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Abstract
One of the main critical needs in various pathological development in patients is the detection and treatment of total body

negative oxygen balance. In order to protect and save the most vital organs in the body such as the brain the mechanism of
brain sparing effect is activated in many pathophysiological stated in patients. We describe in this review the basic principle of

a new approach to monitor a new concept named Tissue Metabolic Score, TMS, measured in the urethral wall by 3-way Foley

catheter connected to a multiparametric optical device. The device is measuring, in real time, mitochondrial NADH redox state,
microcirculatory blood flow, volume and haemoglobin saturation.

Since the TMS is sensitive to changes in tissue oxygen balance, it enables the physician to detect the process of patient’s

deterioration as well as the recovery process during various oxygen therapy techniques needed in many patients.

The monitoring of the urethral wall TMS could serve as an early warning signal for the development of negative oxygen balance

they may affect the most vital organs such as the brain and the heart. This concept was proved in experimental animal models as
well as in patients undergoing cardiovascular surgery.
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Background
Since the discovery of oxygen in the 2nd half of the 18th Century, its significant role in physiology and medicine was investigated in

many laboratories all over the world. The main issues that are of great interest, regarding oxygen, are its uptake by the lungs, oxygen-

ation of haemoglobin in the blood, transport in the body and the utilization by cells of the tissues. The molecular oxygen (O2) is con-

sumed by three types of enzymatic activities of which the oxidases (i.e. cytochrome oxidase) are the dominant type that is involved in

utilization of 90 - 95% of the molecular oxygen taken up by the lungs [1-3]. This process is taking place in the respiratory chain located
in the inner membrane of the mitochondria that are the main site of ATP production needed for all functions of the cells in the organism.
In the current paper, only methods and results used and obtained are related to the brain under in vivo conditions and monitored in

real time. One of the unsolved clinical problem in neurology is the treatment of stroke during the early period after the development of
brain ischemia. The best option will be to provide oxygen to the brain as soon as possible and to evaluate brain energetics in real time.
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The general aim of the present review is to describe a new practical tool to evaluate Brain Oxygen Balance of stroke and critical care
patients by monitoring the Urethral Wall Tissue Metabolic Score (TMS) under oxygen Therapy procedures.

Introduction

Brain oxygen metabolism
Normal brain activities depend on the continuous intensive supply of oxygen (carried by the red blood cells) due to the high O2 con-

sumption and due to the very limited reserve of dissolved O2 in the brain tissue. Although the weight of the brain is only 1 - 2% of the
body mass, it consumes about 20% of the total body oxygen consumption.

As seen in figure 3A, this concept was suggested by Barcroft more than 100 years ago [4] He described the relationship between

tissue activity, oxygen consumption and increase in blood supply as a compensation mechanism. This observation, published in 1914,

was and is supported widely by many studies published in the last 105 years. Barcroft, was the first scientist that described the concept
of “Tissue Oxygen Balance”. Schematic presentation of the balance between oxygen supply and demand in the brain is shown in figure 1.
The supply of oxygen (Figure 1 left side) is dependent upon microcirculatory blood flow (TBF), blood volume (TBV) and the level

of oxygen bound to the haemoglobin (HbO2) in the small blood vessels, namely, in the microcirculation. The level of microcirculatory

oxygenated haemoglobin or the tissue pO2 is affected by two factors, namely, oxygen consumption by the mitochondria and the micro-

circulatory blood flow and volume. The intracellular level of mitochondrial NADH (the reduced form) is a parameter related to brain

oxygen balance as seen in the center part of the figure. Stroke may develop when the supply of oxygen is decreased while the demand
is initially continuing at the same rate.

The exact level of oxygen inside the mitochondria in vivo is not well defined due to the inaccuracy of the measurement tools. It is

evaluated to be around 1mm Hg as compared to the high partial oxygen pressure, around 90 mmHg, existing in systemic circulation [5].

As mentioned before, the continuous supply of oxygen to the mitochondria depends on two microcirculatory parameters: tissue

blood flow (TBF) in the diffusible small vessels (small arterioles and capillaries), and the level of haemoglobin oxygenation or saturation

(HbO2) in the microcirculation. Any increase in the oxygen consumption by the mitochondria will be compensated either by downloading the extra oxygen needed from oxygenated haemoglobin or via an increase in the blood flow. Under a restriction of oxygen supply (hypoxia or ischemia), mitochondrial function will be inhibited, and ATP production will decrease, while glycolysis will become stimulated.

In the brain and in most normal tissues and organs, this stimulation of glycolysis is not sufficient to provide the amount of ATP needed
for the normal physiological and biochemical activities.

Figure 2 demonstrates in a schematic way the main elements that build a typical functional cerebral tissue. The cellular compartment

contains typical neurons and glial cells as well as the synapses. The small blood vessels - the capillaries, provide the oxygen and other
nutrients. As seen in figure 2, oxygen is supplied by the blood flow [1] containing the oxygenated hemoglobin [2] that release oxygen to

the extracellular [3] and intracellular (3a) compartment reaching finally and consumed by the mitochondria [4] and water is formed.
The ATP formed is used for different activities shown in figure 1 (right side). Most of the ATP is consumed by the ion pumps such as Na+

K+ ATPase [5] that keeps the ionic homeostasis [6] and low intracellular calcium levels [7]. The recharging of the ATP pool is done by

oxidative phosphorylation in the mitochondria [8]. There are 2 pathological events that are developed in stroke patients as seen in figure

2. The major initial event is [9] cerebral ischemia (core area) due to the decrease in CBF and oxygen supply to the neuronal tissue. The
second event is Cortical Spreading Depression (CSD) developed in the penumbra zone around the ischemic core area [10].
Detailed aims of the present review

Basic medical research served as the foundation on which treatment of patients under pathological conditions is based. Also, the
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chondrial functions were evaluated by measurements of NADH redox state in vitro and in vivo were done in animal models. Therefore,
the following issues must be investigated and addressed in detail before using new drugs or medical devices related to mitochondrial
function and microcirculatory events in patients:
•

•

What are the main differences between investigating isolated mitochondrial function in vitro and in vivo? Is the data comparable?

What is the optimal monitored biomarker that represents mitochondrial function in vivo?

•

Are the metabolic responses of brain slices, oxygen carrier perfused brain and blood perfused brain in vivo the same?

•

els monitored in vivo and in real time?

•

•
•
•

Are the basic responses of the mitochondria to pathophysiological situations the same in patients as compared to animal modEffects of normobaric (NH) and hyperbaric (HH) hyperoxia on brain energy metabolism.

Monitoring and calculation of Tissue / Brain Metabolic Score in animal models and patients.
Effects of focal and global cerebral Ischemia in rats on brain oxygen balance.

Monitoring of Surrogate organ as an indicator of Brain Oxygen Balance in experimental animals and patients.

Technological aspects

In order to evaluate brain oxygen balance, it’s possible to monitor mitochondrial NADH redox state as presented in figure 1. Neverthe-

less, we prefer to move from the single parameter monitoring approach to the multiparametric monitoring mode. Therefore, our general

monitoring system included the measurement of NADH redox state together with microcirculatory blood flow, volume and hemoglobin
saturation as seen in the left and center parts of figure 1.

Figure 1: Schematic illustration of the concept Brain Oxygen Balance. The left side shows the parameters represent the oxygen supply to
the tissue (i.e. brain) and the right side shows the process determined the demand for oxygen.
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Figure 2: The basic biochemical and physiological processes taking place in a typical neuronal tissue (i.e. cerebral cortex) related to
energy metabolism and its regulation. More details appear in the text.

Figure 3: A - The basic concept of mitochondrial activity in vitro described by Chance and Williams in 1955. B - The structure of NAD and
NADH that are involved in the activities of the respiratory chain embedded in the inner membrane of the mitochondria. C - absorption and
emission spectra of NADH illuminated by UV light.
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Monitoring of NADH Fluorescence
More than 60 years ago, Chance and Williams [6] composed a table seen in figure 3A which described the relationship between the

various metabolic states of the isolated mitochondria in vitro (A1), the respiration rate (A2), the rate limiting substance (A3) and the
oxidation reduction state of the NADH one of the respiratory chain components (A4). The two-horizontal blue (A5) and green (A6) rect-

angles are showing the two pairs of metabolic states that are most important to compare in vivo. The most important metabolic states
are 3, 4 and 5.

The discovery of the optical properties of reduced Nicotineamide Adenine Dinucleotide - NADH (earlier names: DPNH: diphosphopy-

ridine nucleotide or PN: pyridine nucleotide), has led to a very intensive research since the early 1950’s. The reduced form of this molecule, NADH, shown in Figure 3B absorbs light at 320-380 nm (Figure 3C left) and emits fluorescent light at 420-480 nm range (Figure
3C right) [7].

Together with Jobsis, Chance measured in vitro changes in muscle NADH fluorescence following stimulation [8]. An intensive use of

the in vivo NADH monitoring approach started in 1962. The “classical” paper on in vivo monitoring of NADH was published in 1962 by
Chance., et al. [9]. They were able to simultaneously monitor the brain and kidney of anesthetized rats using two micro fluorometers. We

have used the light-guide-based fluorometer for in vivo monitoring of the brain [5,10] subjected to anoxia or cortical spreading depres-

sion. Our group developed and used the model shown in Figure 4A in the late 1970’s. This model is still being used in our laboratory to
monitor the brain and other organs [11,12].

Device calibration studies reveal the range of 0 to about 300 μM NADH in solution (in vitro) provides linear correlation with the

fluorescence levels. Two sets of solutions with known concentrations of NADH in Double Distilled Water (DDW) were prepared and

measured by the developed monitoring device. The results of the readings were plotted against NADH concentrations and are presented
in Figure 4B. A linear regression was calculated for each line and the linear equation and R2 are presented in the graph.

A new fluorometer/reflectometer device (MitoViewer) was developed by an Israeli company- Prizmatix as seen in Figure 4C. The

technical details and typical results were described before (13) and in Figure 4 D,E, and F.

Figure 4: The structure of two types of fiber optic based fluorometers. A - Standard research DC fluorometer/reflectometer assembled in
our laboratory. Fiber optic probe is connected to the brain of a small animal. In part B, Fluorescence readings (2 sets) of two fluorometers plotted against NADH concentration after subtracting the reading of the blank solution. A linear regression was calculated, and the
equation and R2 are presented for the 2 sets of control solutions. C - a commercial device (made by Prizmatix Ltd, Israel) is presented. D-F
- Responses to anoxia in D, hypoxia and hyperoxia in F and in E to cortical spreading depression (CSD) measured by
the commercial device - MitoViewer (see text for details).
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Microcirculatory tissue blood flow (TBF)
To measure in real time the TBF from the same cortical area as the NADH monitoring location, we used the Laser Doppler flowmeter

(LDF) technique [14]. The change in the total back-scattered light is an indirect measure of the blood volume in the sampled tissue. To

quantify and normalize CBF values, we defined the reading value after death as 0 CBF. The 100% value was defined as percent CBF read
on the LDF scale during the control period.

Two channel multiparametric monitoring system
In order to monitor more than one parameter and in more than one organ at the same time, we developed the MSMP-multisite mul-

tiparametric monitoring system [15,17]. Each of the 2 channels of this monitoring device (Figure 5) contains a bundle of optical fibers
for NADH redox state monitoring using the fluorometric technique) Figure 5A), and another bundle of fibers for tissue blood flow (TBF)
monitoring using Laser Doppler Flowmeter (Figure 5B). Changes in the reflected light are correlated to changes in tissue blood volume
and therefore serve to correct for hemodynamic artifacts in NADH monitoring [12]. The corrected fluorescence (NADH) is obtained by
subtracting the reflectance from the fluorescence signal at a 1:1 ratio. Tissue blood flow was monitored using a laser Doppler flowmeter,
based on the Doppler shift reflecting the flow of red blood cells in the microcirculation in a depth of 1 - 2 mm [17-19].

Figure 5: Schematic representation of the 2-sites monitoring system containing optical fibers for NADH fluorescence monitoring in A (Ex
- Excitation, Em - Emission, H.V. - High Voltage) and for tissue blood flow in B (Laser Doppler Flowmetry - LDF). In this study the brain and
small intestine were monitored as seen in part C. Part D shows the response of brain (blue) and small intestine (red) to systemic hypoxia.
Multiorgan monitoring of mitochondrial NADH and TBF
The 4 channel fluorometer was used in studying 4 different organs in the same animal as seen in Figure 6A and 7A [7].In the initial

study we monitored the brain, liver, kidney and testis. The preparation of the rat for multi-organ monitoring was as described before [7].
Detailed pictures of the procedures are presented in Figure 6A [7].

Citation: Prof. Avraham Mayevsky. “Urethral Tissue Metabolic Score (TMS) as a Surrogate Marker of Brain Oxygen Balance in Stroke,
ARDS and Critical Care Patients Exposed to Oxygen Therapy”. EC Emergency Medicine and Critical Care SI.01 (2020): 05-40.

Urethral Tissue Metabolic Score (TMS) as a Surrogate Marker of Brain Oxygen Balance in Stroke, ARDS and Critical Care Patients
Exposed to Oxygen Therapy
11

Figure 6B obtained from a rat ventilated with a respirator after intravenous injection of Flaxedil to stop spontaneous breathing,

shows the effects of graded hypoxia and anoxia on the reflectance and corrected fluorescence [11]. The uncorrected fluorescence was

measured from each organ but was not recorded on the same chart paper. A typical response to hypoxia, namely an increase in the corrected fluorescence and at the same time a decrease of reflectance, was obtained when the rat was ventilated with 10 percent oxygen (in

nitrogen). The largest change in the corrected fluorescence signals was measured during complete deprivation of oxygen, achieved by
ventilating with 100 percent nitrogen.

Figure 6: A - Setup for the monitoring of NADH fluorescence in 4 organs of the same animal. Parts A (white letter), A1 and A2 show the
prepared brain. Parts B (white letter), B1 and B2 show the connection to the liver and the kidney. Part C show the probe connected to a
testis. Part D shows a photo of the optical probe ready for the connection to one of the visceral organs (7). B - Effects of graded hypoxia
and anoxia on the NADH redox state in an artificially, ventilated rat. Four organs were monitored simultaneously, and for each organ the
reflectance (R) and the corrected fluorescence (CF) are presented. Subscripts: B, brain; L, liver; K, kidney; and T, testis (11).

Figure 7: A - NADH and Tissue Blood Flow (TBF) monitoring of four organs simultaneously using a multichannel fluorometer and 4 blood
flow monitors. In this demonstration, we monitored the brain, kidney, liver and testis in a rat model. B - The effect of cardiac arrest on
mitochondrial NADH and tissue blood flow in 4 organs monitored simultaneously in a rat model. Cardiac arrest was
induced by injection of 1 ml of 1M KCl within 10 seconds. At the beginning of the monitoring the NADH was set to 0% level and the
TBF as 100% level before the induction of the cardiac arrest event. The rate of decrease in TBF
in the testing was significantly different from the other organs using ANOVA (p<0.001).
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The response to 5 percent oxygen was intermediate; thus, there appears to be a direct correlation between the partial pressure of

oxygen (FiO2) in the air breathed and the magnitude of change in the NADH redox state, as previously described by Chance., et al. [9]. The

results were the same when the rat was breathing the same low-oxygen mixtures spontaneously. These typical responses were found in

all four organs tested, with little variation between them. In all of the normal rats tested during the years, the same qualitative response
to anoxia was found in the normoxic brain.
Animal preparation

All experiments are performed in accordance with the Animal Care Committee of Bar-Ilan University Guidelines. All details regarding

cannulation procedures, brain craniotomy and Visceral organ preparation were described in detail earlier [7].

The spreading depression (SD) model: For the induction of SD, a special cannula is placed on the cerebral cortex, close to the moni-

toring probe, and cemented to the skull together with the monitoring device. To induce SD, the brain is washed (through the SD cannula)

with KCl solution (0.5 - 2M) until the appropriate number of waves appear. To stop the development of SD waves, the brain is washed
with Saline solution.

2.6 Brain ischemia models in rats.

In order to induce brain ischemia in the rat model it’s possible to create a focal or global effect. The typical focal ischemia is the uni-

lateral middle cerebral artery occlusion (MCAO)as compared to the 1, 2, and 4 vessel occlusions affecting the entire area of the brain.
Unilateral (UCO) and bilateral carotid artery occlusion (BCO)

The Global ischemia model: 24 hours before craniotomy, the animal is placed on its back and a midline section is made in the neck,

exposing of one or 2 carotid arteries and isolating them from the Vagus nerves. Thereafter, a 4 - 0 silk suture is placed around the arteries
and prepared for later ligation (Figure 8A). In the 24 hours’ ischemia model, after artery or arteries occlusion, the incision in the animal’s
neck is closed and the animal is returned to the cage. The monitoring is preformed 24 hours later.
Four vessel occlusion rat model for brain ischemia

While monitoring the NADH from the brain the two vertebral arteries (figure 8A) were cauterized using the regular procedure [20].

Ten minutes later the effect of bilateral carotid occlusion was tested, and electrocoagulation was repeated until severe ischemia was

recorded (increased level of NADH compared with anoxia). This approach provided us with complete or near-complete ischemia in all
animals as evaluated by the level of NADH. One can calculate the exact level of cortical ischemia by comparing the percentage change of

NADH increase during the ischemia with the maximal level recorded under anoxia (0% oxygen). This normalization technique helped us
to compare two hemispheres in various animals, although the absolute percentage changes were different.
Middle cerebral artery occlusion (MCAO)

The skull was exposed by a midline incision, and a round hole was drilled in the right parietal bone for a cannula, in which one probe

of the MSMP system will be placed, 1.5 mm posterior and 1.5 mm lateral to the Bregma, which according to previous studies is equivalent
to the penumbra of the ischemic area [21,22].

The cannula was placed epidurally on the right hemisphere and fixated to the skull using dental acrylic cement, together with addi-

tional screws for better fixation.

Afterwards, the rat was turned over on its back, and right MCAO surgery was performed according to Livnat., et al. [23], with several

adaptations. A 4/0 nylon filament, with a heated 37nm diameter bulb head covered with Poly-L-Lysine was inserted through a puncCitation: Prof. Avraham Mayevsky. “Urethral Tissue Metabolic Score (TMS) as a Surrogate Marker of Brain Oxygen Balance in Stroke,
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ture to the external carotid artery onto the common carotid artery (Figure 8B). After 60 minutes of occlusion, the nylon filament was
removed, and the tissue was perfused. The rat was left in a cage with free access to food and water for 24 hours, before the monitoring
began.

Figure 8: A - The anatomy of blood vessels providing blood to the skull and brain of a rat model. The arrows are demonstrating the points
of possible occlusion in order to induce different level and location of ischemia. A1 shows the location of the 2 monitoring probes above the
brain during the monitoring of the two hemispheres. B - A ventral view of the brain presenting the insertion of the blood flow occlude in
the MCA. B1 shows the location of the monitoring probes above the right hemisphere of the brain during the MCA occlusion experiments.

Exposure of rats to normobaric and hyperbaric hyperoxia
In order to assess the hemodynamic and metabolic functions of the cerebral cortex, we used the Tissue Vitality Monitoring System

(TVMS) that includes two devices: a time-sharing fluorometer-reflectometer (TSFR) for mitochondrial NADH redox state and microcir-

culatory hemoglobin oxygen saturation HbO2 measurement [24] combined with a laser Doppler flowmeter (LDF) for CBF monitoring

(Figure 9). The connection between the brain and the TVMS was done by a flexible light guide inserted through the wall of the hyperbaric
chamber. The fiber optic probe includes fibers that were connected to the two instruments as shown in the enlargement of the bundle

tip. The measurement of HbO2, reflectance at 366nm and NADH were performed by the same excitation and emission fibers. The CBF

was measured by 3 optical fibers located in the center of the time-sharing bundle of fibers. This system includes a rotating wheel with

8 specific filters at the appropriate wavelengths (366 nm, 450 nm for NADH and 585 nm, 577 nm for oxyhaemoglobin measurement) to

4 filters for excitation light and 4 filters for emitted light. The wheel rotates at about 2400 rpm, which is a very high speed with respect
to the kinetics of physiological changes; thus, NADH and oxyhaemoglobin are simultaneously monitored [17,24]. The animal was placed

in a Plexiglas cage, fitted to the rat’s size and could recover for about 30 min. The normal response to anoxia was checked by the NADH
increase and HbO2 decrease. Thereafter, the rat (in the Plexiglas cage) was placed in a 150-l hyperbaric chamber, containing a special cage

heated by water (Bethlehem Corp. FM-21-A). Four hours after anaesthesia, the rats were observed in a fully awake state and the exper-

iment started. The chamber was flushed with 100% oxygen, normobaric hyperoxia (NH) for 15 min at atmospheric pressure (cleaning

phase) in order to prevent acid base disturbances and physiological CO2 elevation in the blood. Then, the oxygen pressure was elevated at
a rate of 1 atmosphere per minutes to a maximum pressure of the hyperbaric hyperoxia (HH). The respective maximum pressures were

applied to four groups of animals. Rats of group 1 (n = 7) were subjected to a maximum pressure of 1.75 ATA for 90min. Group2 (n = 7)
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was exposed to a maximum pressure of 2.5 ATA for 90 min. Group 3 (n = 7) was subjected to a pressure of 4.5 ATA until the appearance
of the first tonic-clonic convulsions, and then decompression was performed. Group 4 (n = 7) was pressurized to a maximum of 6 ATA.

Group of rats (n = 7) was exposed to a rise in gradient pressure (0.5 ATA), starting from normal pressure (0.2 ATA), normobaric hyperoxia (100% O2) at 1ATA (NH) and continuing by elevating the pressure from 1.5 - 3.5 ATA every 15 min. An additional group of rats (n =

7), a control group, underwent the same preparation and procedures, and the rats were monitored at 0.2 ATA of air in the chamber for
2.5h, without pressure.

Figure 9: A - Schematic representation of the hyperbaric experimental setup showing the time-sharing fluorometer reflectometer, laser
Doppler flowmeter and electrodes for electrocorticography (ECoG). Ex and Em-excitation and emission fibers for NADH and HbO2 monitoring, respectively; LDin and LDout-optical fibers for blood flow monitoring. The numbers in the spinning disk refer to the wavelength filters.
The rat brain is connected to monitoring system via a flexible fiber optic probe penetrating the wall of the hyperbaric chamber. B - Recording of the optical parameters measured by the time sharing fluorometer reflectometer and laser Doppler flowmeter in control experiments
measured inside the hyperbaric chamber (n = 8). C - The effect of normobaric hyperoxia (100% O2) on the 4 parameters monitored inside
the hyperbaric chamber. The results are the average of 28 rats exposed to the hyperoxia. The *** represents the significant level of p<0.001.

Results and Discussion
What are the main differences between investigating isolated mitochondrial function in vitro and in vivo? Is the data comparable?
The pioneer work of Chance, Williams, Connelly and other collaborators, in the early 1950’s, opened up new possibilities enabling the

study of mitochondrial function in vitro, and later on in vivo monitoring became a reality. The main breakthrough occurred in 1962 when

the measurements of NADH in brain in vivo were described [25]. After more than 60 years of monitoring of NADH fluorescence in many

biological systems, the following issue must be discussed. Can we extrapolate from the results obtained in monitoring of mitochondrial

NADH in vitro to in vivo conditions? Mitochondrial function and its metabolic states under in vivo condition are completely different from
the definition made for isolated mitochondria by Chance and Williams in 1955. The main differences between the two situations were
published [26] are as follows:

Citation: Prof. Avraham Mayevsky. “Urethral Tissue Metabolic Score (TMS) as a Surrogate Marker of Brain Oxygen Balance in Stroke,
ARDS and Critical Care Patients Exposed to Oxygen Therapy”. EC Emergency Medicine and Critical Care SI.01 (2020): 05-40.

Urethral Tissue Metabolic Score (TMS) as a Surrogate Marker of Brain Oxygen Balance in Stroke, ARDS and Critical Care Patients
Exposed to Oxygen Therapy
15

•

There is no way to determine the optimal supply of oxygen to isolated mitochondrial or cells in vitro as in an intact animal in
vivo.

•
•

The isolated mitochondria are not interconnected to other intracellular organelles and components.

•

genation under in vitro conditions.

The amount of oxygen available in the mitochondrial medium is not regulated by changes in blood flow or haemoglobin oxy-

•

One of the largest oxygen or energy consumers i.e. various ions pumps, are missing from the isolated mitochondria preparation.

•

vivo conditions.

When ADP is added to State 4 mitochondria, ATP will be synthesized but will not be consumed in parallel as occur under in
The isolated mitochondria preparation is not exposed to systemic changes in hemodynamic and other physiological parameters occurring in the organism.

Regarding the supply of oxygen in vitro. How could we determine the level of oxygen as well as the CO2 in the growing media in a

petri-dish or when using a brain slice as a model in vitro. Is a mixture of 95% oxygen and 5% CO2 is not too high or too low for the cells

in vitro as compared to the regulated supply in vivo?

In the classical table published in 1955 by Chance and William [27] they showed the relationship between the metabolic state and the

level of NADH in the mitochondria (Figure 3A).Out of the five metabolic states defined in the table, two of them are in the physiological
range and the other three described pathophysiological conditions developed in the cell or tissue. The explanations to the table shown in
Figure 3A appeared in the original publication [6].

Since 1962 a very large number of papers described the use of NADH monitoring in intact animals exposed to variety of physiological

and pathological conditions. NADH was monitored in various animal models exposing most of the organs in the body to various pertur-

bations [17]. The interpretation of the results obtained in vivo is based on the “Chance and Williams” concepts defined for in vitro condi-

tions [6]. The crucial question is could we interpret the in vivo data according to the concept developed for in vitro conditions.

Figure 10 illustrates the data interpretation dilemma. Part A2 shows the spectra of NADH fluorescence measured in the isolated

mitochondria and the responses to shifts in the metabolic state of the mitochondria (part A1). In Figure 10B2 the response to anoxia

(increased NADH) measured from the intact rat brain in vivo under “State 4 to State 5” transition. In part B3, the response to CSD - cor-

tical spreading depression (NADH decreased) is presented. The range of NADH changes are between Anoxia (maximal level) and CSD

(minimal level). Can we compare and define the resting state (4) and active state (3) under in vivo situation to the in vitro definitions? As
seen in Figure 3A and 10A1, the maximal NADH level is achieved under complete O2 deprivation that can be induced both under in vitro
and in vivo conditions.

Figure 10: Comparison between mitochondrial metabolic state (in vitro), defined by Chance & Williams in 1955 (A1) and responses of the
in vivo brain NADH to changes in O2 supply and demand induced by brain activation described by Mayevsky (B1).
The spectra seen in A2 were measured in isolated mitochondria in vitro. The responses to anoxia (B2) and cortical spreading depression
(B3) were measured in the rat brain in vivo.

This signifies that this definitive point can be used to determine State 5 in vivo as well. As can be seen in the table (Figure 3A and

10A1), the steady state NADH level at State 4 is 99%, namely that most of the NAD is in the reduced form NADH. When the mitochondria
are shifted to State 3, by adding ADP, the NADH becomes more oxidized and the NADH level is decrease to 53% of the reduced form.
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Moving from State 4 to State 5, eliminating the oxygen from the media will have a very small effect on the NADH level namely, changing

from 99% to 100%. It is important to note that other members of the respiratory chain behave somewhat similarly to the NADH. When
the mitochondria are shifted to State 2, NADH level is 0 since the NAD is the dominant state in the absence of substrate.

The problem is to determine the ‘resting’ metabolic state of a tissue in an in vivo situation. If we adopt the in vitro value of a resting

state (State 4), this will signify that the increase in NADH during State 5, induced by anoxia (0% O2), would be only 1% namely from 99%
to 100%. According to all in vivo studies, this is not the case, and during anoxia the increase in NADH is much larger than the decrease
under State 4 to 3 transition. When we started our monitoring of NADH redox state using fiber optic based fluorometry/reflectometry we
used the brain in vivo exposed to various conditions in real time. We found that the NADH level could either increase or decrease from the

baseline level calibrated in the normoxic animal. The initial results were plotted against the perturbation used as shown in Figure 10B1.
The relative changes in brain NADH under various perturbations as compared to the Chance and Williams definitions. Although

the maximal level of NADH could be achieved in vivo by exposing the animal to anoxia (100% nitrogen), the minimal level that could

be monitored in vivo is very hard to achieved. We tried to build the scale between maximal and minimal level of NADH by exposing the

brain to many types of perturbations. In Figure 10B1, the horizontal lines represent the relative change in NADH recorded during the
perturbation. The values are not accurate but rather trying to map the scale of NADH changes. The question is how to locate the in vivo

scale relative to the in vitro definition shown in the left side. According to the changes recorded, it seems that the so-called “resting brain”

is not at State 4 (99% NADH) but rather around 3.5. As seen, NADH will increase by various factors such as anaesthesia, hypoxia, and
partial ischemia. Under complete ischemia or anoxia, the NADH will reach its maximal level - State 5. Exposing the animal to hyperoxia
or uncoupler led to decrease in NADH toward State 3. Activation of the brain by inducing seizures or cortical spreading depression led to

a very large decrease in NADH. The main issue in the scaling or the responses is how to “push” the brain in vivo to minimal NADH levels.
As of now it seems that this question remains open and unsolved. The range of changes in NADH levels are between maximal NADH level
under Anoxia or complete ischemia and the minimal level recorded under cortical spreading depression in normoxic animal.
What is the optimal monitored biomarker that represent mitochondrial function in vivo?

The need for an intracellular pO2 indicator, as a physiological and biochemical parameter of living tissue, has emerged more than

60 years ago. The effects of mitochondrial metabolic state on the oxidation-reduction of the various components active in the electron

transport process was described by Chance and Williams in 1956 [6]. The blue autofluorescence of cells and tissues was recognized from
the first studies of its fluorescence microscopy and was termed “autofluorescence”. There was no attempt to characterize it or to do what

was obvious to later researchers, which was to see whether oxygen or nitrogen affect the fluorescence. Since the oxidized form- NAD+ is
not absorbing light in this range, it was possible to evaluate the redox state of the mitochondrion by monitoring the blue fluorescence of
NADH. Chance and Williams defined, for the first time, the metabolic states of isolated mitochondria in vitro, depending on the substrate,
oxygen and ADP levels (Figure 3A). In addition, they correlated those metabolic states to the oxidation-reduction levels of the respiratory

enzymes. Only the reduced form of this molecule, NADH [28], absorbs light at 320 - 380 nm (Figure 3A and B) and emits fluorescent light
at 420 - 480 nm range (Figure 3C) [7].

Therefore, when a mixture of NADH and NAD+ (Figure 3B) is illuminated in a cuvette by 320-380 nm, only NADH will affect the ab-

sorption spectrum peak at 340 nm (Figure 3C) (Figure 3). The fluorescence spectra of NADH (the reduced form) have been well charac-

terized at different levels of organization, i.e., in solution, mitochondria and cell suspensions, tissue slices, and organs in vitro and in vivo
[29]. However, there is a universal agreement that the intensity of the fluorescence band, independent of the organization level of the

environment, is proportional to the concentration of mitochondrial NADH (the reduced form), particularly when measured in vivo from a
tissue. Regarding Flavo-proteins, only the oxidized Fp absorbed light at 460nm and emit fluorescence light at 577 nm. The main problem
with this application is that the correction for hemodynamic artefacts is more complicated as compared to the NADH signal correction

[30]. Monitoring of cytochrome oxidase in blood perfused brain or other organ was not correctly developed and the overlapping of the
signal with that of haemoglobin is avoiding a reliable measurement.
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Chance., et al. concluded that “For a system at equilibrium, NADH is at the extreme low potential end of the chain, and this may be

the oxygen indicator of choice in mitochondria and tissue as well” [5]. Lubbers in 1995 concluded that “the most important intrinsic
luminescence indicator is NADH, an enzyme of which the reaction is connected with tissue respiration and energy metabolism” [31].
Are the metabolic responses of brain slices, oxygen carrier perfused brain and blood perfused brain in vivo the same?

In order to study brain energy metabolism under pathophysiological conditions various experimental models were developed and

used during the past 50 years. In addition to study neuronal cells grown in artificial medium, the brain slice is widely being used. Another

option was to use the intact brain perfused with non-blood oxygen carried solution. The most appropriate model is to use the brain in
vivo perfused with normal blood anesthetized in most studies. We are presenting in Figure 11 typical results obtained when the 3 men-

tioned models were exposed to oxygen deficiency or tissue activation, and mitochondrial NADH redox state was measured and evaluated
in real time.

Figure 11: Comparison of the brain tissue responses to various perturbations measured in brain slice (A), perfused brain (C) and brain in
vivo in (B). A1, B1, and C1 are the experimental setup that were used. A2, B2 and C2 show the responses to anoxia and A3, B3 and C3 show
the responses to the used preparation to metabolic activation.

The brain slice
In this study the hippocampal slice was used while continuously monitored using a NADH fluorometer/ reflectometer seen in Figure

11A1 [32].The expected response to oxygen deprivation is presented in figure 11A2 namely, a clear and significant increase in NADH
redox state. Very small change in the reflectance trace was recorded due to the absence of the main light absorber, the blood. The effects

of high extracellular level of potassium and norepinephrine are presented in figure 11A3 C and D. In perfusion of those two chemicals
the NADH was elevated although the energy metabolism was activated suggesting that oxygen supply during the activation of the tissue
was not elevated.
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Blood free perfused brain
The monitoring of NADH redox state in oxygen carrier perfused brain is presented in Figure 11C. In this study published in 1981 [33]

the DC fluorometer presented in Figure 11B1 was used. The rat was anesthetized, and a light guide holder was cemented with screws to

the skull. Before the preparation of the perfused brain, the response to anoxia recorded and only rats that showed the typical responses

seen in Figure 10B2 were used. The isolated brain preparation, consisting of the detached skull and its contents, was made from the
hypothermic rat, without lapse of circulation, and perfused through the internal carotid arteries. A typical recording is shown in Figure

11C2, which shows that the reflectance and fluorescence traces were quite flat. When the pump was turned off, the NADH increased
rapidly and reached its maximum value in less than 1 min. At that time (60 sec) the perfusion pressure was minimal. There was only a

very small change in reflectance. The ECoG became isoelectric after 45 seconds when the NADH reached 60 - 70% of its maximum value.

When circulation and delivery of oxygen were restored (pump on) immediate recovery was observed in the fluorescence trace and in the
ECoG. Figure 11C3 shows the spontaneous disappearance of the ECoG concomitantly with the appearance of four oxidation-reduction
cycles. The level of the NADH shifted to a higher value after the disappearance of the ECoG.
Blood perfused brain in vivo

Typical responses of the rat brain in vivo to anoxia is presented in Figure 11B2. The top trace shows the reflectance which in all

animals decreases during the N2 cycle. The recovery of the reflectance to the baseline occurred about 10 minutes after the rat started

breathing again. The second trace from the top, the fluorescence, shows a large increase in NADH fluorescence during the first phase of
the N2 cycle. After the cessation of respiration, a large decrease in reflectance occurs; an apparent decrease in fluorescence (oxidation)

is observed which is almost undetectable in the corrected trace. The small decrease shown in the corrected trace is due to imperfection
of the correction factor in this special animal. After the animal started breathing, a fast decrease of NADH is observed in the uncorrected
fluorescence as well as in the corrected. The recovery of the NADH level to the baseline is very fast in comparison to the recovery of the
reflectance.

The initial effect of epinephrine IV injection is an increase in systemic blood pressure seen in the upper trace of Figure 11B3. As a

result, the brain microcirculatory blood flow (CBF) was elevated and the NADH was slightly oxidized.

Discussion

It’s very clear from the results presented in Figure 11 that the perfusion of the brain tissue with blood is the only way to provide

adequate amount of oxygen when the demand is elevated due to high extracellular K+ levels or nor epinephrine injection. The perfused
brain with artificial blood was unable to keep a positive oxygen balance and the brain was deteriorated very fast as seen in Figure 11C3.
Are the basic responses of the mitochondria to pathophysiological situations the same in patients as compared to animal models monitored in vivo and in real time?
When a medical device for NADH monitoring is used as a diagnostic tool in patients, the user should compare the data to studies he

performed in animal models. There are differences in the structure of the fluorometer to be used in patients. Figure 12A1 shows the
initial fluorometer developed for animal monitoring as compared to the clinical environment shown in Figure 12B1. The very dramatic
shifts in the monitoring device between 1972 and the one cleared by the FDA and used in patients in the ICU are presented.
The effect of ischemia

Brain ischemia induced in a gerbil and compared to similar event induced in a neurosurgical patient is demonstrated in Figures

12A2 and 12B2. In the gerbil, the ischemia was induced in 2 steps starting with unilateral carotid artery occlusion followed be bilateral
occlusion leading to complete ischemia. There a very clear correlation between the decrease in CBF and the increase in NADH in the
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entire ischemic event. During the recovery phase after reopening of the blood vessels a clear hyperemic response was recorded in the

CBF trace but not in the NADH response. This hyperemia in CBF is due to other factors involved in CBF regulation and is not connected
to the amount of oxygen consumed by the brain tissue.
Responses to cortical spreading depression (CSD)

The responses to cortical spreading depression in normoxic and ischemic brain are different in the rat model and also in the patient’s

brain. Figure 12A3 present the responses to SD in a rat model at the upper part and in patients at the lower part in Figure 12B3. When

we induced SD in animal study, we were sure about the oxygen supply to the animal. In both cases the NADH became more oxidized
(decrease Signal) while the CBF was elevated in order to provide more oxygen needed to restore the disrupted ionic homeostasis created
during the CSD.

The blood supply to the brain decreased between part A3 and A4 by occlusion of the 2 common carotid arteries 24 hours before the

monitoring. The shift in response to SD from the normoxic (A) to the ischemic (B) state is clear as discussed previously [34,35]. When
we move to patients’ monitoring, we want to use the NADH trace as an indicator to the physiological state of the patient or the brain in

this example. As seen in the lower part, the two responses developed in the neurosurgical patients (B3 and B4) are not the same. There
are similarities between A3 and B3 as well as between A4 and B4. Therefore, we concluded that the brain of the patient in state B3 was

probably normoxic while in B4 the brain was partially ischemic. Indeed, this patient was deteriorating in time and finally brain death was

determined [18]. This example demonstrates that the basic pathophysiological events developed in patients are very similar to those
monitored in animal models.

Discussion

In this section we are presenting data that support the assumption regarding the similarities of the responses to brain perturbation

monitored in animal model (rats) and neurosurgical patients. Our studies are unique since we are the only laboratory that could measure
mitochondrial NADH redox state and microcirculatory CBF using a FDA cleared device. The same device seen in Figure 12B1 enables
us to measure both animal models and patients. The responses to ischemia and to CSD in normoxic and ischemic brain are very similar.

Figure 12: Comparison between the monitoring systems that measured NADH redox state and CBF in animal model (A1) and the human
brain (B1). The responses to Ischemia or Cortical spreading depression (CSD) are presented in A2 and A3 for a rat and in B2 and B3 for
human brain. The responses to CSD measured in the partial ischemic brain are presented in A4 for the rat and B4 for the human brain.
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Effects of normobaric (NH (and hyperbaric (HH) hyperoxia on brain energy metabolism
It is well known and published that the level of oxygenated HbO2 at the microcirculation is much lower than in the systemic arterial

blood (about 98% saturation) dependent on the oxygen consumed by the mitochondria and the microcirculatory blood flow. The hypoth-

esis was that HBO may lead to maximal level in microcirculatory HbO2 due to the amount of the dissolved O2 to provide the O2 consumed

by the brain, and therefore no O2 will be dissociated from the HbO2. The aims of this study were as follows:
•
•
•

To determine the HBO level at which in vivo haemoglobin oxygenation in brain microcirculation, is maximal.
To find the relation between those values to the real time mitochondrial NADH redox state.
To compare the responses of CBF and tissue reflectance (blood volume) under HBO.

Figure 9B show 100 minutes of stable recording obtained from 7 rats monitored in the hyperbaric chamber breathing air at normal

atmospheric pressure. Figure 9C, shows the effect of normbaric hyperoxia (NH) recorded in 28 rats for 25 minutes on the various pa-

rameters. The small decrease in CBF was not significant during the entire recording. The large significant increase in the reflectance
signal may suggest a decrease in blood volume and the same results were obtained in the 585nm reflectance (not shown in the record).

The NADH levels decreased (oxidized) significantly during the entire exposure to 100% oxygen and it was correlated to the increase

in the microcirculatory HbO2 oxygenation (increased signal).

One group of rats was tested to show the effect of hyperbaric hyperoxia (HH) at various “non-toxic” pressure levels (1.5, 2, 2.5, 3 and

3.5 ATA) on the measured parameters (Figure 13A). Since the range of therapeutic HBO pressure levels confirmed by the Undersea and

Hyperbaric Medical Society (UHMS) for various pathological conditions was between 2 and 3 ATA we decided to test the effect of these

pressures, compared to the control group at 0.2 ATA, on the measured parameters. The experiments started from normal pressure (0.2
ATA) for 15 min. Then, pressure was elevated gradually starting from (NH) at 1 ATA and continued to hyperbaric pressure elevating

by increments of 0.5 ATA from 1.5 to 3.5 ATA, after washing the chamber with 100% O2. Each step of pressure continued for 15 min,

HbO2 increased significantly (p < 0.001) and NADH redox state decreased significantly (p < 0.001). The 366 nm reflectance augmented
significantly (p = 0.001) showing a decrease in blood volume, whereas CBF did not demonstrate significant changes. In addition, Bon-

ferroni post hoc tests showed significant differences (between p < 0.05 to p < 0.001) between the control values at 0.2 ATA (at 5 min of
recording) and almost all other time points (20, 35, 50, 65, 80 and 95 min), where the parameters reached steady state for each level

of pressure induced. These results show that the gradual increases in hyperbaric pressures were significantly different compared to
normoxia (0.2 ATA) in reflectance, NADH redox state and HbO2. Significant differences (p < 0.001) were also found between the control

and experimental groups at the same 6 time points (from 20 to 95 min) showing a significant effect of 100% O2 and the various levels of

hyperbaric pressure.

In another set of experiments, we exposed the rats to wide range of pressure, namely, 1.75, 2.5, 4.5 and 6ATA and the details were pub-

lished [36]. Two approximation models were found for NADH vs. hyperbaric pressure (HP) and HbO2 vs. HP (Figure 13B) with the help

of curve fitting procedure of SPSS program. The plateau of the asymptotic curve can explain why at low pressures (up to about 2.5 ATA)
the tissue becomes oxidized faster than under high pressures (4.5 and 6 ATA). We also performed the approximation curve fitting for the
relation NADH vs. HbO2.Two mathematical models were built: a linear and a logarithmic (Figure 13BB). For the logarithmic regression

approximation, we did not use nitrogen inhalation values which were normalized to 0%. We omitted these values for this curve since we
did not examine the data for 0-50% haemoglobin saturation and NADH oxygenation change.
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Figure 13: A - The effect of normobaric hyperoxia (100% O2) and various levels of hyperbaric hyperoxia (1.5 ATA, 2.0 ATA, 2.5 ATA, 3
ATA and 3.5 ATA) on cerebral blood flow (CBF), reflectance (R366), mitochondrial NADH redox state and hemoglobin oxygen saturation
(HbO2). The data are presented as mean percent values ± SE. Repeated measures ANOVA and Bonferroni post hoc test showed significant
differences between control and experimental group. *** p <0.001 range of specific time points (20, 35, 50, 65, 80 and 95 min) presenting
significant differences calculated by the Student t -test between the control and the experimental groups. B - An asymptotic curve fitting
of a mathematical approximation model for NADH vs. hyperbaric pressure (HP) and HBO2 vs. HP. (B lower) Linear and logarithmic curve
fitting of mathematical approximation models for NADH vs. HbO2. C - Hemoglobin oxygen saturation curve in the microcirculation. The
green sector represents the saturation of the Hb in the tissue when the animal breath air (0.2 ATA O2). The yellow section represents the
saturation level when breathing up to

Responses of the partial ischemic brain to NH and HH hyperoxia.
In order to evaluate the efficacy of treatment of stroke by increasing the level of oxygen in the breathing mixture we performed the

following preliminary study. The global brain partial ischemia model was created by a permanent bilateral occlusion of the 2 carotid

arteries for 24 hours. The effect of anoxia (100%N2) in the two groups of rats is presented in figure 14A.The responses of the NADH and

HbO2 are very similar in the 2 groups but the reflectance and CBF responses were different. The large increase in blood volume as seen
in the reflectance trace was abolished in the ischemic group. Also, the large significant hyperemic response seen in the CBF signal was
diminished.

The effects of 2.5 ATA HH on the normoxic and partial ischemic brain are presented in Figures 14B and 14C correspondingly. The very

clear improvement of oxygen supply by the 1 ATA and 2.5 ATA are very similar in the 2 groups of rats as discussed earlier in Figure 13A.
This improvement was recorded along the entire period of exposure the rats to 2.5 ATA (about 70 minutes).
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Figure 14: A - The effect of anoxia (100% N2) on cerebral blood flow (CBF), reflectance (R366), mitochondrial NADH redox state (NADH)
and hemoglobin oxygen saturation (HbO2) in the normal brain (blue) and partial ischemic brain(purple). Values are shown as mean
percent values±SE. ** p <0.01, *** p <0.001 range of time showing significant differences found by ANOVA repeated measures. B - The effect
of 15 minutes normobaric hyperoxia (1ATA 100% O2) and 75 minutes hyperbaric hyperoxia (2.5 ATA) on brain metabolism in normal rats.
C - The effect of 15 minutes normobaric hyperoxia (1ATA 100%O2) and 75 minutes hyperbaric hyperoxia (2.5 ATA) on brain metabolism in
the partial ischemic brain.

Discussion
This study examines the relationship between intracellular mitochondrial NADH redox state, microcirculatory blood flow, tissue re-

flectance and haemoglobin oxygenation under normoxia (21% O2), normobaric hyperoxia (100% O2) and variable levels of hyperbaric

hyperoxia. Parallel to the decrease in blood volume (increased reflectance), we observed an oxidation of brain NADH (Figure 13 and 14),
suggesting that NADH is not fully oxidized in the normoxic brain in vivo and can be oxidized even further under hyperbaric hyperoxia

conditions. Questions arise to how much of this oxygen is actually bound to haemoglobin; how much oxygen is dissolved in the plasma
of the circulating blood; and how the relationship between the two O2 carrying mechanisms is affected by hyperbaric oxygenation. We
found that the haemoglobin saturation in the brain tissue increases by an asymptotic curve as the chamber pressure rises, approximating a plateau at about 2.5 ATA (Figure 13A). This may imply that tissue HbO2 is near the maximal value at 2.5 ATA, and pressures above

2.5 ATA do not significantly alter the tissue haemoglobin saturation Figure 13C and D. The significant increase in HbO2, resulting from

increased oxygen partial pressure, evidences that brain microcirculatory haemoglobin was not fully oxygenated under normal conditions
and it reached a maximal saturation at 2.5 ATA when all O2 supply to the cells was provided by the O2 dissolved in the plasma. Elevation

of the pressure above 2.5 ATA did not further oxygenate the haemoglobin and no changes were found in HbO2 levels.

Our work shows that most of the oxidation of NADH and the oxygenation of HbO2 take place in the proximity of 2.5 - 3 ATA.
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Monitoring and calculation of tissue / brain metabolic score in animal models and patients
As seen in figure 1, there is a need to calculate and present the balance between oxygen supply and demand in a specific organ such

as the brain of patients. In order to calculate a useful score, it is necessary to monitor and use as many parameters as possible repre-

senting the two side of the equation of oxygen balance. We decided to use only 4 parameters in the monitoring device that will provide
the calculated brain or other tissue metabolic score. The need for new approaches in evaluating the clinical status of patients is very
wide. For example, the interpretation of the physiological status of anesthetized patients in the OR is very subjective and therefore may

be evaluated differentially by various anaesthesiologists. The same problem is demonstrated in patients hospitalized in the various in-

tensive care units that need additional monitoring approaches to evaluate objectively their condition. As of today, there is a discrepancy

between the large amount of data collected by various techniques and the ability to integrate it into a practical objective tool to be used
in clinical practice. Our effort to apply our developed multiparametric system to clinical daily use, required the development of a new

indexing technique for data interpretation. After the accumulation of huge amount of experimental results, we decided to develop a
preliminary tool named Tissue Metabolic Score (TMS). In the present study we are presenting the preliminary developed TMS that could

be used in evaluating the metabolic status of the cerebral cortex or other tissue in real time. We used the brain as a typical organ for the
calculation of the BMS, but the same approach could be used for other organs or tissues. The ultimate goal of our study is to develop the

TMS for tissues that could be monitored in the intensive care units or in the operating rooms. In order to develop the BMS/TMS we used
the multiparametric monitoring system described in detail [37] and the development of the BMS/TMS appeared in our publication [38].

The device is seen in Figure 15A and the details appeared in our paper [39]. The nature of the 4 measured parameters presented in Fig-

ure 15A1-A4 are NADH redox state, tissue blood flow, haemoglobin oxygenation and tissue reflectance. The connection of the monitored
tissue to the device is done by a fiber optic probe that is specific to the tissue/organ monitored. Figure 15B1 shows the probe used to
monitor the brain in a rat model, Figure 15B2 was used in the neurosurgical OR and figure 15B3 show a Foley catheter that include a

bundle of optical fibers in the wall. Figure 15C shows the display of the device shows in real time the levels of the monitored parameters
that could be calculated to provide the TMS/BMS seen in part D of the figure. The shift from a single parameter to multiparameter mon-

itoring device allow us to understand the mechanism of a pathological state in more details. The use of other physiological parameters
in addition to NADH redox state enabled us to understand better the mechanism behind the development of pathophysiological states
in various animal models used. This approach enables a clinician to diagnose better the development of pathological states in patients.

Figure 15: A - The CritiView device enabling the monitoring of mitochondrial and brain functions from the brain in vivo. A1 - A4, the 4 parameters monitored simultaneously. Three different optical probes are presented B1 - for rat brain, B2 - for patients in the operating room
and B3, a Urethral Foley catheter for the monitoring patients in the OR and ICU. C - the display of the four monitored parameters. D - The
Calculated Brain / Tissue Metabolic Score.
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In Figure 16A and 16B, a few of the main events developed during ischemia (left) and Cortical Spreading Depression - CSD were se-

lected and shown in the center column. The blue arrows present the direction of the developed changes. Under ischemia, the primary

event is the decrease in CBF, HbO2, blood volume and O2 delivery to the brain detected as an increase in the intramitochondrial NADH.
The next step is the inhibition of the ion pumps such as the Na+ K+ ATPase leading to the accumulation of K+ in the extracellular space (in

2 steps) ended up in an ischemic depolarization phase and depression of electrical activities (flat ECoG). This situation will persist until
the reperfusion started and normal CBF was established.

In CSD, the primary event is the depolarization which propagated in the entire hemisphere and the ECoG depression is the first re-

corded change [40]. The accumulation of K+ in the extracellular space could be detected by a specific ion selective electrode. The Na+ K+

ATPase is stimulated so that the net accumulation of K+ in the extracellular space is smaller as compared to ischemia. The large increase

in energy utilization will be detected by the oxidation of NADH and compensated by the increase in CBF seen in each of the SD waves.

Although ischemia and SD have shared similar ionic disturbances, the differences between the two events are very large. The brain can
tolerate SD waves without any damage created while the damage created under ischemia is well documented.

The responses of the three monitored parameters (excluding tissue reflectance in this case) to the two types of perturbations are

shown in figure 16. Figure 16A1 presents the responses of the rat brain and BMS to ischemia induced by bilateral occlusion of the carotid
arteries. As observed, the occlusion of both arteries caused a decrease in CBF and HbO2, while mitochondrial NADH increased. At this

period the BMS decreased until the occlusion was removed. Then, CBF rapidly increased, reaching hyperemic levels and HbO2 increased.
Consequently, NADH was oxidized and decreased. This oxidation was associated with elevation of the BMS. Twelve seconds after the oxidation phase, all parameters including the BMS, showed full recovery. When SD was induced (Figure 16B1), three waves were developed.

The first wave was characterized by a biphasic response of HbO2 starting by HbO2 decrease followed by a large increase of CBF and in-

crease in HbO2. As for the NADH, here also a two-step reaction was recorded. NADH was oxidized rapidly followed by a further oxidation.

At this stage the BMS showed a biphasic increase followed by a further increase. At the stage of recovery from the first wave, not one of
the parameters fully recovered. CBF dropped, HbO2 decreased and NADH was as for the BMS, it returned to its basal level immediately.

The second and third waves showed an increase in CBF which was associated with HbO2 oxygenation. As a result, NADH was oxidized.

Regarding the changes observed in the BMS, here also the score was more instant and with steeper slopes.

Figure 16: Comparison between the responses measured in two pathophysiological situations, namely ischemia (A) and spreading depression (B) induced in a rat brain. A1 B1-The response of Cerebral Blood Flow (CBF), mitochondrial NADH level (NADH) and hemoglobin
oxygenation level (HbO2) and brain metabolic score to Ischemia (A1) and spreading depression (B1) in a rat model (38).
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Monitoring of tissue blood flow, tissue pO2 or blood oxygenation (HbO2) provide information on the integrity of microcirculatory

function. Nevertheless, these parameters do not represent the activity of the mitochondria which is the most important functional unit in

cellular energy metabolism. Therefore, we decided to calculate the Tissue metabolic score based on various parameters covering the en-

tire range of oxygen gradient, namely, between the microcirculation and the intracellular energy transformation site - the mitochondria.
Our results demonstrated that the most accurate way to calculate the TMS is when NADH is represented with the highest percentage -

80%, and CBF and HbO2 are presented with 10% each. Under anoxia, data not presented here, the hyperemia which probably developed

in order to compensate for the deficit in oxygen yielded an increase in BMS although this increase in CBF doesn’t imply a large improvement in the brain metabolic state.

It should be clarified that post anoxic or post ischemic hyperemia does not improve significantly brain metabolic score but rather is

a result of micro-vessels contractility state. During ischemia, cortical arteries are vasoligated in order to improve blood supply to the
impact cerebral tissue. In order to restore vasculature tone to its pre-occlusion state, several seconds are needed. Meanwhile vessels are

relatively vasodilated compared to their normal state. Moreover, here also the hyperemia is needless, since full recovery of tissue energetic state (NADH) was accomplished immediately as arterial obstructions were removed, namely before full hyperemia was achieved.

The use of the BMS under a condition in which the brain is activated (the spreading depression model), also indicated that the NADH is
a crucial parameter to be taken under consideration for score calculations.

Since the main purpose of a metabolic score is to give indication for the state in which a tissue or an organ is in, and since oxygen is

a major factor in tissue metabolic state, it is obvious that this score should include the combination between tissue oxygen supply and

demand. The mitochondrion is the cell energy factory [1], and mitochondrial NADH is the most sensitive indicator for oxygen balance
[41]. Thus, we believe NADH should get the highest importance in a formula for TMS/BMS.

Figure 17 present the monitored parameters and calculated BMS from the brains of a rat (17A) and a gerbil (17B). Two cases were

recorded from patients are seen in Figure 17C (human Urethra) and 17D from the human brain under cortical spreading depression.

Figure 17: A -The responses of the brain to two levels of norepinephrine injected to the anesthetized rat. CBF and CBV - Cerebral blood
flow and volume measured by a laser Doppler flowmeter, MBP - Mean blood pressure, BMS- Brain Metabolic Score calculated for the brain.
B - Monitoring of the gerbil brain by the CritiView. - The effects of ischemia (left) and anoxia (right) on the monitored parameters measured from the brain of an anesthetized gerbil. 1,2 - Occlusion of the right or left common carotid artery,
3 - reopening of the 2 carotid arteries. 4 - N2 - 100% Nitrogen, the 4 parameters that are extracted from the monitored parameters were
integrated to provide the BMS. C - Effects of aortic occlusion in a patient that underwent an abdominal aortic aneurysm (AAA) repair
operation, on the 4 parameters monitored by the CritiView. The technical preparation for aortic occlusion was performed at the marker A.
Index - Tissue Metabolic Score (TMS) calculated from the monitored parameters. D - The responses to cortical spreading depression (CSD)
measured in head injured patient in the neurosurgical ICU. Brain Metabolic Score (BMS) calculated for the human brain responses to CSD.
CBF - Cerebral Blood Flow, R-Reflectance, NADH - mitochondrial NADH redox state.
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Figure 17A shows the utility of the calculated tissue metabolic score (BMS) is presented. In the rat used in the study, the brain was

monitored under the injection of two levels of norepinephrine (NE). The effect of the NE led to a clear increase in blood pressure depending of the dose injected. The responses of the 3 parameters measured in the brain show the clear increase in CBF and CBV that were
correlated to the oxidation of NADH redox state. The tissue metabolic score that was calculated, as seen in the lower records (TMS),

shows clearly the brain is preserved and well oxygenated under the NE injection. Figure 17B presents the responses of the rat brain to
ischemia induced by unilateral and bilateral occlusion of the carotid arteries (left side) and anoxia (right side) measured by the CritiView
[7]. Due to the decrease in blood flow and volume to the brain (TBF signal) all measured signals are increasing. The net changes are a
large decrease in HbO2 which correlated very well to the NADH. A small hyperemia was noticed in the TBF and HbO2 traces after the

reperfusion. Under anoxia (100% N2) the initial response was the decrease in HbO2 followed by an increase in NADH. The TBF showed
a later increase which turned into a hyperemic response that was also recorded in the HbO2 signal after the recovery from anoxia. The
time needed for recovery to the base line value is much shorter in the NADH signal as compared to the TBF and other reflectance signals

(R375, R470, R530). Under ischemia, the calculated BMS decreases in two steps (1 and 2 in the lowest trace) and recover to pre-ischemic
level at 3. As seen under anoxia (right side), the hyperemia which probably developed in order to compensate for the deficit in oxygen
is not affecting the BMS. Moreover, mitochondrial NADH levels fully recovered as the rat started to breathe air, a few seconds before CBF

reached its maximum hyperemia. In other words, the hyperemia seen following anoxia is actually not essential for adequate O2 supply

to the mitochondria in the brain cortex.

Figure 17C show the responses to the clamping of the abdominal aorta of a patient. The preparation of the aorta for the clamping

procedure (marked as A) led to a clear transient decrease in TBF, as well as an increase in the NADH level. The clamping of the aorta led

to a maximal decrease in TBF in parallel to the increase in NADH. In this patient, the monitored HbO2 showed a clear decrease during the

clamping interval. Due to a decrease in tissue blood volume, during the aortic occlusion, the reflectance trace showed a large increase
until the reopening of the occluded aorta. Immediately after declamping, the initial small increase in TBF led to a fast recovery of the

HbO2 and NADH redox state. All signals recovered to the same values measured during the short control period, although the occlusion

interval lasted for more than 80 minutes. The lowest trace shows the calculated TMS measured from the urethra. The responses of the
human brain to the development of CSD seen in Figure 17D were discussed in Figure 12B3.
Effects of focal and global cerebral Ischemia in rats on brain oxygen balance
Effects of MCA occlusion

Figure 18A presents the results obtained when the MCA was occluded for 30 minutes and 60 minutes in Figure 18B [42]. In this mod-

el, two fiber optic sensors were placed in the same hemisphere, one lateral and the 2nd one more medial (Figure 8B1). The lateral area
represents the core of the ischemic insult while the medial probe was measuring the penumbra zone of the ischemia.

Figure 18: A - Changes in reflectance (Ref), fluorescence (Flu), NADH and CBF following right MCAO for 30 min and reperfusion for 60
min. The results are represented as mean ± S.E. (n=8). Significant differences between the two hemispheres are marked with asterisks:
*p<0.05. B - Hemodynamic and metabolic changes following right MCAO for 60 min and reperfusion. The results are represented as mean
±S.E. (n=8). Significant differences between the two hemispheres are marked with asterisks: *p<0.05, **p<0.01, ***p<0.001.
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Immediately following MCAO, CBF levels decreased at both sites and remained low during the entire ischemic period.

NADH levels increased and then moderately decreased at both sites. The maximal increase was to 140 ± 4% in the core (p < 0.001),

and toward 127±4% in the penumbra (p < 0.001) following with a decrease down to 130 ± 4% and 110 ± 4% in the core and penum-

bra, respectively (p < 0.001). Significant differences between both sites (F = 59.618, df = 1, p < 0.001) were detected 3 min following

the occlusion until the reperfusion phase (p<0.01). At reperfusion a significant increase in CBF toward levels of 320 ± 70% was seen in
the core (p < 0.05), while in the penumbra only a trend of increase toward 235 ± 55% was observed. NADH levels returned to baseline

at both sites immediately following reperfusion, but a moderate increase in the penumbra (p < 0.05 compared to baseline) resulted in

significant differences between both sites (F = 15.68, df = 1, p < 0.001) starting from 20 min after reperfusion and lasting until the end
of the experiment (p < 0.05).

In addition to the MCA occlusion, it’s possible to use three types of brain global ischemic models in the rat (Figure 8), namely, occlu-

sion of 1, 2 or 4 blood vessels providing oxygen to the brain. Figures 19-21 demonstrate the responses of the brain to ischemia and anoxia
induced in the rat model.

Figure 19: A -The effects of UCO (A) and BCO (B) on the reflectance (Ref), NADH and CBF levels, as measured in both hemispheres: the
hemisphere ipsilateral to the occluded carotid (Occ) and in the contralateral non-occluded hemisphere (N.O.) in the UCO model and in the
left (L) and the right (R) hemispheres in the BCO model. Significant differences between the two hemispheres are marked by asterisks (*)
p<0.05.

Figure 20: A The effects of Short Anoxia before (A) and 24 hours after UCO (B) and BCO (C). R - right hemisphere; L - left hemisphere; Occ
- the hemisphere on the side of the occluded carotid following UCO; N.O. - the non-occluded hemisphere. Significant differences between the
two hemispheres are marked by asterisks (***) p,0.001.
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Figure 21: A - Brain metabolic and electrical responses to severe ischemia induced by four-vessel occlusion in the rat. RR, FR and CFR:
Reflectance Fluorescence and corrected fluorescence measured from the right hemisphere. RL, FL and CFL: the same three parameters
measured from the left hemisphere. ECoGR and ECoGL: Electrocorticogram monitored from the right and left hemispheres. B - Effects of
incomplete ischemia induced by occlusion of the 2 carotid arteries (the 2 vertebral arteries were occluded) as measured by the mitochondrial NADH redox state, reflectance at 366nm light and electro cortical activity.

Effects unilateral and bilateral carotid artery occlusion
Cerebral blood supply in mammals includes four main vessels: two carotid arteries and two vertebral arteries which, together with

communicating arteries, create the circle of Willis. This special structure is responsible for the continuity of CBF even under partial

ischemic conditions. Unilateral carotid occlusion (UCO) is one of the models of partial cerebral ischemia which mimics clinical situations
such as stenosis or atherosclerosis, that increase the probability of cerebral ischemia which mimics clinical situations such as stenosis

or atherosclerosis, that increase the probability of cerebral insults, such as stroke. UCO by itself does not appear to immediately affect

the brain circulation and does not induce irreversible damage to the cerebral tissue. Blood supply to the entire brain remains intact due
to the compensation by the other arteries and the Circle of Willis. In addition, the electrical activity and energy balance undergo only

slight changes and afterwards return to normal levels with seconds following UCO. Due to its short and moderate effects, compared to
normoxia and Bilateral Carotid Occlusion (BCO), UCO became neglected in recent studies. However, the combination of UCO with other

perturbations, mainly involving decreased oxygen supply, damages the hemisphere ipsilateral to the occluded artery, but not to the contralateral hemisphere.

Figure 19 presents the changes in all the parameters monitored in both hemispheres following UCO (A) and BCO (B). As seen at the

onset of UCO, the hemisphere on the side of the occluded carotid, presented a decrease in CBF to the levels of 72 ± 8% [43]. The reflec-

tance decreased to 92 ± 2% and NADH increased to 110 ± 2%. These values were significantly different from the basal levels (p < 0.05)

as well as from the levels monitored in the contralateral hemisphere which remained steady through the entire experimental period.
Within 2 minutes of ischemia, all the parameters fully recovered. In contrast to UCO, BCO created larger hemodynamic changes in both
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hemispheres: CBF dropped to 31 ± 8%in the left hemisphere (p < 0.001) and to 24 ± 4% in the right hemisphere (p < 0.001). Both levels
were significantly lower than those in the occluded hemisphere following UCO (p < 0.001). NADH levels increased to 119 ± 2% in the left
hemisphere (p < 0.001) and to 125 ± 4% in the right hemisphere, both significantly higher when compared to NADH elevation after UCO
(p < 0.001). All the parameters fully recovered 9 minutes after BCO.

In order to evaluate the cerebral state after UCO and BCO, we induced a short session of anoxia before (control) and 24 hours after the

ligation (Figure 20). In the control group (Figure 20A), the initial CBF decrease of ~30% was followed by an increase to ~285% in both
hemispheres (p < 0.001). The detailed results were published [43].

Anoxia after 24 hours of BCO (Figure 20C) led to a CBF decrease to 22 ± 8% and 15 ± 5% in the left and right hemispheres respec-

tively, which was significant when compared to the baseline, to the control group and to the un-occluded hemisphere in the UCO model
(p < 0.001). Following the initial decrease, the CBF levels increased to ~142% in both hemispheres, which was significantly higher than

the baseline (p < 0.01), but lower than the elevation in the control group (p < 0.001) and in the UCO model (p < 0.05). The NADH levels

increased by~40% in both hemispheres (p < 0.001 compared to the baseline) followed by a full recovery several minutes after the onset
of anoxia.

Effects of 4 vessels occlusion
The ‘four vessel occlusions’ model in rats, was used by our group [44]. We compared the mitochondrial NADH redox responses mon-

itored simultaneously from the two cortical hemispheres after unilateral and bilateral carotid artery occlusions following electrocauterization of the vertebral arteries. The NADH redox signals were correlated with the haemodynamic responses measured by the 366 nm

light reflectance trace, as well as the electrical activity (ECoG). To estimate the completeness of the ischemia, 100% N2 was applied to the

rat and the maximum level of NADH was monitored and used as a reference point.

Figure 21A shows a typical record obtained after occlusion of the right carotid artery (ROCCL) followed by the left carotid occlusion

(LOCCL). As can be seen, the right hemisphere became more reduced (increased CFR) and partially re-oxidized later via the anterior

circulation and the left carotid artery (still open). The signals of the left hemisphere remained unchanged under right carotid occlusion.
Bilateral occlusion induced a large increase in the CF signals of the two hemispheres, which recovered after reopening of the blood

vessels (L + R open). The electrical activity (ECoG) disappeared 30 s after occlusion of the left carotid artery. The reflectance traces (RR
and RL) show an initial small transient increase followed by a decrease due to hemodynamic changes. Four minutes after the occlusion,

large increase in the reflectance was recorded (SRI) and has been described by us as a secondary reflectance increase. This change in
reflectance was recorded (SRI) and has been described by us as a secondary reflectance increase. This change in reflectance is not always

corrected by the subtraction technique and a transient apparent oxidation of NADH can be seen in the corrected fluorescence trace (CF).
During the reperfusion stage a large decrease in the reflectance was recorded (increased blood volume) which gradually returned to the
pre-ischemic baseline.

The same type of response was measured in a different rat (Figure 21B).

Monitoring of a surrogate organ as an indicator of brain oxygen balance in experimental animals and patients

Introduction
The history of monitoring mitochondrial NADH in human tissues in vivo was described few years ago [45].

Monitoring of mitochondrial function in patients, in the new era, started in 1990, when our team developed a unique multiparametric

monitoring system that included the measurement of NADH fluorescence, using a light-guide-based device [46]. This system was initially
applied to monitor neurosurgical patients undergoing brain surgery. In the second half of the 1990s [18] we were able to monitor the
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brain of comatose patients in the ICU and described, for the first time, the development of cortical spreading depression-like responses,
including marked NADH responses that were correlated to the microcirculatory blood flow.

The detailed description of the possible monitored parameters along the oxygen gradient scheme is described in figure 22. The first

row presents the compartments that are the main points in the oxygen gradient map. The partial pressure of oxygen (pO2) levels is

shown in the second row. The available techniques that could be used to monitor various parameters along the oxygen gradient curve are
shown in the third row. The first group of parameters (A) represents the systemic vital signs, routinely measured in patients treated in
operating rooms (ORs), ICUs and emergency departments. The 2nd group of parameters (B) representing the microcirculation is available

for measurement, but not commonly used in patients. The last parameter that represents the tissue oxygen homeostasis - the mitochondrial redox state - is the most important parameter, but it has not yet been used in clinical practice (C).

Figure 22: The possible monitored parameters related to oxygen supply and demand from air to the mitochondria. Row 1 presents the
monitored compartment along the gradient of oxygen from normal air to the intracellular space, namely the mitochondria. Row 3 present
the possible monitored parameters from the systemic (A), the microcirculatory level (B) to the mitochondria (C). Row 4 shows the possible
calculated score.
Monitoring of patient in real time could be divided into 2 possible categories [45]. In the 1st case, when a specific organ is monitored,

the information accumulated represents the events occurring in the organ itself. For example, monitoring the intra cranial pressure (ICP)
or the Electroencephalography (EEG) in neurosurgical patients will provide information on the events developed in the brain itself The

information is dependent initially upon local pathological events occurred mainly in the brain. Another example is the heart, monitoring

the Electrocardiography (ECG) represents the electrical activity of the heart and most of the changes are correlated to local and not systemic events initially.

The second approach in monitoring patients is the system monitoring case. This approach includes the monitoring of various param-

eters shown in Figure 22A. The parameters shown are measured routinely from the cardiovascular and respiratory system. It provides

information on systemic events such as changes in gas exchange in the respiratory system or cardiac output affecting the perfusion of
various organs in the body.
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Monitoring of patients in the ICU is much more complicated due to the systemic events occurred in the patient such as Sepsis or the

development of Acute Respiratory Distress Syndrome (ARDS). The physiological mechanism behind the monitoring approach of those
patients are described in Figure 23. The pattern of pathophysiological cascade of events that may occur in many emergency clinical
situations in adult patients and may lead to morbidity and mortality. As shown, various pathological states may lead to metabolic disturbances and may end up in cellular energy derangement. The six pathological states, shown in the upper left part of Figure 23, are

the most common events that may develop in clinical practice. It may develop due to a specific clear event, such as a major operation or
during slow process of body deterioration, such as in sepsis or shock. The definition of each of those 6 states is not so well established
and some overlapping may exist. Under all those situations the metabolic state of the body will be deteriorated and energy failure will

develop. The situations shown in 23 could develop in patients hospitalized in various operating rooms or intensive care units. It includes

the respiratory, neurosurgical, cardiac and neonatal ICU. Also, all patients undergoing sever operations such as cardiac bypass, neurosurgical or organ transplantation may develop the Body Emergency Metabolic State- BEMS. Other patients that may develop the BEMS are
newborns during delivery or elderly patients treated in the internal medicine departments.

Figure 23: Left side - Schematic presentation of various pathological states developed under various clinical situations, which lead to the
development of body emergency metabolic state (BEMS). As a result, blood flow redistribution will lead to an increase in blood flow to the
most vital organs (A) and a decrease in blood flow to the less vital organ (B). C - A typical experiment in which 5 µg/100g I.V of Norepinephrine (NE) was injected to a rat. The four organs monitored were: Brain, Kidney, Liver, Testis. The parameters shown include: Mean
Arterial Pressure (MAP), Tissue Blood Flow (TBF), reﬂectance (Ref) and corrected ﬂuorescence (NADH).

As a central protection mechanism, blood flow redistribution will occur and the three protected organs shown in Figure 23A (brain,

heart and adrenal gland) will receive more blood and O2, while the peripheral organs (Figure 23B) or areas (skin and muscles), as well as

others less vital visceral organs, will undergo vasoconstriction and a decrease in blood flow and O2 supply will occur. Monitoring at the

cellular function is the most significant indicator of the metabolic state of patients in critical care medicine [47,48].

The energy balance in the most vital organs (part A) will remain positive due to higher blood flow while the less vital organs (part

B) will be hypo perfused and a negative energy balance will have developed. As presented in Figure 23, the blood flow redistribution
mechanism will affect the energy production by the mitochondria in the most vital and less vital organs in the body. This change in mitoCitation: Prof. Avraham Mayevsky. “Urethral Tissue Metabolic Score (TMS) as a Surrogate Marker of Brain Oxygen Balance in Stroke,
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chondrial function will affect the production of ATP. This change occurred in the less vital organs could serve as an early warning signal

to the changes developed in oxygen balance in the patient’s body. In order to ensure reliable monitoring of four organs simultaneously
using the MSMP device, we run control experiments in which monitoring of the brain, kidney, liver and testis was preformed following

1ml saline injection (I.V.). The results showed that monitoring is stable, with no signiﬁcant changes in any of the parameters (results not
shown). In the second step we monitored these four organs under norepinephrine (NE) injection and the results are as indicated.

In Figure 23C the results of a typical experiment in which NE was injected I.V. (5 mg/100 g) are presented [49]. As seen, following

NE injection a dramatic increase in mean arterial pressure (MAP) was observed. Consequently, an increase in cerebral blood ﬂow was

observed while the other organs namely kidney, liver and testis showed a signiﬁcant decrease in tissue blood ﬂow. Following these

changes in tissue blood ﬂow, NADH in the brain decreased (became oxidized) while in the rest of the organs an increase in NADH levels
was observed due to the decrease in O2 supply.

The results of the present study show high correlation between tissue blood ﬂow (O2 supply) monitored by the LDF technique and

the energetic state of the liver, kidney and testis (mitochondrial NADH redox state). However, in the brain although TBF increased, NADH

remained stable. This is probably since the normoxic brain is well oxidized in normal perfusion levels, thus an increase in TBF has no
further beneﬁcial effect on mitochondrial NADH levels.

The brain, a vital organ, showed an increase in TBF with no damage to its mitochondrial function and energetic state, while in the

kidney, liver and testis, which are deﬁned as “less vital” organs (relatively to the brain), TBF decreased and NADH increased. Our results

showed that the brain and kidney are the ﬁ rest organs to respond to NE injection probably due to their own autoregulation mecha-

nisms. The testis showed the latest response in TBF as well as in NADH and Ref parameters. These results may imply that the testis is
less important in stress conditions. However, in the liver TBF and NADH parameters were changed in a time course, which was found to
be, in between the rate of changes in the brain and kidney as opposed to the testis, probably due to its role in glucose metabolism, which
increases at stress situations.

Experimental animal proof of the concept “Blood flow redistribution” during hemorrhage
Using the two organ monitoring system shown in Figure 5 (left side) we compared the responses of a vital organ (brain) to those of

a less vital organ (small intestine) to controlled systemic hemorrhage. The responses of the two types of organs to hypoxia shown in

Figure 5D, were very different suggested that the brain were protected in terms of keeping oxygen balance more positive as compared
to the intestine.

Due to the increase in TBF the mitochondrial NADH was less affected during the hypoxic episode.

The next few paragraphs will present the responses of the normoxic as well as the ischemic brain to a hemorrhage model. For this

purpose, we employed the following three models of chronic (24 hours) global ischemia; unilateral carotid artery occlusion (UCO), bilat-

eral carotid artery occlusion (BCO) and middle cerebral artery occlusion (MCAO), after which controlled hypotension was induced (for
15 minutes).

The reason for the induction of cerebral ischemia 24 hours before the hemorrhage, was to create a model in which the cerebral tissue

is already in a stabilized new steady state characterized by low perfusion. This condition may mimic clinical situations, such as stroke

and calcification of blood vessels in older people. Numerous experimental and clinical studies report the effects of either hemorrhagic

hypotension or cerebral ischemia on cerebral variables. Yet, only few experimental studies have demonstrated the combined effect of
both hemorrhagic hypotension and chronic cerebral ischemia.

The technology, animal preparation and details of the results were published elsewhere [50-52].
Controlled hemorrhage maintained for 15 minutes
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In the specific protocol shown in Figure 24A the rat was monitored in a control situation for 180 minutes ‘ with no perturbations

induced during the entire monitoring period. The 4 monitored parameters as well as the TMS that was calculated was very stable.

Figure 24B demonstrates the responses of 9 rats to controlled hypotension, which was maintained for 15 minutes. MAP of 40 mmHg

was achieved by an average withdrawal of 31 ± 2% of the rats’ total blood volume. During the hypotension phase, MAP significantly
decreased. The intestine and the brain responded differently. Intestinal TBF significantly decreased while the brain TBF remained relatively stable, with no significant changes. Intestinal reflectance significantly increased, while the cerebral reflectance remained stable.

Intestinal NADH had two phases: an increase of followed by a slight decrease 10 minutes after bleeding began. Cerebral NADH increased
significantly (and was the only parameter in the brain which showed a significant response.

Following resuscitation, MAP levels fully recovered. However, about an hour after resuscitation, MAP decreased until reaching sig-

nificantly low levels. Following resuscitation, TBF in the intestine partially recovered reaching a level of 89 ± 8.5%, though about 50
minutes later its levels were again significantly low following a decrease, while TBF in the brain increased. After resuscitation, intestinal
reflectance decreased and gradually returned to its basal level (without significant changes). Cerebral reflectance also decreased gradually with no significant change. Intestinal NADH showed a trend of decrease below the basal level, but then it increased toward the basal

value and remained steady for the rest of the experiment. Cerebral NADH decreased gradually but with no significant change, except for
the resuscitation itself and several minutes afterwards when changes were significant.

Figure 24: A - monitoring of control normotensive rats: the brain (blue) and the small intestine (red) in the group (n=4). Ref - reflectance,
NADH - mitochondrial NADH redox state, TBF-tissue blood flow, MAP - mean arterial pressure. Index - calculated Tissue Metabolic Score.
B - The responses of the brain (blue), small intestine (red) and mean arterial pressure (MAP) to controlled hypotension for 15 minutes in
a group (n=9, mean ± S.E). The arrows represent the period in which significant differences were found between the two organs (in each
minute) and the asterisks indicate levels of significance: *p<0.05, **p<0.01 and ***p<0.001. Asterisks in Ref, NADH and TBF mark significance between brain and intestine; asterisks in MAP mark significance compared to baseline. Ref - reflectance, NADH - mitochondrial
NADH redox state, TBF - tissue blood flow, MAP - mean arterial pressure. (TMS)calculated Tissue Metabolic Score.
In comparing the responses of the intestine and the brain during the bleeding episode, significant differences can be observed with

reference to TBF (P < 0.05), reflectance (p < 0.01) and NADH (p < 0.05). During resuscitation, there were significant changes in the reflectance (p < 0.01) and TBF (p < 0.05).
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Hemorrhage following unilateral carotid artery occlusion (UCAO)
Figure 25A presents the responses of 9 ischemic rats to controlled hypotension maintained for 30 minutes, 24 hours following per-

manent UCAO. In this group, hypotension of 40 mmHg was achieved by bleeding 28 ± 3% of the rat’s total blood volume.

During the bleeding session, MAP significantly decreased to a level of 39 ± 2 mmHg (p < 0.001) and SpO2 remained stable. The tissue’s

blood flow responded differently. While Intestinal TBF immediately decreased and remained low for the entire period, the cerebral

TBF showed no significant alterations probably due to high variability (S.E = 12). This high variability might result from the presence
of cerebral autoregulation mechanisms that are activated in order to prevent ischemic injury. The reflectance also exhibited a different

pattern. The intestinal reflectance increased, whereas the cerebral reflectance decreased. However, the NADH in both organs increased
in the intestine and in the brain. These results indicate that the haemorrhagic insult caused mitochondrial dysfunction in both organs,

the vital and the less vital organs. The fact that cerebral NADH was significantly altered in oppose to the CBF, high lights the importance
of monitoring mitochondrial NADH in addition to tissue blood flow. Furthermore, the SpO2, a systemic parameter, was not altered by the

haemorrhagic insults while the tissue parameters were altered. This emphasizes the high value of monitoring at the tissue level giving
reliable information upon the body metabolic state.

Hemorrhage following bilateral carotid artery occlusion (BCAO)
In the group of ischemic rats with controlled 40mmHg hypotension maintained for 15 minutes (24 hours following bilateral chronic

carotid occlusion) only 7 rats out of 9 survived (Figure 25B). This level of hypotension was induced by bleeding out of 22% ± 3 of the
rats’ total blood volume.

Figure 25: A - The responses of the brain (gray), small intestine (black), SpO2 and MAP to controlled hypotension for 15 minutes in a
group of unilateral carotid occluded rats (n=9, mean ± S.E.). The arrows represent the period in which significant differences were found
between the two organs and the asterisks represent significance levels - *p < 0.05, **p < 0.01 and ***p < 0.001. Asterisks in Ref, NADH and
TBF mark significance between brain and intestine; asterisks in MAP mark significance compared to baseline.
Ref - reflectance, NADH - mitochondrial NADH redox state, TBF - tissue blood flow,
MAP - mean arterial pressure. B - The responses of the brain (red), small intestine (blue) and mean arterial pressure (MAP) to controlled
hypotension for 15 minutes following
24 hour of permanent bilateral carotid artery occlusion in a group (n = 7, mean ± S.E.). The arrows represent the period in which significant differences were found between the two organs and the asterisks represent significance levels: *p < 0.05, **p < 0.01 and ***p < 0.001.
Asterisks in Ref, NADH and TBF mark significance between brain and intestine; asterisks in MAP mark significance compared to baseline.
Ref - Reflectance, NADH - mitochondrial NADH redox state, TBF - tissue blood flow, MAP - mean arterial pressure. Index- calculated Tissue
Metabolic Score (TMS).
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As a result of the bleeding, MAP significantly decreased. Both organs responded with a similar trend. Namely, TBF decreased rapidly

and remained low for the entire hemorrhage period. Although the intestine showed a sharp decrease, the brain responded more severely
decreased. Accordingly, cerebral reflectance also showed a larger increase than the intestinal reflectance Intestinal NADH increased)
whereas cerebral NADH increased. Both peaks occurred at the end of the hypotension period.

After resuscitation, MAP increased reaching the level of 112 ± 9 mmHg (hyperaemia), which was followed by a full recovery to the

basal levels. Intestinal blood flow increased and then decreased. In contrast, the cerebral blood flow increased then it decreased. Cerebral
reflectance gradually decreased to the basal level. NADH in both organs fully recovered, although in a different pattern. While intestinal

NADH rapidly decreased and stabilized around the basal level, cerebral NADH at first rapidly decreased below the basal levels and then
fully recovered.

When comparing both organs, during the hypotension, a significant difference was observed only for the TBF (p < 0.01). Following

resuscitation, there were two episodes of significant differences in TBF, immediately after resuscitation itself and an hour later. A significant difference was also observed in NADH during the first 30 min after the resuscitation.
Comparison between brain and intestine during hemorrhage following MCAO

As can be seen from Figure 26A, during the hemorrhage session MAP decreased reaching a low level of 40 ± 4 mmHg (p < 0.005). The

blood flow in both organs immediately decreased reaching a low level in the brain and in the intestine. In both organs the reflectance
remained relatively stable, while the NADH increased in the brain and in the intestine.

Figure 26: A - The changes in all parameters in both organs: the brain (blue) and the small intestine (red) to controlled hemorrhage 24
hours following transient MCAO (n = 8, mean ± S.E). The arrows represent the period in which significant differences were found between
the two organs for each minute, and the asterisks represent levels of significance: *p < 0.05, ** p < 0.01 and *** p < 0.001. Asterisks in Ref,
NADH and TBF mark significance between brain and intestine; asterisks in MAP mark significance compared to baseline. Ref - reflectance,
NADH - mitochondrial NADH redox state, TBF - tissue blood flow, MAP - mean arterial pressure (green). B - The 5 calculated TMS curves
presented in figures 24A, 24B, 25A, 25B and 26A.
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The resuscitation responses, in oppose to the bleeding responses showed two steps. The MAP, at first, only partially recovered main-

taining a stable level for around 20 minutes. Then after, it fully recovered and remained stable until the end of the trial. On the other
hand, the SpO2 was not affected by the resuscitation (results are not presented). The cerebral blood flow was affected by the resuscita-

tion. However, the changes were not significant due to a high standard error. At first, it fully recovered reaching a level of (100 ± 8%),

but immediately after it was deteriorated again by 24 ± 11% for about 15 minutes and then partially recovered reaching a level of 92 ±
17% and remained stable of the entire trial. The intestinal blood flow, on the other hand, at first only slightly recovered and then after it
partially recovered But, from that point on, the intestinal blood flow slowly decreased.
Monitoring of a surrogate organ in patients undergoing open heart surgery

In order to test the concept of “blood flow redistribution” in patients exposed to possible negative body oxygen balance, we used the

device, CritiView, shown in figure 12B1. The details of the device were presented in figure 15 and explained in section 3.6. The techno-

logical details of the CritiView were presented in a paper published in 2011 [39]. Typical responses of a gerbil brain to ischemia (left)
and anoxia (right) are presented and discussed in detail in Figure 17B.

Figure 27 A, B and C presents the results measured in three patients during heart bypass surgeries. The monitoring of the various

parameters was performed using a three way Foley catheter inserted into the urethra. The TMS values were calculated according to the
technique described in Section 3.6.

In the first patient shown in Figure 27A, the responses of TBF and NADH were recorded as soon as the preparation for operation

started with the scrubbing of the chest area. The low level of TBF and the high level of NADH were recorded during the entire operation

procedure and the recovery began as soon as the chest was closed. When the patient left the operating room for the cardiac ICU, the 2
parameters were close to the baseline levels. In the second patient operated for aortic repair (Figure 27B), clear responses to the procedure were recorded. In this patient, the initiation of extracorporeal circulation led to a large decrease in TBF and a large increase in
NADH. The signals reverted toward the initial values, although the baseline was not reached. The calculated index (in green line) was
calculated in the two patients and shows the dominant parameter affecting the index is the mitochondrial NADH. In another patient who

underwent the routine CABG operation (Figure 27C) the same type of responses was recorded. TBF reduction and NADH elevation were

observed during most of the surgical procedure. Spontaneous transient recovery of TBF and NADH were noted during the second half of
the operative procedure.

In order to perform statistical analysis, we selected 11 patients that underwent a similar operation procedure. The Mean ± S.E.

changes of TBF and NADH were obtained in 11 patients (Figure 27D) following heart bypass operation during 7 stages of the operation:
Stage 1 - 5 min Baseline (after insertion of the catheter), Stage 2 - 10 min after chest opening, Stage 3 - 10 min after HLM was on, Stage
4 - Mid-point of HLM, Stage 5 - 10 min before HLM was off, Stage 6 - 10 min after HLM was off, Stage 7 - the last 5 min of monitoring.

ANOVA multiple comparison tests were conducted on the first three stages of the operation. Significance was found between point 1 and

3 in the TBF and between point 1 and points 2 and 3 in NADH (*p < 0.05, ** p < 0.01, n = 11). The calculated index was not recovered to
the baseline at the end of the monitoring period.

Figure 27: A-C The effects of the surgical procedure, in 3 cardiovascular operated patients, on the urethral TBF and NADH redox state
(see text for detailed explanations). Index - Tissue Metabolic Score (TMS) calculated from the monitored parameters (green line). D - The
Mean ± S.E. changes of TBF and NADH in 11 patients during heart bypass operation. Index - Tissue Metabolic Score (TMS) calculated from
the monitored parameters (green line). See text for detailed explanation.
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General discussion
The main aim of this paper is to describe the development of the FDA approved multiparametric monitoring system based on a lab-

oratory device used in animal experiments. The present study demonstrates that the measures of local intracellular energy metabolism
and microcirculatory blood flow assessed by an indwelling multi-parameter sensor on a urethral catheter platform vary in a predictable

fashion in response to transient severe changes in global and regional blood flow in patients exposed to cardiovascular surgery. Corresponding findings were obtained for the cerebral metabolism of gerbils. These semi-quantitative data, presented as trends, suggest

that changes in peripheral tissue perfusion may be detected rapidly and potentially before the occurrence of overt signs of end-organ
hypoperfusion. Specifically, we were able to monitor the mitochondrial redox state, assessing the adequacy of oxygen balance in the ure-

thral wall. We hypothesize that real-time monitoring of urethral mucosal NADH, measured concomitantly with urethral microcirculatory
blood flow, may provide a rapid assessment of functional O2 delivery. Insofar as elevated NADH is a sensitive measure of impaired visceral

flow and tissue oxygen balance, the improvement of these parameters should indicate that other, metabolically more active organs have
already replenished their oxygen debt.

The multiparametric monitoring of the tissue in real time has several advantages over single parameter measures. To evaluate the fac-

tors related to oxygen balance (supply/demand) in situations involving changes in O2 supply to the tissue (i.e. ischemia or reperfusion),

it is necessary to simultaneously assess mitochondrial energy state, tissue O2 saturation and microcirculatory blood flow. The monitor-

ing of tissue microcirculatory blood flow, in addition to mitochondrial NADH, using the LDF, has been previously shown to be useful for
both experimental and clinical settings. Since the monitoring of the blood oxygenation level does not always reflect oxygen supply to the
tissue, the present study monitored HbO2 in the same location as the other parameters, namely TBF and NADH. Nevertheless, the local

monitoring of HbO2 levels is not sufficient for an accurate evaluation of the balance between oxygen supply and demand, which is the key

to tissue metabolism. In addition to TBF and HbO2, we also monitored the most important parameter in energy metabolism, namely, the
level of mitochondrial NADH.

Since the mitochondria play the main role in energy metabolism at the cellular level, monitoring changes in the mitochondrial NADH

redox state reflects the state of tissue viability. Thus, the simultaneous monitoring of the four parameters provides a clearer picture of the
tissue viability and of the primary causes of energy failure if it is present, as has been previously validated by our group.

In the present study, we chose the urethral mucosal tissue as a sampling site for two reasons: convenience and physiological ratio-

nale. This is a commonly instrumented site and it would therefore involve no further invasion for continuous, long-term monitoring. The
urethral tissue has a low metabolic rate and is not a preferential tissue for blood flow redistribution, thus its metabolic activity should

accurately reflect the final vascular bed flow restoration, without irreversible components, during resuscitation. This contrasts to intestinal mucosa which can easily demonstrate irreversible injury, making it a poor indicator of global resuscitation effectiveness.

Ideally, a monitoring strategy capable of providing real time information on cell viability should fulfill a number of requirements.

First, it should be based on highly reliable specific markers. Secondly, the system must allow for an easy and minimally or, preferably,
non-invasive placement of the sensing element. It should be of low cost, low risk and should provide a fast feedback in order to improve

the treatment of the patient. Our study documents that the urethral mucosa, an easily accessible region, can be used to assess effective
tissue perfusion in a less vital organ.

A primary limitation to this technique is its focus on a single monitoring site, the urethral mucosa. Due to variation in the vascular

gradients, as well as O2 gradients across the tissues, the monitored parameters may not represent adequately the real behavior of the

tissue. Only by increasing the number of monitored sites in the tissue to three, we were able to collect better results during circulatory
insufficiency states.

The data accumulated in the present preliminary study indicate that the CritiView device provides very clear results in performance

tests under in vitro conditions as well as in small animal models. Testing the device in patients exposed to various cardiovascular surgical
procedures produced fairly good preliminary results.

Citation: Prof. Avraham Mayevsky. “Urethral Tissue Metabolic Score (TMS) as a Surrogate Marker of Brain Oxygen Balance in Stroke,
ARDS and Critical Care Patients Exposed to Oxygen Therapy”. EC Emergency Medicine and Critical Care SI.01 (2020): 05-40.

Urethral Tissue Metabolic Score (TMS) as a Surrogate Marker of Brain Oxygen Balance in Stroke, ARDS and Critical Care Patients
Exposed to Oxygen Therapy
38

Bibliography
1.

Waltemath CL. “Oxygen, uptake, transport, and tissue utilization”. Anesthesia and Analgesia 49 (1970): 184-203.

3.

Mason HS. “Mechanisms of oxygen metabolism”. Advances in Enzymology and Related Subjects of Biochemistry 19 (1957): 79-233.

2.
4.
5.
6.
7.
8.
9.

Jobsis FF. “Basic processes in cellular respiration” In: Fenn, Raben, eds. Hand book of physicology-Respiration 1 (1964): 63-124.
Barcroft J. “The Respiratory Function of Blood”. Cambridge: Cambridge University Press (1914).

Chance B., et al. “Basic principles of tissue oxygen determination from mitochondrial signals. Oxygen Transport to Tissue”. Advances
in Experimental Medicine and Biology 37A (1973): 277-292.

Chance B and Williams GR. “The respiratory chain and oxidative phosphorylation”. In: Nord FF, editor. Advances in Enzymology. XVII
ed. New York: Interscience Publisher, Inc (1956): 65-134.

Mayevsky A and Barbiro-Michaely E. “Shedding light on mitochondrial function by real time monitoring of NADH fluorescence: I.
Basic methodology and animal studies”. Journal of Clinical Monitoring and Computing 27 (2013): 1-34.
Chance B and Jobsis F. “Changes in fluorescence in a frog sartorius muscle following a twitch”. Nature 184 (1959): 195-196.
Chance B., et al. “Intracellular oxidation-reduction states in vivo”. Science 137 (1962): 499-508.

10. Mayevsky A and Chance B. “A new long-term method for the measurement of NADH fluorescence in intact rat brain with implanted
cannula”. Advances in Experimental Medicine and Biology 37A (1973): 239-244.
11. Mayevsky A and Chance B. “Intracellular oxidation-reduction state measured in situ by a multicannel fiber-optic surface fluorometer”. Science 217 (1982): 537-540.
12. Mayevsky A. “Brain NADH redox state monitored in vivo by fiber optic surface fluorometry”. Brain Research Reviews 7 (1984): 49-68.
13. Mayevsky A., et al. “Mitochondrial function and brain Metabolic Score (BMS) in ischemic Stroke: Evaluation of “neuroprotectants”
safety and efficacy”. Mitochondrion 50 (2020): 170-194.

14. Wadhwani KC., et al. “Blood flow in the central and peripheral nervous systems”. In: Shephrd AP, Oberg PA, editors. Laser Doppler
Blood Flowmetry Boston: Kluwer Academic Pub (1990): 265-304.
15. Kraut A., et al. “Multiorgan monitoring of hemodynamic and mitochondrial responses to anoxia and cardiac arrest in the rat”. Advances in Experimental Medicine and Biology 510 (2003): 299-304.

16. Tolmasov M., et al. “Simultaneously multiparametric spectroscopic monitoring of tissue viability in the brain and small intestine”.
Optical Tomography Spectroscopy of Tissue VII 6434 (2007): N4341.
17. Mayevsky A and Rogatsky G. “Mitochondrial function in vivo evaluated by NADH fluorescence: From animal models to human studies”. American Journal of Physiology-Cell Physiology 292.2 (2007): C615-C40.
18. Mayevsky A., et al. “Cortical spreading depression recorded from the human brain using a multiparametric monitoring system”.
Brain Research 740.1-2 (1996): 268-274.

19. Mayevsky A., et al. “Physiological mapping of brain functions in vivo: Surface monitoring of hemodynamic metabolic ionic and electrical activities in real-time”. Journal of Neuroscience and Neuroengineering 2 (2013): 150-177.

20. Mayevsky A and Weiss HR. “Cerebral blood flow and oxygen consumption in cortical spreading depression”. Journal of Cerebral Blood
Flow and Metabolism 11.5 (1991): 829-836.
21. Livnat A., et al. “Real-time monitoring of mitochondrial function and cerebral blood flow follwing focal ischemia in rats”. Journal of
Innovative Optical Health Sciences 1 (2008): 63-69.
Citation: Prof. Avraham Mayevsky. “Urethral Tissue Metabolic Score (TMS) as a Surrogate Marker of Brain Oxygen Balance in Stroke,
ARDS and Critical Care Patients Exposed to Oxygen Therapy”. EC Emergency Medicine and Critical Care SI.01 (2020): 05-40.

Urethral Tissue Metabolic Score (TMS) as a Surrogate Marker of Brain Oxygen Balance in Stroke, ARDS and Critical Care Patients
Exposed to Oxygen Therapy
39

22. Ballinger SW. “Mitochondrial dysfunction in cardiovascular disease”. Free Radical Biology and Medicine 38 (2005): 1278-1295.

23. Livnat A., et al. “Mitochondrial function and cerebral blood flow variable responses to middle cerebral artery occlusion”. Journal of
Neuroscience Methods 188 (2010): 76-82.
24. Rampil IJ., et al. “Correlated, simultaneous, multiple-wavelength optical monitoring in vivo of localized cerebrocortical NADH and
brain microvessel hemoglobin oxygen saturation”. Journal of Clinical Monitoring and Computing 8 (1992): 216-225.

25. Chance B., et al. “Localized fluorometry of oxidation-reduction states of intracellular pyridine nucleotide in brain and kidney cortex
of the anesthetized rat”. Science 136 (1962): 325.
26. Mayevsaky A. “Mitochondrial function and metabolic states: On the differences between brain in vitro and in vivo conditions and
monitoring”. Journal of World Mitochondria Society 2 (2016): 1-4.
27. Chance B and Williams GR. “A method for the localization of sites for oxidative phosphorylation”. Nature 176 (1955): 250-254.
28. Kohen E., et al. “Use of microfluorimetry to study the metabolism of intact cells”. BioMedical Engineering (1969): 554-565.

29. Mayevsky A. “Spectroscopic Monitoring of NADH: Historical Overview. Mitochondrial Function In Vivo Evaluated by NADH Fluorescence”. Switzerland Springer International Publishing (2015): 15-41.
30. Mayevsky A. “Tissue energy metabolism and Mito chondrial Function” “Mitochondrial Function In Vivo Evaluated by NADH Fluorescence”. Switzerland Springer International Publishing (2015): 7-14.

31. Lubbers DW. “Optical sensors for clinical monitoring”. Acta Anaesthesiologica Scandinavica 39 (1995): 37-54.

32. Segal M., et al. “Metabolic changes induced in rat hippocampal slices by norepinephrine”. Brain Research 202 (1980): 387-399.

33. Mayevsky A., et al. “Surface fluorometry and electrical activity of the isolated rat brain perfused with artificial blood”. Neurological
Research 3 (1981): 307-316.
34. Mayevsky A. “Ischemia in the brain: The effects of carotid artery ligation and decapitation on the energy state of the awake and
anesthetized rat”. Brain Research 140 (1978): 217-230.

35. Mayevsky A. “Cerebral blood flow and brain mitochondrial redox state responses to various perturbations in gerbils”. Advances in
Experimental Medicine and Biology 317 (1992): 707-716.
36. Meirovithz E., et al. “Effect of hyperbaric oxygenation on brain hemodynamics, hemoglobin oxygenation and mitochondrial NADH”.
Brain Research Reviews 54 (2007): 294-304.

37. Mayevsky A., et al. “A new biomedical device for in vivo multiparametric evaluation of tissue vitality in critical care medicine”. Proceedings of SPIE 5692 (2005): 60-70.
38. Kutai-Asis H., et al. “Fiber optic based multiparametric spectroscopy in vivo: Toward a new quantitative tissue vitality index”. Proceedings of SPIE 6083 (2006): 1-10.

39. Mayevsky A., et al. “Mitochondrial function and tissue vitality: bench-to-bedside real-time optical monitoring system”. Journal of
Biomedical Optics 16 (2011): 1-21.
40. Leao AAP. “Spreading depression of activity in cerebral cortex”. Journal of Neurophysiology 7 (1944): 359-390.

41. Mayevsky A., et al. “Multiparametric monitoring of brain oxygen balance under experimental and clinical conditions”. Neurological
Research 20 (1998): S76-S80.

42. Livnat A., et al. “Real-time monitoring of spatial and temporal metabolic changes during focal cerebral ischemia in rats”. Brain research 1389 (2011): 125-132.
Citation: Prof. Avraham Mayevsky. “Urethral Tissue Metabolic Score (TMS) as a Surrogate Marker of Brain Oxygen Balance in Stroke,
ARDS and Critical Care Patients Exposed to Oxygen Therapy”. EC Emergency Medicine and Critical Care SI.01 (2020): 05-40.

Urethral Tissue Metabolic Score (TMS) as a Surrogate Marker of Brain Oxygen Balance in Stroke, ARDS and Critical Care Patients
Exposed to Oxygen Therapy
40

43. Livnat A., et al. “Mitochondrial function and cerebral blood flow responses under unilateral carotid occlusion in rats”. Procedings of
SPIE 7180, (2009): 031-038.
44. Mayevsky A., et al. “Brain mitochondrial redox state, tissue hemodynamic and extracellular ion responses to four-vessel occlusion
and spreading depression in the rat”. Neurological Research 12 (1990): 243-248.

45. Mayevsky A and Barbiro-Michaely E. “Shedding light on mitochondrial function by real time monitoring of NADH fluorescence: II:
Human studies”. Journal of Clinical Monitoring and Computing 27.2 (2013): 125-145.

46. Mayevsky A., et al. “A fiber optic based multiprobes system for intraoperative monitoring of brain functions”. SPIE 1431 (1991):
303-313.
47. Ekbal NJ., et al. “Monitoring tissue perfusion, oxygenation, and metabolism in critically ill patients”. Chest 143 (2013): 1799-1808.

48. Fullerton JN and Singer M. “Organ failure in the ICU: cellular alterations”. Seminars in Respiratory and Critical Care Medicine 32
(2011): 581-586.

49. Kraut A., et al. “Differential effects of norepinephrine on brain and other less vital organs detected by a multisite multiparametric
monitoring system”. Medical Science Monitor 10 (2004): BR215-BR220.

50. Mandelbaum MM., et al. “Effects of severe hemorrhage on in vivo brain and small intestine mitochondrial NADH and microcirculatory blood flow”. Journal of Innovative Optical Health Sciences 01 (2008): 177-183.
51. Mayevsky A., et al. “Perioperative cardiovascular evaluation of patients oxygen balance and tissue metabolic score (TMS)”. American
Journal of Cardiovascular and Thoracic Surgery 3 (2018): 1-17.

52. Mayevsky A., et al. “Oxygen balance homeostasis and tissue metabolic score (TMS) of patients in emergency and critical care medicine”. Journal of Emergency Medical Care 1 (2018): 1-29.
© All rights reserved by Prof. Dilip Kr Goswami.

Citation: Prof. Avraham Mayevsky. “Urethral Tissue Metabolic Score (TMS) as a Surrogate Marker of Brain Oxygen Balance in Stroke,
ARDS and Critical Care Patients Exposed to Oxygen Therapy”. EC Emergency Medicine and Critical Care SI.01 (2020): 05-40.

