medical Ltd., based on exten-
sive longterm studies conducted by A. Mayevsky over the
past 30 yr. It monitors continuous, real-time parameters that
provide information related to the tissue’s ability to perform
its work. The principles of the TiSpec measurements, and
their relation to the tissue’s ability to perform its function are
as follows.

The TiSpec uses a single light source to illuminate the
tissue with UV excitation light, and detects light that is sub-
sequently emitted from that tissileig. 3). Light is conducted
to and collected from the tissue by flexible optical fibers,
combined in a single probe. The light emitted from the tissue
contains three different components analyzed by the TiSpec:

1. Doppler-shifted light at the wavelengths very close to
the excitation wavelengtfThis light is scattered by the
moving red blood cells inside small blood vessels
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(small arterioles, venules, and capillajie€hanges in
this component are correlated with changes in the mi-
crocirculatory TBF.

. Fluorescence light (420480 nm) emitted from excited
intracellular NADH moleculesChanges in the fluores-
cent signal intensity are correlated with changes in the
intramitochondrial NADH redox staté-lu).

. Reflected ligh{R) at exactly the same wavelength as
the excitation light This is also known as total back-
scatter light. Changes iR are correlated mainly with
blood volume changes in the tisstid>~

Changes in TBF, blood volume, and NADH redox state
bring about changes in the emitted light signals. The prin-
ciples and significance of the three different monitored param-
eters are described in the following.

2.1.1 TBF

The principle behind monitoring TBF by LDF is that coherent
light from a laser source is delivered to the tissue under in-
vestigation by optical fibers. Photons that enter biological tis-
sue undergo random scattering both by stationary tissue and
by moving blood cells. Light that was scattered by moving
blood cells undergoes a frequency shift due to the Doppler
effect. A portion of scattered photons, both Doppler shifted
and unshifted, is collected by the optic fibers and transferred
to the detector. The Doppler-shifted light is superimposed
with unshifted light on the photodetector. The photodetector
produces dc levels related to the total back-scattered (gt
later in the paper while the ac ripple originates from the
Doppler signaf? To deduce the blood cell flux from the
power spectra, Bonner and NosSgproposed an algorithm
based on the theoretical model of Doppler scattering.
Continuous real-time monitoring of TBF became possible
after the development of the helium-ne@de-Ng laser in
1961 by Javan et &f. Following a few years of fluid flow
measurements, the laser-Doppler velocimetefLDV) was
developed for blood flow measuremefftét the early stage,
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the LDV was used for single vessel monitoring, and only in [ Mitochondria In-Vitre~ Intact Brain or Tissue In-Vivo
1974 was Stern able to suggest the application of LDV for  gorsirime [napalsae] Metabohcstate ’
tissue measuremefit?® The main steps in the development of Rate | Swstance| o | #

22— [Deat——jn.
<

Q _{Anaesthesial—
I'—Hypnxia Hyperoxia—s2

the laser-Doppler blood flowmetry were described 0 |Oxygem |~100| 5
previously?%2930

A wide range of tissues were testé@t?2232831-3%y | DF.
Usually, the changes in TBF are calculated as percent change
as compared to a control level, defined as 100% of TBF. The — D
LDF signal after death in animal studies is defined as 0% «—Hyperoxia__ Hypoxia—>
TBF. In many animal studie¥; % as well as in the human Fast | Rep- | 533
brain3"-*the output of the Doppler analyzer was very close to 2ah
0%. These definitions enable the calculation of relative Sow |swstrate| ~0 | 2 | C Min.
changes between 0 and 100% TBF, and above, where the

0-mV value of the TBF analyzer was referenced as the 0%
TBF. * According to Chance & Williams 1955

Slow ADP 99 | 4

Fig. 4 Schematic representation of tissue blood flow and NADH re-

2.1.2  Mitochondrial NADH fluorescence dox state in vivo responses to various pe.rturbatlons, and the metaboll.c
states of isolated mitochondria as defined under controlled condi-

Only the reduced form oNAD™, i.e., NADH, absorbs UV tions. In most perturbations, there is a negative correlation between
light at almost the entire UVA spectrum ar€l5 to 400 nmy blood flow and NADH redox state.
and fluoresces at 420 to 480 nm. A small part of the excitation
light delivered to the tissue by the excitation optic fiber will
be absorbed and reemitted as fluorescence by NADH. Thein cell suspensioff**® in tissue slice4®*” in perfused
total number ofNAD* and NADH molecules in a cell is  organs'® and undeiin vivo monitoring?-49-51
constant, and any decrease in NADH will be accompanied by  The conceptual foundations for tissue mitochondrial
an increase ilNAD*. Therefore, any change in the redox NADH fluorometry were establish&tin the early 1950s.
status of NAD"/NADH will be reflected in the intensity of  These defined various metabolic states of activity or restifor
the emitted fluorescence, while the more reduced statevitro mitochondria. These metabolic states depend on the
(NADH) shows more intense fluorescence than the oxidized availability of oxygen, substrate and phosphate acceptor
state(NAD ™). The reduced states, i.e., having higher NADH (ADP), and are associated with different redox states of
concentrations, have greater fluorescence intensities. NAD */NADH.

The redox state of NADH, and hence the fluorescence, During the past four decades, NADH fluorometry tech-
depends on the availability of oxygen as well as on the rate of niques have been developed, improved and applied /o
ATP turnover(ADP availability. When ATP consumption is  measurements in various organs. The principlesnofivo
constant, a decrease in intracellu@y shifts the redox poten- ~ NADH monitoring are identical to thén vitro monitoring,

tial to a more reduced state, thus increasihADH] and though the interpretation of the results is different. As shown
fluorescence intensity. When k& level is 0,[NADH] accu- in Fig. 4, thein vivo NADH dynamic range is from minimum
mulates to its maximal level. On the other hand, whéx] is (corresponding to thén vitro state 2 to maximum (corre-
not a limiting factor, any increase in ATP turnoveADP sponding to then vitro state 5, and it changes in a continu-

availability) induces a shift in the mitochondrial NADH redox  ous manner rather than discretely between defined states. The
potential to a more oxidized state, thus decreasing the fluores-brain is given as am vivo example due to the relatively large
cence signal intensity. Due to the dual dependence of theamount of published material, yet the same scaling could be
NADH redox state orD, availability and ATP turnover, the  presented for other organs.
cause for a change in fluorescent signal is not unambiguous. The awake brain is situated in the middle of the NADH
However, combined with the information provided by TBF range, i.e., between states 4 and 3. Any increase in the level of
monitoring, a more accurate interpretation of the fluorescence NADH indicates that the mitochondria are proceeding toward
changes can be accomplished. state 4 or 5. Activation of the brain results in a decrease in
There are two types of pyridine nucleotid@Nsg, NAD* NADH and a shift toward state 3. In Fig. 4, selected metabolic
and NADP* (until 1964 these were called DPN and TPN, conditions of the brain are shown covering the entire range of
respectively. The spectroscopic as well as the fluoroscopic NADH responses.
properties of the PN are being usediinvitro assays as well The responses of mitochondrial NADH to metabolic per-
as for determination of intact cell energy metabolism. Very turbations have been studied in the brain as well as in other
recently, Libbers, a world leader in tissue metabolism re- body organ$? Jobsis and his group correlated the NADH
search, concluded, “The most important intrinsic lumines- fluorescence changes with the activation state of the brain and
cence indicator is NADH, an enzyme of which the reaction is showed that convulsive activit§ direct cortical stimulatiort®
connected with tissue respiration and energy metaboliétn.” or spreading depressithproduced transient oxidation of
There is a general agreement on the characteristics of theNADH which was interpreted as a state 4-3-4 transition.
spectra and their biochemical significance when measiared In 1975, the same group of investigators also introduced
vivo andin vitro. The absorption and fluorescence spectra of the measurement of cytochrorae a3 (by reflectance spec-
NADH (the reduced forctnhave been well characterized at trophotometry to study the brairn situ, in various functional
different levels of organizational complexity: in solutith;*® conditions®®°~°" Chance et ai. have shown in detail that
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NADH is the most oxygen sensitive component of the respi- 2.1.4 Relationship between mitochondrial function
ratory chain, and therefore is best to serve as an indicator of and tissue microcirculatory blood flow

intracellularO, concentration and mitochondrial activity. The mitochondrial metabolic state, in the concept of Chance

In 1972, the use of optical fibers in surface fluorometry 4,4 \wjilliams! can be related to tissue blood flow and NADH
was introduced, replacing the old “rigid” optical systems..As redox state, as shown in Fig. 4. The responses of NADH or
a result, measurement of NADH from the awake animal (jssue plood flow to various disturbances are well

brair®!® and from the heart became possitfie. documented®

During the past 3 decades, this technique has been devel- it monitoring only one of the parameters, the information
oped, improved and applied in I'B%Q%/“?i(‘[l)segéﬂgntal Setups N ywould be insufficient to determine whether a change in tissue
various organsn vivo andin vitro. =5 vitality occurred. For example, if examining TBF alone, it
would be impossible to know whether its decrease indicates a
normal physiological responsgo a factor such as lowered
energy demandor a pathological change such as ischemia.
i T . Likewise, NADH alone does not provide sufficient informa-
Due to the scattering of excitation light by the tissue, some 5 regarding changes in the metabolic state. For example, if

small part of the excitation light is reflected to the tissue sur- N apH declines(becomes more oxidizadit indicates an in-
face, collected by the collecting fibers, and transmitted to the -rease in oxidative phosphorylation. Without other data, it

photodetector. This light intensity is referred to as backscat- 5400t be determined whether this is a normal response to

tered or reflectance signal. hypercapnigincreasedCO,).

A certain amount of light is absorbed by the tisspema- Once we measure changes in the NADH signal and corre-
rily due to hemoglobin The absorption of light and the re-  |5te them to the changes in TBF, we can better identify the
flectance signals are inversely correlated. metabolic state that effected these changes. In this paper, we

_Hemoglobin being the main absorption element, on blood ;se the term hypoxia to describe a decrease in the partial
elimination from the tissue, the reflected sigmalincreases  rassyre 0D, in the inspired air, whereas ischemia is defined
dramatically. Conversely, when the tissue becomes more per-p5 5 decrease in the blood flow to the tissue. Let us assume

fused with bloodR decreases. In this walg provides infor- 4¢3 gecrease in TBF is seen simultaneously with an increase
mation regarding blood volume in the tissue. This feature of ;, NADH. In other words. both the blood flow and oxidative
the R signal also helps correct “artifacts” in the NADH fluo- phosphorylation have decreased. Depending on their magni-

rescence signal due to changes in tissue blood volume. Whery,qe * these changes could indicate a state of anesthesia, is-
the blood volume changes, this affects both the accessibility chemia. or even death. If. on the other hand. we monitor si-

of excitation light and the intensity of the fluorescent emission

light. When the blood volume increases, the NADH signal 4i5ng with an increase in NADHi.e., when the blood flow
decreases, and vice versa. Various algorithms, incluBitig increases accompanied by a decrease in oxidative

andF-R, have been used for correction. In the simplest case, nosphorylatiop—this would indicate a state of hypoxia. In
the corrected fluorescence is expressed as a linear relationshiper organs, such as the kidney under hypoxia, TBF is de-
between the measured fluorescence and the reflected excitagreased and NADH is elevated. Further consideration of Fig.

: H 18-20,51,69-7 i g . . g
tion light. ‘We have found tha-R provides good 4 ¢larifies the types of metabolic states that can be identified
correction, therefore this correction technique was used both by changes in the measured variables.

in the TiSpedTS) and in the predicate laboratory fluorometer

used for then vivo comparative studies. This correction tech- 9 o TS—Technological Aspects
nique is necessary when NADH is monitored in a blood-
perfused orgatn vivo.

Alarge increase iR is measuredh vivo (e.g., in the brain
upon animal death: oxygen is no longer available and a mas-
sive vasoconstriction occurs. This event of a large increase in
the R signal, termed secondary reflectance incre¢gRl),
was described by Mayevsky and Charit®)ayevsky’ May-
evsky and Zarchi? and Zarchin and MayevsKy.In 1990,
Mayevsky showed that SRI occurred when a large change in
extracellularkK ™ was recorded® Later we found that during
the SRI, a decrease in blood volume is recortfethe same o )
principle applies when tissue absorption is increased due to 1he TS can be better understood by examining its subunits.
vasodilatation and increased tissue blood volume. Under brain The light source is a He-Cd laser whose emitted light is di-
hypoxia, for example, the diminisheg, induces elevation in repted to 'the tissue by a flexible optic fiber. The light interacts
the blood volume and thR signal drops as compared to the with the tissue anc_l subsequently exits frc_)m the mea_sured tis-
100% control values. The same holds true when a high level SU€ volume. The light em|tteq from the tissue contains three
of CO, (hypercapniainduces a large increase in blood vol- components as already described, namely:
ume and a significant decline in tiesignal.

Experimental results have clearly shown that changes in ] )
blood volume effect changes in the signal. Those studies 2. Doppler-shifted laser ligh325 nm
were summarized elsewhef&?! 3. total backscattered ligli825 nm

2.1.3 Total backscattered light-reflectance signal

multaneously an increase in TBF, for example, in the brain,

The TS device contains all the necessary sub-units for spec-
troscopic measurements of biological tissues. The Tissue
Spectroscope comprises a light source Un8U), a fiber op-

tic probe, a detection un{DTU), an analog-to-digita(A/D)

and digital-to-analogD/A) converter board, and a computer.
The system is controlled by user-friendly software, which also
enables processing, analyzing, and displaying the acquired
data(see Fig. 5.

2.2.1 General instrument description

1. Fluorescent emission at 420 to 480 nm
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between the instrument control software and other subunits of
JL @ the instrument. This board is responsible for conversion of
. - Detection| | AD 1O analog s_ignals produced by the DTU into a digital forn_1 for
Light Source Unit Unit |=>| Board further display and processing. It also supplies control signals
to the LSU and to the DTU.
@ﬁ The system software is responsible for data acquisition,
Fiber display, and storage along with control over all the instrument
Sensor units. Additionally, it enables the user to control the instru-
Software ment functions, and provides measured and calculated data.
Tissue 2.2.2 Light source unit
Fig. 5 TS system subunits. The LSU emits laser light into a fiber optic The main part of the light source unit, shown in Fig. 6, is a
probe that delivers the light to the tissue and collects the returned Continuous Wavedcw) Helium-Cadmium(He-Cd laser that
Iight.. The TDU converts light signals to'electrical current, amplifies comprises a laser head generating 325 nm light at 6 mw
the signals, an<.J| performs D(?pvpler detection. The A/D I/O b'ofard con- maximum power from Melles GriotCarlsbad, California
verts analog signals to a digital format for subsequent digital data . '
processing by the PC. The power supply is controlled by the TS software through

the A/D 1/O board. The laser is protected from unauthorized
use by a key switch. The same key switch also protects the
The receiving optical fibers collect both the fluorescent and entire system from unauthorized use by shutting the power
reflected signals and direct them to the detection unit. While supply to the system.
the total backscattered light and the Doppler-shifted light have A relatively high intensity laser was chosen since it has
nearly the same wavelength of 325 nm, the fluorescence is redbetter light stability. This feature is important for the TS mea-
shifted toward450+ 30 nm. At the detection unit, a dichroic ~ surements. The outgoing 6-mW light from the laser head is
mirror separates the various reflected signals from the fluores-attenuated to a very low light intensity when it exits the distal
cence. The dichroic mirror reflects the 325-nm reflected light tip of the probe. The TS conforms to the safety guidelines for
toward a photodiode that produces the total backscatter andlaser output by the ANSIZ136.1 standard Safe Use of Lasers.
Doppler signals. The longer wavelength fluorescent signal The instrument was designed in such a way that the mean
passes through the dichroic mirror. This light is again filtered excitation intensity for clinical applications wés5 mwWi/cn#,
by a bandpas#420 to 480 nmfilter, and then enters a pho- which is 0.5 of the threshold limiting value§g'LVs). The
tomultiplier detector. TLVs also applied to the maximum permissible exposure
The photodetectors convert the light intensity to electrical (MPE) level (1 mW/cn?). In the animal studies, the light
signals. These electrical signals consist of two components: aintensity was in the range &.0 mW/cnf, which is 4 times
dc component that is correlated to the total backscatter signal;the TLV.
and an ac component that is correlated to the Doppler signal.  After exiting the laser, the light passes through an acousto-
These signals are amplified and processed in the detectionoptical modulatofAOM). This modulator chops the cw laser
unit by the Doppler signal-processing subunit. The output of light with a duty cycle of 1/10. This chopping operation mode
the Doppler processor is transmitted to an A/D converter. The permits the usage of a synchronous detection scheme and en-
A/D input-output (A/D 1/0O) board functions as an interface ables additional reduction of the excitation intensity. The

Amplifier A/D 1/O Board
Chopper Photodiode -
ND filter \ \ Ej EI:;trg—thI:&hranical Fiber
\ Sensor
He-Cd Laser Head 325nm l

Beam
Splitter
X,_Y Stage
Safety interlock c‘?f,':,':.fc'fa

Power Supply microswitch A/D 1/0 Board
Safety Laser Light

Cut-Off Switch \
T 5N

System ON/Off Shutter Driver
Switch Key

—

A/D /O Board
>—

Fig. 6 LSU includes He-Cd laser head with laser power supply, neural density (ND) filter, chopper, electromechanical shutter, beamsplitter, and
photodiode for light intensity monitoring, and a lens for coupling the laser beam into the optic fiber which is connected by a SMA (subminiature
version A) connector. Interlock and safety switches are installed for additional safety.
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Fig. 7 DTU consists of two input channels (optic fibers) directed through beamsplitters into two photodiodes (for Doppler analysis) and one
photomultiplier tube (PMT) for NADH fluorescence analysis.

same AOM enables excitation intensity control by the soft- The output of the detector is fed to a synchronous detector,
ware. which comprises sample and hdl€/H) circuit and appropri-
The chopped light then passes through a beamsplitter thatate filters(not shown in the figune The synchronous detector
splits about 5% of the total light intensity toward the intensity enables the detection of the duty cycled light as generated by
monitoring photodiode. The monitoring photodiode transmits the LSU. The output of the synchronous detector is a combi-
the light intensity correlated voltage to the A/D I/O board nation of dc and ac voltages that are similar to those that
after appropriate amplification. This voltage is used to moni- would be acquired from a regular omon-duty-cycled exci-
tor the output intensity for both normalization and safety pur- tation.
poses. The reflected light is a very slowly changing parameter and
After exiting the beamsplitter, the light passes through an js therefore, represented by the dc voltage level at the ampli-
electromechanical shutter. This shutter i_s controlled by the figr output. The Doppler-shifted light signal appears as ac
software through the A/D I/O board and is closed when the (e at the relatively high dc level. Both signals appear at
Instrument Is not monitoring. the output of the synchronous detector. The Doppler signals

_ At the final stage, the light beam is coupled to the optical as5 through an ac amplifier, while the backscattered signals
fiber by means of a focusing lens andaty stage, connected pass through a dc amplifier.

to Fh?‘ ﬁbGT by(;in SM'? cosn,\;llictor. A safety igterIO(ikdmiclro- After amplification, both signals are fed to the Doppler
switch is placed near the connector, and precludes aserprocessor. The Doppler processor output consists of two sig-

exposure unless the probe is connected. nals. The first signal is correlated to Doppler-shifted light that
is due to microcirculatory TBF. The second signal is corre-
2.2.3 Detection unit lated to the backscattered light intensity that is relevant to

The detection unit is built according to the two-channel con- fisSue blood volume. When exiting the Doppler processor,
cept(Fig. 7), which enables, by subsequent subtraction of the POth signal types are slow changing, with a time constant of

two channels, the elimination of all synchronous nof<es. ~3s.

This arrangement enables efficient subtraction of noise origi- ~ The light that passes through the dichroic beamsplitter of
nating in the laser light source, so that a longitudinal, multi- €ach channel is refracted toward a common detector by a lens.

mode laser can be used for LDF measurements. Before reaching the detector, the light passes through a band-
The two collecting optic fibers, at the detection unit end of pass filter that transmits only NADH fluorescence wave-
the Y-shaped fiber optic probe, are connected to the detectionlengths(420 to 480 nm
unit by SMA connectors. The light of each channel passes The fluorescence detector signals, after amplification, are
through the dichroic beamsplitter. This beamsplitter separatestransmitted to the A/D I/O board. The amplifier also operates
backscattered and Doppler shifted light at 325 nm from as a synchronous detector by receiving the clock signat
NADH fluorescence light at 420 to 480 nm. Most of NADH  shown) from the clock unit. When exiting the fluorometer, the
fluorescence light passes through the beamsplitter, while thefluorescence signal is a slowly changing parameter, with a
backscattered and Doppler-shifted signals are reflected towarctime constant of~3 s. The output of the amplifier is con-
the photodiode detectors, which convert them to a voltage nected to the A/D 1/O board. The sampling rate for all three
signal. signals was 10 Hz.

Journal of Biomedical Optics * September/October 2004 + Vol. 9 No. 5 1035



Mayevsky et al.

2.2.4 TS performance 3.2 Instrumentation

Since the excitation light of the TS is in the UV ar&z25
nm), light penetration is no greater than 1 mm. Most of the
information is collected from a sphere having 0.6 to 0.7 mm o i ]
in diameter. The stability of the three types of measurement The n vitro fluorometer—Victof 1420 (EG&G Wallag is a

was tested separately. The Doppler stabiligsted in a solu- multilabel, mgltltask plate counter, operating as a prompt
tion of microsphereswas better than 1% per hour. The sta- fluoromgter, time-resolved fluorometer, and a luminometer.
bility of the reflectance parameter was tested by applying the For excitation of NADH, a 355-nm bandpass filter was used.
tip of the probe to the surface of Delrifa standard inert The ﬂqorescence emission was coIIectgd via a 460-nm band-
plastic white material The minimal detection capacity of the ~ Pass filter. The excitation light was delivered to the sample
TS was 50 nW at 325 nm. The stability was better than 1% from thg up sidle. The emission light was also collected from
per hour. To test the fluorescence signal, we used a solution ofthe up side. This arrangement was necessary to ensure a short
NADH dissolved in a large volume of saline to avoid bleach- light path needed to eliminate sample autoabsorption.

ing. The minimal sensitivity of the photomultiplier was 1 pwW The Laser Doppler Flowmeter used was the Periflux model
at 460 nm. The stability was better than 1% per hour. Regard- PF 2B Laser Doppler Flowmeter, Sweden. The Perimed PF
ing a possible error due to the placement of the probe, note 308 (standard, multipurpogeprobe was utilized. The laser
that the only way to avoid such errors is to have a constant Dopple_r flowm_eter was calibrated according to the manufac-
good contact between the tip of the probe and the tissue. If thetUreér's instructions.

probe is moved relative to the tissue, the measurement will ~ 1he TS is described in Sect. 2.2. _

start at a new baseline. Only tendency changes can be com- The.standarah vivo laboratory fluorometer was described
pared when the probe is moved during the measurement.  in detail by Mayevsky and Chaneand Mayevsky!

3.2.1 Monitoring and measurement devices

3.2.2 Fiber optic probes

3 Methods and Materials The standard fiber optic proljEig. 8a)] is composed of UV-
enhanced fused silica fibers arranged in a bundle of excitation
and emission fibers. The probe is designed for light transmis-
sion both from the laser toward the tisStiee excitation fiber

and from the tissue toward the detecttitse emission fibejs

On the machine end, the probe is equipped with optical SMA
. o connectors. On the tip end, the fibers are positioned and glued
The ability to quantitatively measure NADH fluorescence, i 4 hypodermic stainless steel tube, where the emission fibers
comparable to a standard clinical fluorometer, is demonstratedadjacenﬂy surround the excitation fibig¥ig. 8@]. For clini-

by direct fluorescence measurements in aqueous NADH solu-¢, usage, the probes were packaged in a thermoformed tray,
tions, tissue, and blood. The fluorometric analysis of aqueous ga41ed and sterilized by exposure to ethylene-oxite).

NADH solution by the TS provides a suitable simulation of  \ye geveloped three different types of disposable probes,
fluorometric tissue analysis, since the principlesirfvitro designed for optical measurements of brain tissue vitality us-
and in vivo NADH monitoring are identical. There is an juq the TS device. All these types have a similar fiber optic
agreement on the characteristics of NADH spectra and their ynqe, but feature different external design and accessories.
biochemical significance, when measured biothivo andin The different types of probes were designed to enable the TS

vitro. The intensity of the fluorescence band is independent of ;5 monitor the brain tissue during different types of cran-
the organizational level of the environment and is propor- iotomy and surgery.

tional to the concentration of NADKthe reduced form

3.1 Basic Experimental Approach

3.1.1 In vitro measurement

TSP2000-2
) This probe is designed for monitoring exposed brain cortex, in
3.1.2  In vivo measurements various locations under craniotomy. The bundle end is fitted
The ability to measure TBF comparable to another laser Dop- with a thin metal tube accommodating the optical fieétig).
pler flowmeter is demonstrated by simultaneausivo mea- 8(b) panels 1 and R

surements of TBF in different tissues of rats and gerbils using  The spatial position of the brain is dynamic. The brain
the Tissue Spectroscope and the other commercial laser Doppulses as a result of breathing and the blood flow pulsation.
pler flowmeter. Metabolic perturbations were induced in the Since the probe is sensitive to movement, and monitoring of
experimental animals, resulting in TBF alterations that were continuous brain vitality trends is required, the probe must
measured. remain in continuous contact with a certain measurement

Additionally, to demonstrate the vivo performance of the  point on the brain. We overcome this difficulty by developing
TS, we have compared the vivo NADH signal measured by  intermediate arms that, combined with the TSP2000-2 probe,
the TS with the measurements by a standardivo fluorom- enable the probe to track the changing height of the brain
eter currently used in academic research. Although the re-cortex. An adjustable floating arfiFig. 8b), panel J and an
search fluorometers are not classified as medical devices, theimadjustable manipulatdiFig. 8(b), panel 4 were designed to
effectiveness in carrying ouh vivo fluorometric measure-  handle the probe. Both attachments had to be applied to a
ments is widely accepted. We felt that such comparison might standard flexible Yassergil arm, which is a common instru-
be useful to further demonstrate the effectiveness of the TS. ment in neurosurgery.
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Fig. 8 Picture of a standard fiber optic probe (a) used to connect the in
vivo monitored tissue to the TS, where the enlargement of the tip
shows the arrangement of the excitation and emission fibers in the
common part of the probe; (b) four clinical applications of the probe:
1, TSP2000-2 probe on floating arm; 2, TSP2000-2 probe on manipu-
lator arm; 3, TSP-R1 probe and a slider attached to a neurosurgical
retractor; and 4, TSP-C1 clamp type probe.

TSP-R1
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3.3 Measurement Performance

3.3.1 In vitro measurements of NADH in solution

A series of solutions with known concentrations of NADH
(B-nicotinamide adenine dinucleotide, the reduced form, Lot
128H7001, Sigma chemical, co. N-812@& double-distilled
water (DDW) were prepared. The samples were transferred
into a microtitration plate with 96 wells for the measurements
by theVictor? device. Every measurement was repeated twice
for each duplicate, to obtain four reading values for each
NADH concentration.

The same NADH solutions were placed in separate vials
into which the “pencil type” probe(010 of the TS was
placed. Fluorescence intensity was recorded by the TS, in
millivolt units.

Our preliminary studies revealed that the range of 0 to
about 180uM NADH in solution provides linear relationships
with the fluorescence levels.

Statistical analysis

The millivolt fluorescence values of the TS, and the arbitrary
units for theVictor? were plotted against concentration val-
ues. Alinear plot is expected for the concentration range used.
The regression line was calculated for each instrument sepa-
rately. Additionally, a correlation test was performed between
the fluorescence values as measured by each instrument at
identical NADH concentrations. This was done to evaluate the
similarity of the two instruments. A linear plot with a high
correlation coefficient was expected.

Since there is no gold standard for these measurements, we
also used the Bland and Altm&r® analysis to compare the
two instruments.

3.3.2  Animal preparation
Sixteen male Wistar rat00 to 240 ¢ and 16 male Mongo-

lian gerbils(Meriones unguiculatys(45 to 55 g were used.
The rats were anesthetized by Equithedth= chloral hy-

This low-profile probe is designed for monitoring the meta- drate 42.51 mg; magnesium sulfate 21.25 mg; alcohol 11.5%;
bolic stress of brain tissue pressed under a neurosurgical repropylene glycol 44.34%; pentobarbital 9.72 ngtraperitio-
tractor, during profound surgerifFig. 8b), panel 3. The neal(IP) injection 0.3 ml/100 g body weight. The left femoral
probe is versatile and can be attached to various types ofvein was cannulated for intraveno{i¥ ) injections. The small
sliders to fit various widths of retractors commonly used in intestine was exposed by a minimal opening in the abdomen
neurosurgery. The surgeon can easily click together the probeto minimize dehydration and loss of body heat. The exposed
and the appropriate retractor attachmestider). The elastic- segment of the small intestine was placed on a tray and, ex-
ity of the slider enables a firm grasp of the retractor along cept for the area covered by the probes, covered to maintain
with an adjustment of the probe location along the retractor. humidity. The probegTS and PF308, Perimgdvere held
The bending radius of the fibers was decreased to 5 mm,together(with the probe tips at the same height and 2 mm
resulting in a total height of 7 mm of the plastic probe. apar} by a flexible arm clamp and positioned on the surface
of the intestine. The probe tips lightly touched the intestine
TSP-C1 surface, and care was taken not to apply excess pressure. The
This miniature prob¢Fig. 8(b), panel 4 is designed to moni-  animals were kept anesthetized during the operation as well as
tor the exposed brain cortex, adjacent to craniotomy area. Theduring the entire monitoring period, by IP injections of E-th
fibers are sheathed within a thin flexible cable, equipped with 0.1 ml every 30 min. We have been using this anesthetic for
a plastic clamp that is tightened upon the bone. In this probe, approximately 25 yr and it has never shown significant effects
we succeeded, for the first time, in handling bending fibers on mitochondrial activity. Furthermore, we have not been able
without cracking them. The advantages of the TSP-C1 probe to change the response of the rat brain to spreading depression
are its small dimensions and the direct attachment to the boneby using an increased dose of equithesin, suggesting that this
without any accessories. is a safe drug® The addition of small volumes of E-th every
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Table 1 The distribution of the various perturbations in various or- 1. Anoxia The animals were exposed to oxygen deficient
gans and animals. atmosphere by spontaneous breathindlgf for a short
(10-9 or long (25-9 period. Terminal anoxia was
Animal  Organ Perturbation induced by 100%N, until the animal stopped breath-
ing.
Rat Intestine STt anoxia - Anoxia Cardiac arrest 2. Cardiac arrest To induce cardiac arrest, an overdose of

n=16 n=16 n=14 anesthetic¢Equithesin was injected IV.

Gerbil  Brain Anoxia Ischemia  Terminal anoxia 3. Ischemia Reversible occlusior{~1 min) of the two
=16 n=12 n=10 : ; g ;
n common carotid arteriegsby constricting them with
threads led to brain ischemia in the gerbils.

30 min kept the animal in a stable state. Body heat was mea- Experimental protocols

sured by a rectal prob€/'Sl) and was regulated to be at the Monitoring commenced at 30 min postoperation. Perturba-

range of 35 ta37 °C using a heating blanket. tions were then applied to the animasspecific marker was
The gerbils were anesthetized by Equithednth) IP in- entered to the computerfollowing the protocol of each indi-

jection of 0.3 ml/100 g body weight and placed in a head vidual experiment.

holder. After a midline incision of the skin, a ho(6 mm in

diametey was drilled in the parietal bone of the left hemi-

sphere. The dura mater remained intact. Two stainless steel

screws in the right parietal bone were used, with dental 3.3.4 Data collection, analysis, and statistics

acrylic cement, to fixate the probes, which were positioned by

a micromanipulator on the cortex. The two common carotid Data collection

arteries were isolated just before brain surgery, and ligaturesThe TS and Perimed display relative values of the blood cell

of 4-0 silk threads were placed around them. Body heat was flyx and are not calibrated in absolute physiological units. The

measured by a rectal prolf¥SI) and was regulated to be at  fjyx time constant for both instruments-s3 s. The range of

the range of 35 t@7 °Cusing a heating blanket. The animals  the recorder output is 0 to 10 V. The blood cell flux values are

were kept anesthetized during the operation as well as duringshown in percent unitépercent of the blood flux correspond-

the entire monitoring period, by IP injections of E-th 0.03 10 ing to a full scale deflection, i.e., the adjustment yielding a

0.05 ml every 30 min. full scale deflection at 10 W CF andR are also measured by

) ) the TS and the standaid vivo fluorometer. The data were
3.3.3 Metabolic perturbations collected at a rate of 10 samples/s, stored, and saved in dif-
In the reported study, TBF and NADH in rat intestings ferent channels of a computerized data acquisition program.
animalg and gerbil brain(16 animal$ were monitoredin The values were viewed on the screens and plotted in a chart

vivo, simultaneously, by the TS and Perimed or standard  during the experiment. All the calculations are presented as
vivo fluorometer, while systemic perturbations were induced the average percent change from baseline le\€18%. Each

in the animals. The two probes were attached togetiyes at perturbation was initiated at the time when the monitored pa-
the same heightand placed on the tissue, so to simulta- rameters were at a particular baseline vdingoercents The

neously measure the TBF and NADH of the tissue under the event was noted on the computer record by a marker entered
probes. In these animal studies, the light intensity at the probeat the moment of the perturbation commencement. For the
tip did not exceed 1.3 mW. Under the present experimental TBF parameter, each animal started at its own, unique base-

conditions, we did not observe any obvious damage to the line level. For NADH, the initial baseline was always defined
tissue. The intestine was not sensitive to the UV light, and the as 100%.

brain was protected by the dura mater.

There were three levels of comparison: Data analysis
. L ) ) The TS TBF channel was passed through a running median
1. different sites in the same tissue by the two instruments filter for smoothing (=50 sample to reach a noise level

2. different tissues similar to that of the Periflux signathe signal of the Periflux

3. different species of animals PF 2B is passed through various filters before being ex-

tracted. The signals from the TS NADH channel and the

Due to the distance between the locations of the two standardn vivo fluorometer NADH channel were both passed
probes in the same tissue, we did not compare two points of through a running median filt€rt five samplegto reduce the
measurement by the same instrument because of the obviousioise level. The running median filter returns the median
difference between the optical characteristics of the tissue. If number of a specified séin the case of TS TBF—100 data
the same probe is located on different portions of the tissue or pointg so that 50 data points are below it and 50 data points
organ, the difference in baseline values will be larger than the are above it. Starting from the first number of the set, the first
response to several perturbations, therefore only tendenciesnedian value is provided for data points 1 to 100, the second
are compared at the same site. is for data points 2 to 101, the third for data points 3 to 102

The experimental animals were exposed to the following and so on(running. The running median filter smoothes ex-
perturbationgthe distribution of the various perturbations in treme single data points, usually defined as instrument noise,
the organs and animals are shown in Table 1 and displays the original recorded data points.
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A r(Victor?,C)=0.994, r(TS,C)=0.992.
o :'5 The high degree of correlation implies the similarity of the
__ smooy e oot . two measurement systems. The coefficient of correlation be-
£ 5000 ' & tweenVictor? and TS was also calculateds0.9915.
% 4000 3 '__«g F_igure gb) (the Bland-Altman plot shows the difference
g ' 252 against the average of the test and standard method measure-
£ 3,000 y (victor) =36.448x +348.99 2 B ments, with 95% limits of agreemefibroken line$ and the
B i e 15 regression line. As the two methods of NADH fluorescence
z 1 measurement use different scale units, the measurements were
1,000 05 normalized as percent of the maximal values observed. The
ol® ‘ ‘ : 0 mean differencé TS-Victor=new-old is 3.8% and the stan-
0 50 NADH COnc‘f&mn 6 150 200 dard deviation(SD) is 4.00%. The correlation between differ-
ence and average is we§k’=0.11, p=0.17 95% CI from
B —4.04to 11.69. The linear trend is very moderate and not
14 4 statistically significan{p=0.167. In the region of high ab-
:gJ ¢ . solute measurement values, the differences are q3flor
& o N R = 0.109 les9. Thus, one can state that “the differences are small, and
s © ve, °* 922-1158 the new method can be applied.”
g ! .
f, . T : , ‘ . . 4.2 In Vivo Measurements
29 LR €0 80 1o 420 All measurements undém vivo conditions were conducted in
3] slightly anesthetized animals. The injection of additional
Average amounts of the anesthetic material did not affect the moni-
tored signals. Only large doses of E-th that may decrease sys-
Fig. 9 (a) Readings of the TS (on the right Y axis), and readings of the temic blood pressure, will affect the monitored Signa|s_ The

Victor® (on the left Y axis) plotted against NADH concentrations. A
linear regression was calculated for each instrument, and the equation
and R? are presented. (b) The difference (delta) against the average for
the tested instrument (TS) and the standard instrument (Victor?).

nature of the responses is clearly appreciated from the average
responses. Figures 10 and 11 present the time plot graphs of
the blood flow and NADH responses measured by both instru-
ments, averaged over all the experiments, for each animal
type for several perturbations.
Statistical analysis _Note that in Figs. 10 and 11, th_e curves of the TBF ob-

) . tained by the TS and the commercial device are not overlap-
The correlation coefficientr) between the values measured ping due to the differences in the calibration of the two de-
by the TS and the PF 2B was calculated for each event, start-ces. The units presented in the TBF scale are relative and
ing at the time of the marker entrance, for 2 min with a total gy meaning only when tendencies recorded in real time are
of 1200 data pointganoxia, terminal anoxia, and ischeméax compared. On the other hand, the NADH is calibrated in the

for 80 s with a total of 800 data pointshort anoxia same way in both the TS and the laboratory fluorometer. To
The Fisherz transformation was applied to determine the compare the LDF values, it is possible to normalize the values
confidence intervals for each event. Eaclvas transformed to 100% at the perturbation onset. Since our comparative

and a confidence interval was computed onzlseale. There-  analysis was performed through correlation analysis, the use

after, the confidence limits were transformed back to obtain a f this normalization technique was of no importance.

confidence interval for. o Figures 10 and 11left) show the measurement results in
An average correlation coefficie(itaeragd Was calculated  the gerbil brain that reflect autoregulatory and metabolic re-

by averaging the values to obtain @,eragefor all animals in sponses to anoxia and terminal anoxia.

each type of event in each species, and then transforming it Figure 10(left) shows the response of TBF and NADH to

back. The confidence intervals fayerage Were computed  gnoxia. As it is seen, the initial change due to anoxia is an

from the confidence intervals of t&yerage increase in the NADH level. This is due to the decrease in the
oxygen available to the brain mitochondria, which shifts the
4 Results [NAD]/[NADH] ratio toward a more reduced state. Concomi-

. . tantly, as we see, there is an initial autoregulatory decrease in
4.1 In Vitro Measurements of NADH Solution the TBF due to the change in blood pressure. This is followed
Linear correlation coefficients were calculated, in which val- by an increase in TBF when the animal is allowed to breathe
ues close to 0 describe variables that are essentially uncorre-air again.

lated and values close to 1 describe those that are highly cor- The initial change in the parameters in response to is-
related. The results of the readings of the TS and\iictor? chemia(not shown in the graphsvas a decrease in TBF. This
plotted against NADH concentrations are presented in Fig. resulted from the occlusion of the common carotid arteries.
9(a). Linear regression was calculated for each instrument and The decrease continued until reopening of the arteries. The

the linear equation and? are presented in the graph. response of the mitochondrial NADH commenced after the
The correlation coefficients betweevictor?, TS, and initial drop in the blood flow and returned to the preischemic
NADH concentrationC), were high: level after the reperfusion.
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Fig. 10 Responses of the gerbil brain (on the left) and the rat small intestine (on the right) to reversible anoxia. Under anoxia, the NADH was
elevated due to the lack of O, in the blood flowing to the organs.

Figure 11(left) shows the results regarding brain TBF and the heart stops pumping blood, no autoregulatory effect is
NADH due to terminal anoxia. As we see, there is an increase possible and no “shoulder” is seen.
in the NADH level due to the decrease in the available oxy- The changes due to anoxia in rat small intestine, as seen in
gen. Insofar as the gerbil eventually ceases to breathe, theFig. 10(right), are similar to those in the gerbil brain because
NADH signal remains high. As seen in this figure, there is an they conform to the same physiological mechanisms, although
initial decrease in TBF, as in anoxia. The autoregulatory effect the response of the TBF and NADH in the intestine is bi-
is seen as a “shoulder” in the TBF decrease. Insofar as the phasic.
gerbil eventually ceases to breathe, the TBF signal drops and

remains low. 4.2.1 Correlation

. Figures l.o ano! Llright) show the results of'measurements' The TBF measurements by the TS and Periflux 2B correlated
in rat small intestine that reflect hemodynamic and metabolic . . e
well, with an average correlation coefficieRE=0.70. The

res‘lﬁ)ﬁgsr: tgnigogfl?hzr}(rj\tgz':idr::ioagr?s;ia shown in Figure 10 NADH measurements by the TS and the standard reséarch
P ’ 9 vivo fluorometer had an average correlation coefficiBAt

(r.|ght)., IS a bl-physm decreage_ In TBF and a bi-phasic tran- =0.86.The averaged correlation coefficients for each animal
sient increase in NADH. This is similar to the responses to . e
type and each perturbation type are shown in Fig. 12.

short anoxia, except that in short anoxia the effects are smaller
and the TBF shows one phase response. )
Figure 11(right) shows the measurements of rat intestine 4-2-2  Variance

TBF and NADH when exposed to cardiac arrest. As it is seen, Using SAS software, two variance analyses were performed
the initial change due to cardiac arrest and the cessation ofon thez scores. First, to determine whether there is a statisti-
breathing is manifested by an increase in the NADH level. cally significant differencgp<0.05 between rats and ger-
This is due to the decrease in the oxygen available to the cellsbils, a three-way analysis of varian¢dANOVA) was per-
mitochondria which shifts thENAD [/[NADH] ratio toward a formed with species(rats, gerbily, experiment number
more reduced state. Cardiac arrest causes the heart to ceagavithin specie§ and perturbatioifwithin specieg Afterward,
pumping, which results in lower TBF. There is, understand- to determine whether there are statistically significant differ-
ably, no subsequent rise in TBF or decrease in NADH. Since ences(p<0.05 within animal species, between individual
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Fig. 11 Effect of terminal anoxia on the gerbil brain (on the left) and of cardiac arrest on the rat small intestine (on the right). Under both conditions,
the blood flow reached its minimal level, while NADH accumulated to its maximal levels.

animals as well as between different perturbations, a two-way (correlation coefficients are shown in Fig. JRyalues are not
ANOVA was performed within each species separately, with shown).
experiment number, and perturbation. Each of these analyses

was performed separately for TBF and NADH. The resulting Gerbils

p values are presented in Table 2.

Using the Bonferroni method for multiple comparisons,
significant differences of the transformed correlation coeffi-
cients were found between certain perturbations but not others

1. TBF: The correlation coefficient for ischem({8.930 is
significantly different from that of anoxiéD.750. The
correlation coefficient for terminal anoxi®.869 is in
between and is not significantly different from either.

2. NADH: At the 5% level, there is no significant differ-
ence(p-value=0.07). There is no difference between

1.0
= [
09—t ¥ : T £
L] Table 2 Two/three way ANOVA and the resulting p values for TBF
0.8 { and NADH.
" t i
Source TBF p value  NADH p value
0.6 = TBF
05 * NADH Between species 0.11 0.63
Ischemia Cardiac Terminal Anoxia Anoxia Short Gerbils—between subiecfs 0.88 0.82
Gerbils ~ ArestRats  Anoxia Rats Gerbils  Anoxia ' ’
Gerbils Rats . -
peaverago (TBE) = 0.840 Gerbils—between perturbations 0.002 0.007
- NADH) = 0.932
rraverage ) Rats—between subjects 0.37 0.20
Fig. 12 Average correlation coefficients and confidence intervals of Rats—Between perturbations 0.01 0.02

TBF and NADH for all six perturbations (rats and gerbils).
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ischemia(0.916 and anoxia0.909, but there seems to
be a difference, although not statistically significant, be-
tween these and terminal anox®960.

Rats

1. TBF: There is no significant difference between the cor-
relation coefficients for anoxi@.756 and short anoxia
(0.749, but there is a significant difference between
these and cardiac arre§.892.

2. NADH: The correlation coefficient for cardiac arrest
(0.969 is significantly different from that of anoxia
(0.913. The correlation coefficient for short anoxia
(0.920 is in-between and is not significantly different
from either.

5 Discussion

cies. No difference was found between the various instru-
ments. Note that the use of either of these devices diminishes
the need for absolute values in the two LDF systems. One of
the main reasons for the difference in the response amplitude
lies in the depth of penetration by the two wavelengths: 632
nm of the Perimed versus 325 nm of the TS. Consequently,
the sampled tissue volume is not the same. Because of this,
only correlation analysis can be adequate. The difference be-
tween the sensitivity of the two instruments arises for the
same reason. The sampled volume is very different, as also
the size of the blood vessels analyzed by the two instruments.
We were able to adjust the gain of the instruments so that they
would resemble each other, but since only correlation analysis
was planned we left it as is.

As seen in Table 2, based on the variance analysis, there is
no statistically significant difference between the correlation
coefficients for animals of the same species or different spe-

The TS described in this paper is designed to provide the cies, or within a given type of perturbation. There is a statis-
clinicians with a new device whereby tissue vitality could be tically significant difference between the correlation coeffi-
assessed by real-time monitoring of three physiological pa- cients for different types of perturbations, as should be
rameters. To discuss the advantages of the TS, it is importantexpected since different metabolic perturbations induce differ-

to discuss other techniques available to the clinicians today. In ent physiological responses.

view of the general aim to utilize the TS as a medical device,
it was important to prove its performance undervitro as
well asin vivo conditions. Note that there is as yet no device
for monitoring tissue vitality at the tissue level available on
the clinical market.

5.1 Measurements of NADH in Solution

Since all the responses to any of the perturbations are mea-
sured simultaneously by the same two devices, i.e., the TS
and Periflux, or the TS and the research fluorometer, it might
be expected that all the groups would have similar correlation
coefficients. Nevertheless, we find differences between the
correlations of different perturbations. This is understandable,
however, since the physiological responses are slightly differ-

Several investigators have measured the fluorescence Oﬁnt for different perturbations. As a result of the difference in

NADH in solution. Our findings are very similar to their pre-
vious work. Very recently, Cordeiro et &l plotted a calibra-
tion curve for NADH fluorescence in solutioi840-nm exci-
tation). They found a high degree of correlatiofr?
=0.986. Orr and Arthur® also showed a good correlation
between NADH concentratio(855-nm excitatioh and fluo-
rescence intensity. White and Wittenb®rtpund a significant
linear correlation between the percentage of NADH in a mix-
ture with NAD and the fluorescence intensity.

In this study, both instruments, the TS avidtor?, provide

fluorescence outputs proportionate to NADH concentration,

with correlations very close to 1.0. This shows that, in fact,
the relationship to the NADH concentration is, quite expect-
edly, highly linear for each instrument.

physiological responses, including autoregulatory effects on
local blood flow, it can be expected that the correlation be-

tween the measured signal at two adjacent sites would be
more similar for certain perturbations than for others. Simi-

larly, when autoregulatory mechanisms are active, for ex-
ample, in anoxia and short anoxia, variations in blood flow at

different tissue sites can be expected.

We induced a variety of perturbations. Although all of
them affect the vascular system, there are nevertheless differ-
ences between them. Some of the disturbances are systemic
and affect the entire bodyi.e., anoxia, when the animal
breathes oxygen-deficient air, short anoxia, and terminal an-
oxia), while other perturbations are lodale., ischemia, when
the arteries transporting blood to the tissue are occluded and

The correlation between these two instruments is also the effect is localized to the tissue

close to unity, thus unequivocally establishing similarity and
even equivalence between them.

5.2 In Vivo Measurements

The results shown in Figs. 10 and 11 provide a good demon-

Additionally, the intensity of the perturbation effect de-
pends on both its duration and nature. Duration is significant
insofar as autoregulatory mechanisms are more active during
a short perturbation and counteract the unwanted disturbance,
whereas after a whiléa few secondstheir ability to act de-

stration of how the TS measurements are correlated to stan-creases dramatically. The nature of the perturbation is signifi-
dard, well-characterized physiological responses. All mea- cant insofar as transient or nonradical perturbations, such as

surements by the TS correlate well with the Periflux(ZBF)
and the standard research fluoroméMADH), with an aver-
age correlation coefficient of= 0.84for TBF andr = 0.93for
NADH. By vyielding high correlation coefficients for all

anoxia or short anoxia, affect the vascular system in a lesser
degree than an extreme or even terminal event, such as is-
chemia or terminal anoxia. The more drastic the effect on the

body, the less able are the autoregulatory mechanisms to rem-

groups, the results unequivocally demonstrate the qualitative edy the situation. For that reason, for example, the few cases

similarity between the TS, the Periflux and the accepred
vivo research fluorometer, when used in different physiologi-

cal conditions as well as in different tissues and animal spe-
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of low correlation coefficients in gerbils were all seen in an-
oxia but not in ischemia. Anoxia is a less drastic intervention
(less oxygen is supplied but continuous blood flow is main-
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tained, when compared to ischemia, which is a complete ar- RBC (red blood cellg velocity, vascular geometry, tissue op-
rest of cerebral blood flow. tical properties, and point-to-point variations of the blood
The results show that for NADH, all correlation co- flow within the tissue. These differences might prevent the
efficients are above 0.9, and for TBF, they are all about calibration factors obtained in one vascular bed from being
0.75 for nonradical perturbations and about 0.9 for extreme applied to another, meaning that the baseline levels of the
events. These results are consistent among animals of theblood flow in different tissues cannot be compared due to
same and different species. The very few cases where a lowthose factors. However, the methodology of inducing a
correlation coefficient was found are doubtlessly due to dif- change and measuring the net response, minimizes the influ-
ferences in the local behavior of the vascular bed, that is, if ence of those factors. For this reason, to compare the devices
one probe is located above a tiny blood vessel and the other isdespite those variations, we applied perturbations and mea-
not. sured the changes simultaneously by both devices, rather than
The results of the comparison between different sites in the the baseline TBF values.
same tissue, different tissues and different species emphasize
the ability of the TS to measure all types of living tissue. . .
The effects of three types of systemic perturbations were 3-2-2  Different tissues
applied on rats: “short anoxia,” “anoxia,” and “cardiac ar-  Two types of organs were used to broaden the range of tissues
rest.” “Anoxia” is defined as “absence or almost complete measured. The brain is one of the primary organs whose blood
absence of oxygen from inspired gases, arterial blood, or flow and activity are of the highest importance for the survival
tissues.”* Introduction of changes in the oxygen content of of the organism. The intestine represents an internal organ,
the inhaled air is an effective, easy and reliable way to affect which belongs to the supporting systems. Its blood flow and
the blood flow of various organs, without further interference function are necessary but not crucial for the immediate sur-
with the normal function of the organism, such as intravenous Vival of the organisnf?
catheterization or introduction of chemicals to the body.
Thg eerturbfltlong applied .orl 9erblls vyerg anoxia,” “is- & 5 3 pearant 2o
chemia,” and “terminal anoxia.” “Ischemia” is defined as
“local anemia due to mechanical obstructitmainly arterial ~ Two kinds of animals were usegerbils and rats The mea-
narrowing of the blood supply®® and was achieved by oc- ~ surements performed by the TS, such as LDF, tissue reflec-
clusion of the arteries transporting blood to the brain. The tance and NADH fluorescence, are based on the physical and
unique anatomy of the incomplete Willis circle, peculiar only Physiological properties, common to most mammalian species
to gerbils, permits a total cerebral blockade of the blood and almost all types of tissue, such as autoregulated blood
supply®® flow and oxygen dependency, the tissue composition of cells
The effects of the above mentioned perturbations on the and blood Capillaries, etc. The Conception of the “identical
TBF and NADH in the brain and intestine are well Principles of physiological function between different organ-
documente&f‘vss_SSBrieﬂy’ short anoxia, anoxia' and terminal isms” is the rationale behind the claim of the TS efﬁciency in

. . . i ¢ 2
anoxia, all cause a decrease in the blood flow, transient orany living “55969- .
terminal, in both the TBF of the brain and intestine. Ischemia  Since both instruments conduct the measurements simulta-
causes the same TBF effect in the brain’ and an increase inneously, the variations reSU|t|ng from different typeS of tissue,
NADH level. The NADH signal increases in a mono- or bi- Or different animal species, are detected by both instruments

phasic manner when the brain or intestine is exposed to an-in @ similar manner. Therefore, the comparison is indeed
oxia. valid. Furthermore, the variations are minimized by the large

sample sizg15 repetitions in the average for each perturba-
tion).
5.2.1 Variations in blood flow in different sites of the

same tissue .
5.3 Conclusions

Variations in the blood flow in different sites of the same In the initial pilot studv. the TS. wh d to the Peri
tissue are very low, and are characterized by the coefficient of n the initia piiot study, the 1>, when compared fo the Feri-
flux and the accreditedn vivo research fluorometer, was

variation:>*The coefficient of variation relates to the extent found to be essentially equivalent. Further studies are required
of the homogeneity of the vascular bed anatomy and the cap- ) yeq e d
to prove its general clinical applicability. The results of com-

illary density of a certain tissue, that is to say how similar the . . - . i o
blood flow is when measured at different sites of the same P2/, obtained in the pilot study, between different sites in
the same tissue, different tissues, and different species, con-

. - > 0
tissue. For example, the coefficients of variation are 25% for firm the ability of the TS to be broadly applied in the future.

he skin, 15% for the small intestin % for th mach . . S . .
the skin, 15% for the small intestine, 33% for the stomach, The TS performance is consistent in different species and dif-

and 34% for the gracilis muscle. In an earlier study, simulta- ferent tissues. thus attesting that the experimental model con
neous measurements of TBIBy the Perimegland NADH (by . Issues, thu Ing Xperim . )
stitutes a valid representation of all mammalian tissue.

the standardn vivo research fluorometgfrom 4 sites of the

rat brain cortex were performéd The tendencies in the dif-

ferent sites are considerably similar with regard to the kinetics

and amplitude when visually assess@tb statistical data
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