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Abstract
During the perioperative period of cardiovascular surgeries 

an imbalance between oxygen supply and demand may lead to 
postoperative cognitive decline that may affect about 20% of the 
operated patients. In order to minimize the development of brain 
damage, few companies had developed monitoring devices that 
could provide real-time information regarding brain oxygenation, 
brain electrical activities or cerebral blood flow. Nevertheless this 
approach is not the appropriate way to detect an early warning signal 
that may serve as an indicator of brain negative oxygen balance. The 
alternative approach is to monitor tissue oxygen balance of one of 
the less vital organ in the body that may serve as an early warning 
signal of deterioration of body oxygen balance. In this review, the use 
of a multiparametric monitoring device (CritiView) connected to the 
patient’s urethral wall via a 3-way Foley catheter that measure in real 
time 4 parameters representing tissue oxygen balance. Mitochondrial 
NADH is measured by surface fluorometry/reflectometry. In addition, 
tissue microcirculatory blood flow, tissue reflectance and hemoglobin 
oxygenation are measured as well. The measured 4 parameters could 
be integrated together with systemic hemodynamic parameters to 
provide in real time a new Tissue Metabolic Score (TMS). The device 
was tested both in vitro and in vivo in a small animal model and in 
preliminary clinical trials in patients undergoing vascular or open 
heart surgery. In patients, the monitoring started immediately after 
the insertion of a 3-way Foley catheter (urine collection) to the patient 
and was stopped when the patient was discharged from the operation 
room. The results show that monitoring the Urethral wall oxygen 
balance provides information in correlation to the surgical procedure 
performed.
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Introduction 
All major surgeries of patients performed under general 

anesthesia, require monitoring of vital functions performed by the 
cardiovascular and the respiratory systems. It is very important 
to monitor the vital signs such as ECG, heart rate, blood pressure, 
respiration and oxygen saturation of the blood. In the last 25 
years new parameters were added to the monitoring systems 
of patients including stroke volume, cardiac output, depth of 
anesthesia and cerebral and tissue oxygenation [1]. In spite of the 
intensive monitoring options during the perioperative period, 
brain injury is a major cause of patient’s morbidity after cardiac 
surgery as discussed in many publications [2-6]. They showed that 
the consequences are, higher operative mortality, prolongation of 

hospitalization periods, and decrease in quality of life. Grogan et 
al. [7] reviewed the published material and provided evidenced 
based recommendations to improve brain protection during 
cardiac surgery including CPB (Cardio Pulmonary Bypass). It 
seems that the current monitoring tools are not providing an 
alarming signal that will enable to minimize the effect of the 
surgery on brain function during the perioperative stage. In 
2002, Edmonds [8] discussed the option of neurophysiological 
monitoring during heart surgery.  A recent published review 
by Ekbal et al. [9] summarizes the additional monitoring tools 
that may provide, in real time, early warning signals on tissue 
perfusion and metabolism in critically ill patients. In 2016, 
Scheeren [10] presented a list of new technologies that will 
enable the clinician to monitor and evaluate the microcirculation 
and tissue oxygenation in addition to the macro-circulation and 
respiratory function available today.

In the present review I will describe in details a new 
multiparametric monitoring approach that provide in real time 
critical information that could serve as an early warning signals 
for the changes in tissue oxygen balance during cardiovascular 
surgeries.

Tissue Energy Metabolism
The functional capacity of any tissue is related to its ability 

to perform its work. It is possible to assess this ability through 
the knowledge of changes in the oxygen balance, i.e. the ratio of 
oxygen supply to oxygen demand in the tissue. According to our 
long term experience; the “holy grail” of patients’ monitoring 
at the various physiological compartments is to keep positive 
tissue oxygen balance ensuring optimal mitochondrial function. 
Schematic presentation of the balance between oxygen supply 
and demand in a typical tissue is shown in Figure 1A. The 
supply of oxygen is dependent upon microcirculatory blood 
flow (TBF), blood volume (TBV) and the level of oxygen bound 
to the hemoglobin (HbO2) in the small blood vessels, namely, in 
the microcirculation [11]. The level of oxygenated hemoglobin 
in the microcirculation is affected by two factors, namely, oxygen 
consumption by the mitochondria and the microcirculatory 
blood flow. The demand for oxygen is affected by the specific 
activities taking place in each organ. The intracellular level of 
mitochondrial NADH (the reduced form) is a parameter related 
to oxygen balance [12, 13]. 

It is now more than 60 years since the significant work of 
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Figure 1A: Schematic presentation of tissue oxygen balance evaluated by energy supply and demand. Energy supply could be measured by monitor-
ing tissue blood flow (TBF), tissue blood volume (TBV) and hemoglobin oxygenation (HbO2) which is similar in all tissues. Energy demand varies 
between the different tissues and may include Ionic Homeostasis, Signal Conduction, Muscle contraction, Glandular Secretion and G-I tract and kidney 
function. Mitochondrial NADH redox state serve as an indicator for tissue energy or oxygen balance
Figure 1B: The definition of mitochondrial metabolic state, in vitro, in 1955, by Chance and Williams, opened up a new era in spectroscopic measure-
ments of respiratory chain enzyme’s redox state in vitro as well as in vivo.

Chance & Williams on mitochondrial metabolic state in vitro as 
summarized in Figure 1B, was published [14].

The discovery of the pyridine nucleotides was made by 
Harden & Young about 110 years ago [15, 16] and was followed by 
the  description of its full structure by Warburg and collaborators 
30 years later [17]. All those historical studies led to the first 
detailed experiments, by Chance et al. [18], in which NADH 
(Nicotine amide adenine dinucleotide) fluorescence, was used as 
a marker of mitochondrial function of the brain and kidney in vivo 
in the anesthetized animals.

Figure 2 shows the gradient of oxygen between room air 
through the lungs, the large arteries and small arterioles to the 
intracellular space and finally the mitochondrion [19]. In this 
scheme the various points of patients’ monitoring are presented. 
As can see, the last usual parameter, in the oxygen gradient, is 
the pulse oximeter that measures the saturation of hemoglobin 
in the arteries that have a pulse. As of today, monitoring of the 
microcirculation and especially mitochondrial function is not a 
standard approach and a Figure 3 part D presents the involvement 
of the mitochondria in cellular and tissue energy metabolism. 
Substrates and O2 are supplied and regulated by the blood in 
the microcirculation, namely from the very small arterioles and 
the capillary bed. The main function of the mitochondria is to 
convert the potential energy stored in various substrates and 
its metabolites (e.g., glucose) into ATP. The inner membrane of 
the mitochondria contains five complexes of integral membrane 
proteins, including NADH dehydrogenase (Complex 1). Three of 
those proteins are involved in the respiratory chain activity. The 
main function of the respiratory chain is to gradually transfer 

electrons from NADH and FADH2 (originating from the Krebs 
cycle) to oxygen (O2). With the addition of protons (H+), water 
molecules (H2O) are generated in Complex 4. NADH is a substrate 
or a coenzyme for the enzymatic activity of dehydrogenases 
that form part of the respiratory chain and reside in the inner 
membrane of the mitochondria. 

The formation of ATP depends on the sufficiency of substrate 
(i.e. glucose) and oxygen supply to the tissue by the blood flow 
and hemoglobin oxygenation in the microcirculation (Fig. 3) as 
well as on the integrity of mitochondrial activity. Without the 
sufficient supply of ATP, cells cannot function properly and can 
ultimately die. Since most of the energy consumed by tissues 
is dependent upon the availability of oxygen, under normal 
mitochondrial function, there is high coupling between oxygen 
supply and energy production. When mitochondrial activity is 
damaged, due to various reasons, this coupling is disrupted.

The electron transfer (oxidation/reduction) down the 
respiratory chain results in the production of adenosine tri-
phosphate (ATP). Concomitantly with the electron transport, 
the respiratory chain components switch between reduced 
and oxidized states, each of which has different spectroscopic 
properties [14]. Hydrolysis of the pyrophosphate bonds provides 
the energy necessary for the cell’s work. In order to assess the 
energy demand, it is necessary to measure different organ-specific 
parameters. For example, in the brain, the energy demand can be 
evaluated by measuring the extracellular levels of K+ that reflect 
the activity of the major ATP consumer - Na+/K+ATP’ase [12, 20]. 
In the heart, most of the energy is consumed by muscle contraction 
activity. On the other hand, the energy supply mechanism is the 
same for all tissues: oxygenated blood reaching the capillary bed 
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Figure 2: Oxygen gradient from air to the mitochondria. Clinical monitoring of patients includes the various parameters along the oxygen gradient.

Figure 3: The available techniques for real-time monitoring of energy metabolism at the tissue level. Part A shows the coupling between the macro-
circulation monitored by the Pulse oximeter and the microcirculation. B-D monitoring of cellular and intracellular compartments. 

releases O2 that diffuses into the cells. Therefore, it is possible to 
evaluate tissue energy supply by monitoring the following four 
parameters in all tissues: tissue blood flow (TBF), tissue blood 
volume (TBV), tissue oxyhemoglobin (HbO2) and mitochondrial 
NADH redox state (See Fig. 3).

The production of available energy (ATP) depends on pO2 
(partial oxygen pressure) in the various compartment of the 
tissue. Information regarding pO2 in the tissue, therefore, is 
helpful for the evaluation of tissue metabolic activity. Oxygen 
levels can be measured by oxygen electrodes; however, the 
information collected is an average of the compartments around 
the electrode. In the past, the sensitivity and accuracy of oxygen 
electrodes in the range of 1 mmHg (intracellular level) was not 
sufficient for the evaluation of mitochondrial function. 

The need for an intracellular pO2 indicator, as a physiological 
and biochemical parameter of living tissue, has emerged more 
than 50 years ago. Mitochondria are the intracellular organelles 
that consume most of the oxygen. Therefore, the redox state of 
electron carriers in isolated mitochondria in vitro as well as in 
vivo as a function of oxygen concentration has been extensively 
studied. Chance et al. [19] 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”. 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” [21].

As of today, the ability to measure tissue energy metabolism at 
the microcirculation and cellular level is not available for clinical 
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applications although preliminary studies were performed 
recently by our group [22]. 

 Real-time Monitoring of Tissue Oxygen Balance
Several real-time invasive and noninvasive techniques have 

been developed to determine tissue energy metabolism or tissue 
oxygen balance in vivo. A short description of the techniques for 
monitoring tissue oxygen balance shown in Figure 4 is presented. 
These techniques could be adapt and use in experimental animals 
as well as in patients.

Figure 4: The principles of tissue spectroscopy in order to evaluate tissue viability by the Criti View. Three of the parameters are monitored from the 
intravascular compartment while the NADH parameter represents the function of the intramitochondrial space.

Mitochondrial NADH (A) 
The discovery of the optical properties of reduced 

Nicotineamide Adenine Dinucleotide – NADH (earlier names: 
DPNH - diphosphopyridine nucleotide, or PN - pyridine 
nucleotide), has led to a very intensive research since the early 
1950’s. Only the reduced form of this molecule, NADH, (Figure 
5A and B) [23], absorbs light at 320-380 nm (Fig. 5C) and emits 
fluorescent light at 420-480 nm range (Fig. 5 D) [24].

NADH monitoring from the organ surface (brain, kidney, liver, 
testis, etc.) is performed by the fluorometric technique based on 
the original work by Chance and Williams [14]. The excitation light 
(366 nm) is passed from the fluorometer to the tissue through 
a bundle of quartz optical fibers. The emitted light (450 nm), 
together with the reflected light at the excitation wavelength, is 
transferred to the fluorometer through another bundle of fibers. 
The measured changes in fluorescence (A) and reflectance (D) 

Figure 5: A. The structures of NAD+. The nicotinamide group (broken ring) is the “functional” part of both molecules i.e. the portion of the molecules 
where oxidation and reduction take place and B. The transition between oxidized and reduced NADH. C. Absorption Spectra of NAD+ and NADH. D. 
Excitation and emission spectra of NADH.
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signals are calculated as percent values relative to the calibrated 
signals under normoxic conditions. This type of calibration is 
not absolute, but it provides reliable and reproducible results 
for different animals and different laboratories [12, 20]. The 
combination of NADH fluorescence and LDF techniques has been 
routinely utilized in our laboratory for the past 20 years [25-28].

Microcirculatory Hb Oxygenation (B) 
Oxygenated hemoglobin can be monitored at the 

microcirculatory level using the absorption spectrum of 
hemoglobin, which is different in its oxygenated or deoxygenated 
state. One possibility is to illuminate the tissue with 585 nm light 
which is an isosbestic point, and with 577 nm light, which is a 
non-isosbestic point, in which the oxy-hemoglobin absorb more 
light than the deoxy-hemoglobin form. By subtracting the 585 nm 
reflectance from the 577 nm reflectance, a parameter correlated 
to blood oxygenation is obtained. A detector collects the light 
reflected from the tissue and converts it into oxy-hemoglobin 
levels [29, 30].

Microcirculatory Blood Flow (C)
Real-time monitoring of tissue blood flow (TBF) can be 

achieved using laser Doppler flowmetry (LDF) [31-33]. The LDF 
measures relative changes, which correlate with the relative 
TBF alterations. The principle of LDF is to measure the Doppler 
shift, namely, the frequency change undergone by the light 
reflected from moving red blood cells. The results are presented 
as percentages of a full scale (0%-100%), providing relative 
perfusion values. In our laboratory, we used LDF to measure TBF 

(tissue blood flow) in the brain, kidney, and liver [25, 34, 35]. This 
method has been successfully employed in many animal models, 
including rodents, cats and baboons under stroke [13].

Monitoring the Heart in an Animal Model
In 1959, Chance and Jobsis [36] applied the newly developed 

NADH fluorometric method to frog sartorius muscle in vitro and 
found a decrease in NADH due to a series of twitches leading to an 
increased ATP breakdown into ADP. Chance [37] applied the same 
approach to monitor the toad sartorius muscle in vivo and found 
a clear NADH oxidation depending on the rate of stimulation. 
Additional studies described the NADH changes in the heart in 
various animal models [38-42].

The dog is the best animal model to study NADH in real time 
by fiber optic based fluorometry reflectometry. The technique 
was developed by Kedem and Mayevsky [43] in the early 1980s. 
Transient anoxia reversibly increased NADH levels. Increased 
heart rate also increased NADH levels followed by an increase in 
coronary blood flow, indicating a change in O2 balance. In the next 
study the effect of heart rate on NADH redox state was tested [44]. 
An increase in heart rate above 150 bpm under normal conditions 
increased NADH level, while this was not seen under hypopnea. 
NADH was monitored in a local region of the myocardial surface 
in dogs.  We have developed the technique to monitor the NADH 
in cardiac muscle in the beating heart of dogs [43]. In the dog 
heart we sutured the light guide holder (three points) to the 
muscle few millimeters from the monitoring site as can be seen 
in Figure 6A and B. This enabled the heart to behave normally 
while the probe was moving together with the muscle and stable 

Figure 6: A- Schematic drawing of the system used for measuring local blood flow, NADH fluorescence and tissue reflectance from the surface of the 
myocardium. B-Photograph of the measuring system located on the beating heart in situ. C - Sutured on the apex of the left ventricle is the cannula 
supporting the fiber optic light guide and the thermistor at its base, as well as the miniature strain gauge arch to the right of the light guide holder. 
D-  Response of heart  to ischemia/reperfusion. Note that during ischemia, LDf decreased and CF increased. These changes were reversed upon reper-
fusion. Also note the initial hyperemic response upon reperfusion, as monitored by LDf = percentage change from baseline in tissue flow measured 
by the laser Doppler flow (LDF) system; R : rflectance measured by the NADH fluorometer; F = fluorescence (uncorrected) measured by the NADH 
fluorometer; CF = corrected fluorescence (R-F) reported as percentage change from baseline; 
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signals were recorded. This arrangement enabled us to connect 
other probes and measure local blood flow and contractility of 
the heart muscle (Figure 6C).

A typical response of the heart to local ischemia is presented 
in Figure 6D [45]. Ischemia was induced by occlusion of a balloon 
placed around the LAD. Microcirculatory blood flow (LDF) 
decreased and NADH increased immediately after the occlusion 
of the LAD and remained stable until the reperfusion of the heart 
as expected.

Cardiovascular Surgeries and Body Oxygen Homeostasis 
in Patients

In order to keep body oxygen homeostasis during various 
surgeries or in the various operation rooms, the clinicians are 
using various devices that measure various compartment or 
various organs. One approach, in monitoring patients, is to 
measure one or more parameters in a specific organ and 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 [46]. The information is dependent initially upon 
local pathological events occurred in the brain. 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 to measure 
one or more parameters in one location in the body and the 
results are representing one or more physiological systems in 
the body.  There are a group of parameters that 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. The second group 
of parameters could be measured at the tissue level and the 
accumulated results represent the oxygen balance of the entire 
body.

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 is shown in Figure 
7. For example, during cardiovascular surgeries the stressful 
situation may lead to metabolic disturbances and may end up 
in cellular energy derangement [47-50]. 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. As a central protection 
mechanism, blood flow redistribution will occur and the three 
protected organs (brain, heart and adrenal gland) will receive 
more blood and O2, while the peripheral organs 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 [9, 51].

The energy balance in the most vital organs will remain 
positive due to higher blood flow while the less vital organs 
will be hypo perfused and a negative energy balance will 
developed. As presented in Figure 7, 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 
mitochondrial function will affect the production of ATP. 

Figure 7:  Schematic presentation of the events developed under a surgical procedure which leads 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 (brain) and a decrease in blood flow 
to the less vital organs (small Intestine).
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In order to test the hypothesis named “blood flow 
redistribution” under body emergency metabolic state, we 
performed animal studies mimicking the possible clinical 
situations.

The multisite multiparametric monitoring system (MSMP) 
monitors both NADH redox state using the Fluorometery 
technique and Tissue Blood Flow (TBF) using the Laser Doppler 
Flowmetery (LDF) simultaneously and from the same location on 
each organ (Figure 8) [52-54]. Each channel of this monitoring 
device contains a bundle of optical fibers for NADH redox state 
monitoring using the fluorometric technique, and another bundle 
of fibers for tissue blood flow (TBF) monitoring using Laser 
Doppler Flowmetry (Fig. 8). The diameter of the probe (including 
all fibers) is 3 mm. The principle of NADH monitoring from the 
surface of the tissue (1 mm depth) is that excitation light (366 nm) 
passes from the fluorometer to the tissue via a bundle of optical 
fibers made of quartz. The emitted light (450 nm fluorescence), 

along with the reflected light (366 nm reflectance), is transmitted 
to the fluorometer via another bundle of fibers [20]. The emitted 
light passes through appropriate filters in order to differentiate 
between 366 nm reflectance and NADH fluorescence (450 nm). 
In addition, a specific filter is used in order to prevent red light 
(laser Doppler flowmeter) from interfering with mitochondrial 
NADH monitoring. Changes in the reflected light are correlated to 
changes in tissue blood volume and therefore serve to correct for 
hemodynamic artifacts in NADH monitoring [20]. 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 [45, 46, 55]. All the signals monitored 
during the experiment were digitized and transmitted to a multi-
channeled computerized data acquisition and recording system 
(Labview A/D software, National Instruments Inc.)

Figure 8:  The Multi Site Multi Parametric Monitoring System (MSMP). Schematic presentation of the probe containing optical fibers for NADH moni-
toring (NADH - mitochondrial NADH redox state, Ex- Excitation, Em- Emission, H.V.- High Voltage ) and for Laser Doppler monitoring (LDF).

All experiments were performed in accordance with the 
Animal Care Committee of Bar-Ilan University Guidelines. Wister 
male rats (220–300g) were anesthetized by an IP injection of 
0.3 ml/100 gr of Equithesin (each ml contains: pentobarbital 
9.72 mg; chloral hydrate 42.51 mg; magnesium sulfate 21.25 
mg; propylene glycol 44.34% w/v; alcohol 11.5 % and water). 
During the entire experiment, the rats were maintained 
anesthetized by an addition of 0.1ml Equithesin every half hour. 
In addition, a heating pad was placed under the rat to maintain 
body temperature at 370C and a rectal thermistor probe (Yellow 
Springs Instruments Co. Inc.) was inserted for body temperature 
measurements. 

Preparation of the brain for monitoring was done by midline 
incision in the skin, exposing the skull. Then, 3 holes were drilled 
in the skull. The first hole (3.5 mm) was drilled on the parietal 

bone for fixation of a cannula in which a monitoring probe was 
inserted. The other two holes (1 mm) were drilled in the frontal 
bone- distal to the Bregma and from both sides of the central 
sinus and screws were screwed in for better fixation of the 
cannula to the skull. Then the whole complex was fixated using 
dental acrylic cement. The probe was inserted to the cannula and 
a black cloth was placed around to avoid room light from entering 
the monitored site and causing artifacts.

For the exposure of the small intestine, an abdominal midline 
incision below the rib cage was created. Then, a small part of 
the ileum was exposed and placed above a special plastic holder. 
Afterwards, the probe was placed on the ileum’s serosa using a 
micromanipulator, with assistance of a small piece of parafilm 
and cyanoacrylate adhesive. Finally, a slice of parafilm was placed 
around the probe and over the incision to prevent dehydration 
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and a black cloth was placed above to avoid room light from 
entering the monitored site and causing artifacts.

Figure 9A shows the effects of hypoxia (12%O2) on the brain 
and intestinal metabolism [54]. The following results were 
recorded (Fig. 9A): MAP decreased by 34±4 mmHg (p<0.001) 
immediately after the rats started breathing the low-oxygen 
mixture. This change was followed by a decrease in TBF in the 
intestine to a level of 56±13% (p<0.05) and a tendency of CBF 
increase to a level of 140±12%. Simultaneously, the reflectance 
in the intestine increased (119±8%, p<0.05), while in the brain 
it decreased (92±2%, p<0.01). The changes in the blood supply 
to the organs produced corresponding changes in the levels of 
mitochondrial NADH. In the intestine, NADH increased to a level 
of 151±14% (p<0.01) and remained at this level throughout the 
entire hypoxic period, while in the brain NADH reached a level 
of 119±2.8% (p<0.001). When the rats started breathing air, all 
the parameters returned to the basal level within 2 min in the 
intestine, whereas in the brain hyperemia was observed for 11 

minutes, followed by full recovery. With reference to NADH and 
reflectance, full recovery was observed immediately after the rats 
started breathing air.

Figure 9B shows the effect of controlled 40 mmHg hypotension, 
maintained for 60 minutes (Mendelbaum M. et al., unpublished 
results, 2007). The hypotension was induced by bleeding out 
45±4% of the rats’ total blood volume. During bleeding, MAP 
sharply decreased by 51±0.5mmHg (p<0.001). Both TBFs 
decreased rapidly and stabilized at low levels. However, while IBF 
significantly decreased by 61±6% (p<0.001) CBF significantly 
decreased only by 45±5.5% (p<0.01). Intestinal reflectance 
showed a trend of increase, while the cerebral reflectance 
increased by 5±2% (p<0.05) and decreased back to its basal level. 
In comparison to the intestinal NADH, which slowly increased up 
to 228±24% (p<0.01), cerebral NADH increased only to a level of 
142±5% (p<0.01). The maximum levels of NADH in both organs 
were monitored at the end of the hemorrhagic period and were 
also associated with the maximum changes in TBF.

Figure 9A:  The responses of brain (blue) and small intestine (red) to hypoxia. Two organs were monitored simultaneously. Arrows show the period 
of time in which differences between both organs were significant for each minute. (N=9). (*) p<0.05.  Ref - reflectance, NADH - mitochondrial NADH 
redox state, TBF - tissue blood flow, MAP - mean arterial pressure.
Figure 9B:The responses of the brain (blue), small intestine (red) and MAP to controlled hypotension for 60 minutes 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.

Following resuscitation, MAP increased up to basal level. The 
intestine and the brain responded differently to resuscitation. 
Intestinal blood flow significantly increased by 30±9% (p<0.05) 
reaching a level of 69% followed by a secondary decrease down 
to 37±11% (p<0.01). Blood flow in the brain increased by 
26.5±8% (p<0.01) and stabilized at a level of 82%. The intestinal 
reflectance decreased sharply below its basal level, followed by 
an increase back to the basal levels. Cerebral reflectance showed 
nearly no changes except for a decrease of 12±5% (p<0.05) 

during a short period about an hour after resuscitation. Following 
resuscitation, NADH in both organs only partially recovered and 
remained elevated compared to the basal level. When the two 
organs are compared during bleeding, a significant difference is 
observed only with respect to NADH levels (p<0.05). Following 
resuscitation, there were only two episodes of significant 
differences in the TBF between the organs (p<0.05).

In order to test the involvement of the sympathetic nervous 
system in the process of blood flow redistribution, the effect of 
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the injection of epinephrine on the brain and small intestine. The 
brain was monitored together with the small intestine serosa 
layer representing the less vital organ. The response to 2 and 
10 micrograms per 100-gram body weight are shown in Figures 
10A and B, respectively. Catecholamine, such as epinephrine, are 
released from the adrenal medulla under stress, and contribute 
to the sympatho-mimetic effect [56], which is characterized by 
modifying the blood flow distribution, and altering metabolism 
in order to improve oxygen delivery to vital organs [57]. However, 
there is no previous study showing the responses of vital versus 
less-vital organs to epinephrine injection simultaneously in real 
time.  

Figure 10 (Tolmasov M et al., unpublished) presents the 
maximum changes in MAP, TBF and NADH following the injection 
of each dose of epinephrine in the brain and the intestine. As it is 
seen, the MAP response showed a dose-dependent character from 
the dosage of 2 µg/100g BW (part A) to the dosage of 4 µg/100g 
BW. Namely, the increase from 2 µg/100g BW epinephrine to 4 
µg/100g BW enhanced the response of MAP. However, there was 
no further increase in MAP, even though the epinephrine dose 
was raised to 6, 8 and 10 µg/100g BW (Fig. 10B). 

 

Figure 10A:  The responses of the brain (blue) and small intestine (red) to Epinephrine injection (2 µg/100gI.V.) Abbreviations are as above. Arrows 
represent the period of time in which the differences between both organs were significant for each minute. (N=9) (*) p<0.05.
Figure 10B: The responses of brain (blue) and small intestine (red) to Epinephrine injection (10 µg/100g I.V.) Abbreviations are as above. Arrows 
represent the period of time in which the differences between both organs were significant for each minute. (N=9) (*) p<0.05.

The dose-dependent response pattern at the systemic level 
was observed also in the response of the blood flow in the brain. 
Namely, the peak of CBF responses to epinephrine at 2 µg/100g 
(154±13%, p<0.05) was lower than the peak values of CBF 
after 4 µg/100g (187±21%, p<0.05) and 6 µg/100g (215±32%, 
p<0.05). In addition, the maximal response under 4 µg/100g was 
significantly different when compared to the maximum change 
induced by 6 µg/100g epinephrine. In contrast to the brain, the 
intestinal blood flow decreased at the same level under all doses 
of epinephrine injection. 

Consequently, the intestinal NADH responded in the 
same manner under all doses of epinephrine, whereas in the 
brain the peak level of NADH after 2 µg/100g epinephrine 
(95±0.5%, p<0.05) was significantly different when compared 
to the maximum change that was monitored after 6 µg/100gr 
epinephrine (90±1.6%, p<0.05). 

The CritiView- A New Medical Device for Patient 
Monitoring

A new medical device was developed by an Israeli company 
(CritiSense Ltd) and was cleared by the FDA. The device (Figure 
11A) is measuring the same 4 parameters shown in Figure 4 and 
was tested in animal models [22, 58].

The light source unit-LSU (see Figure 11B left side.) of 
the CRV comprises a 785 nm CW laser diode which serves for 
laser Doppler measurement, a UV LED (375nm) for NADH 
fluorescence excitation and for total back scatter (or reflection) 
measurement, a Blue LED (470 nm) and a Green LED (530 nm) 
for HbO2. In order to enable a very high measurement dynamic 
range of fluorescence and reflection parameters the light source 
unit is designed to enable a very wide range of the excitation 
intensities. To enable this wide excitation range and linearity the 
system is designed according to a three floors concept (Figure 
12 upper left). Each floor comprises three LEDs one UV LED 
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Figure 11:  The basic features of the CritiView developed for experimental and clinical use are presented. The standalone compact device is shown in 
part A. Detailed schematic description of one of the floors of the CritiView containing the light source unit (LSU) and the detection unit (DTU) appear 
in part B.

Figure 12:  The general parts of the Critiview system are presented. 

with emission peak at 375 nm, one Blue LED with emission 
peak at 470 nm and one Green LED with emission peak at 530 
nm. The different wavelengths from all LEDs of the same floor 
are assembled together and coupled into a single fiber by a set 
of dichroic mirrors and appropriate collimation and focusing 
lenses. The current of each one of the discrete LEDs is set by the 
appropriate electronics drivers directly controlled by a D/A of the 

DSP processor. The difference between the floors is the output 
intensity. There is a High, Medium and Low intensity floors. The 
different excitation intensities are achieved by utilizing various 
pinholes while maintaining all other electro optical properties 
as the same for all three floors. The light from all three floors 
and a laser diode is combined into single mixer fiber therefore 
enabling precise setting of the excitation intensity within a 
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very wide excitation range. The near IR laser diode at 785 nm, 
for laser Doppler measurements, operates in Continuous Wave 
(CW) operation mode. The UV LEDs, Blue LEDs and Green LEDs 
operate in chopping mode. This enables usage of synchronous 
detection techniques in order to detect the NADH fluorescence 
and total backscatter light. Additionally the chopping operation 
mode enables one to perform NADH measurements with very 
low excitation intensities well below the limits specified by the 
laser safety standards.

The Detection Unit (DTU) All six collection fibers of the fiber 
optic probe (Figure 12 lower left) are assembled into a single male 
SC optical connector. The light from the probe passes though the 
panel connector into a single thick optical fiber that delivers the 
light to the DTU (Figure 11B). At the DTU entrance the collimation 
lens collimates the fiber output light. The collimated light is split 
according to the different wavelengths into the respective photo 
detectors by means of dichroic beam splitters. The first dichroic 
beam splitter reflects the total backscatter signal at 375 nm 
towards the photodiode detector. The higher wavelengths pass 
through the first beam splitter towards the second dichroic beam 
splitter. The second dichroic beam splitter reflects the NADH 
fluorescence signal at 450 nm and total backscatter signals at 
470 nm and 530 nm towards the photomultiplier detector. Due to 
the chopping operation of the LED’s the photomultiplier detector 
detects each one of the above mentioned signals at different time, 
i.e., time sharing operation detection mode. The second dichroic 
filter enables the laser Doppler signal at 785 nm to pass through 
it towards the photodiode detector. All acquired signals are 
digitized into the DSP (digital signal processor) by high resolution 
16bit A/D.

The DSP processor (Figure 12) is responsible for whole 
system control, initial data processing and calculation of Doppler 
parameter. The DSP is built around Tern Inc. 586-Engine-P 
controller board with AMD SC520 CPU. After initial data 
processing the calculated values are transmitted to the panel 
computer for final data processing display through RS-232 serial 
interface.

The CRV device utilizes medical grade main power supply for 
all electronic circuits including the panel computer.

The CRV Optical Probes
I. The pencil style optical probe has one measurement point 

to be used on exposed tissue. The excitation and collection fibers 
are held together in a stainless steel element. It is comprised of 
one excitation fiber connected to respective excitation connector 
on the CRV panel; and 6 collection fibers connected to the single 
collection connector on the CRV front panel. 

II. The Foley catheter optical probe for measuring the urethral 
wall vitality (Figure 14C). It is based upon a standard 3 lumen 
Foley catheter (The Foley catheter is an inflatable balloon 
retention type catheter inserted through the urethra, and used 
to drain the bladder). This probe construction enables the 
measurement of tissue metabolism at the urethral wall while 
draining the bladder. The CRV Foley catheter optical probe is 
designed to perform optical measurements from three adjacent 
points on the tissue 3.5 mm apart. Each measurement point is 
comprised of one excitation fiber and two adjacent collection 

fibers. The 3 excitation fibers from the LSU are connected to the 
excitation connector on the CRV panel. All 6 collection fibers 
from the three measurement points are connected to the single 
collection connector on the CRV front panel. Figure 14C shows 
the finished probe.

Testing the CritiView in an Animal Model
Male rats (250-300 gr) and Mongolian Gerbils (50-75 gr) 

were used. The animals were anesthetized by Equithesin (E-
th = Chloral hydrate 42.51 mg; Magnesium sulfate 21.25 mg; 
Alcohol 11.5%; Propylene glycol 44.34%; Pentobarbital 9.72 mg) 
IP (intraperitoneal) injection of 0.3 ml/100 gram body weight. 
The animals were kept anesthetized during the operation and 
during the entire monitoring period, by additional IP injections 
of E-th 0.03 ml in gerbils and 0.1 ml in rats, every 30 minutes. 
The addition of small volumes of E-th every 30 minutes kept the 
animals in a stable state. In the Gerbils, the two common carotid 
arteries were isolated just before brain surgery and ligatures of 
4-0 silk thread were placed around them. The animal was placed 
in a head holder in the supine position. After a midline incision of 
the skin, an appropriate hole was drilled in the parietal bone of 
the right hemisphere. The dura mater remained intact and a light 
guide holder –cannula was placed in the drilled hole and extra 
pressure on the tissue was avoided. Two stainless steel screws 
in the left parietal bone were used to fix the cannula, with dental 
acrylic cement Body temperature was measured by a rectal probe 
(YSI) and was regulated to be at the range of 35-37°C using a 
heating blanket.

Metabolic Perturbations Anoxia: Exposure of the animal to 
oxygen deficient atmosphere by spontaneous breathing of 100% 
N2, for a period of time (approx. 25 sec) until changes is observed 
on the monitor, and the animal has stopped breathing. The animal 
is then allowed to breathe normal room air by spontaneous 
breathing or by short artificial respiration. 

Ischemia: Reversible occlusion (30 sec) of the 2 common 
carotid arteries by constricting them with threads. 

Figure 13 presents the responses of the brain to anoxia and 
ischemia measured by the CritiView [24]. Actually, the CritiView 
calculates data on 5 measured signals that are translated into 
the 4 physiological parameters, namely: TBF, R375, NADH and 
HbO2. The raw fluorescence signal is translated into the net 
NADH signal by subtracting the R375 from the Flu signal. The 
HbO2 signal is obtained by subtracting the R530 (isosbestic 
reflectance) from the R470 (the non-isosbestic reflectance). The 
net reflectance change between the R470 and R530 is reversed in 
its polarity in order to demonstrate the HbO2 in values of increase 
or decrease in HbO2 and not the reflectance change. As seen in 
Figure 13, 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 responses to complete ischemia induced by bilateral 
occlusion of the carotid arteries are shown in the right side of 
figure. 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 correlated very well to the NADH. 
A small hyperemia was noticed in the TBF and HbO2 traces. The 
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Figure 13:  The effects of anoxia (left) and ischemia (right) in part (A) on the 4 parameters measured from the brain of an anesthetized Gerbil using 
the CritiView. N2 - 100% Nitrogen,R+Loccl - Occlusion of the right and left common carotid artery, TBF - tissue blood flow, R375 – reflected light at the 
excitation wavelength of NADH (375 nm), NADH - Corrected fluorescence, HbO2 – Relative levels of hemoglobin oxygenation.

Figure 14: The location of the 3-way Foley catheter and the monitoring sites in the urethral wall (A and B). The CritiView device used for monitoring 
the urethral wall in the operation room (C) and in the ICU (D).

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).

Testing the CritiView in Patients 
The CritiView device (Fig. 11A) is a low risk device (class 1 

laser device) [22]. Figure 14A and B present the positioning of the 
3-way Foley catheter (containing the fiber optic sensors) inside 

the urethra and the bladder of a male patient. The signals from 
the three points of monitoring are integrated into one value for 
each of the parameters. The location of the monitoring points in 
a female patient was adapted to the shorter urethra. Figure 11C 
and D show the CritiView located in the operating room and in 
the general ICU respectively.

In a group of five patients we tested the responsiveness 
of the urethral wall to a clear local event of ischemia achieved 
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by the clamping of the abdominal aorta. During this phase of 
the operation, the microcirculatory blood flow in the urethra 
decreased in all patients, while the results of NADH measurements 
showed some variability. Typical responses to aortic occlusion in 
one of the AAA patients are shown in Figure 15A. The preparation 
of the aorta for the clamping procedure (marked as P) 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.

Figure 15: A-Effects of aortic occlusion in a patient that underwent an abdominal aortic aneurysm (AAA) repair operation, on the four parameters 
monitored by the CritiView. The technical preparation for aortic occlusion was performed a few minutes before the clamping. B- Metabolic and hemo-
dynamic responses (measured in the urethra of a female pig) to complete occlusion of the abdominal aorta. 

To reconfirm these findings, we repeated this procedure 
of aortic clamping in a pig model as seen in Figure 15B [59]. 
The clamping of the abdominal aorta led to a decrease in the 
microcirculatory blood flow. During the 50 minutes of the 
occlusion the TBF was very low but was not a zero level. In 
parallel to the decrease in TBF, the HbO2 showed a decrease. The 
response of the NADH could be divided into 2 phases. During the 
1st 40-50% of the occlusion period a clear increase in the NADH 
level was recorded. The NADH was deoxidized during the 2nd 
half of the occlusion period. During the reperfusion period, the 
TBF and HbO2 recovered to the original values.

We assumed that under stressful situations the vital organs 
will maintain their high metabolism on the expense of the less 
vital organs thus the later ones such as the urethral wall will show 
decreased perfusion levels and reduced oxygen delivery to the 
mitochondria. Figures 16 and 17 clearly confirm our assumption. 

 In Figure 16 three responses of the urethral wall to various 
manipulations, are presented. In one female patient when 
spontaneous breathing stopped (Apnea in Fig. 16A) a clear 
hypoperfusion was recorded in the urethral wall together 
with a significant increase in NADH levels. As soon as artificial 
ventilation was restarted, the signals returned to the baseline 
levels. In another patient, a dramatic decrease in the urethral 
wall energy state was recorded during a standard airway 

suction procedure. As Figure 16B shows, a large decrease in the 
microcirculatory blood flow was measured simultaneously with 
a marked increase in NADH. These changes suggest that the 
cardio-respiratory stressful situation induced by suction could be 
detected by the decrease in the urethral wall vitality. The third 
patient was monitored during the early post-operative period 
after coronary artery bypass graft (CABG) operation (Fig. 16C). 
The left side of the figure shows that, during the initial 3 hours 
of monitoring, the NADH levels were relatively stable (±20% 
change). During the next 40 minutes of monitoring (right side of 
the figure), a marked mitochondrial dysfunction was recorded 
(100% increase in NADH) in parallel to a decrease in TBF. The 
NADH response included 2 types of change, namely, a pronounced 
continuous increase in the NADH levels as well as a number of 
transient elevations lasting 1-5 minutes each. It was found that, 
during this period, a cardiac tamponed (accumulation of blood in 
the pericard) was developed and the patient was returned to the 
operating room for resternotomy and correcting the blood supply 
to the heart. The hemodynamic parameters (heart rate and blood 
pressure), were not clearly correlated to the development of 
the tamponed. This event proof clearly that monitoring of the 
urethral wall vitality could serve as an early warning signal for the 
development of negative oxygen balance in the patient exposed to 
stressful situation.
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Figure 16: The results of 3 patients monitored in the ICU using an early version of the device named the Tissue Spectroscope. (A) Responses to a 
cessation of spontaneous respiration in a female patient. (B) Effects of the standard airway suction procedure on the viability of the urethral wall. (C) 
Monitoring of a patient in the cardiac ICU during the initial 4 hours after the bypass surgery, showing the development of cardiac tamponed.

Three typical responses to the cardiovascular operation 
procedure are presented in Figure 17. In the first patient shown 
in Figure 17A, the responses of TBF and NADH were recorded as 
soon as the preparation for operation started with the scrubbing 
of the chest area (marked as A).This very early response was 
found only in one patient monitored in the cardiovascular 
operation room. 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. These fast responses are probably 
due to high sensitivity and a fast response of the autonomic 
nervous system. We could speculate that the level of adrenaline 
was elevated very early and as a result, the microcirculatory 
blood flow decreased dramatically and the mitochondrial NADH 
became highly reduced. In the second patient who underwent the 
routine CABG operation (Figure 17B) 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 the third patient operated for 
aortic repair (Figure 17C), clear responses to the procedure were 
recorded. In this patient, at 16:49, 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 
not to the baseline levels.

The next step in patient’s monitoring device will be to develop 
a new software tool that will be embedded in the medical device 
described. The idea is to provide the user of the monitoring 

device a very easy to use and practical tool that will enable 
the interpretation of the monitored parameters. A new Tissue 
Metabolic Score (TMS) will be presented in real time to the user 
in parallel to the 4 physiological parameters monitored by the 
device. Figure 18A and B are illustrating the presentation of the 
TMS on the monitor of the device.

Figure 18C demonstrate the real-time presentation of the 
TMS together with the main 2 parameters monitored from the 
urethral wall under cardiovascular surgery. The results presented 
in Figure 18C were measured in a patient who underwent aortic 
repair surgery. In the process of opening the chest, a major 
bleeding occurred and the patient was immediately put on 
the heart-lung machine and severe hypothermia was induced. 
As can be seen in part A1 of Figure 18C, while the patient was 
normothermic, large changes in TBF and NADH were noticed 
during the major bleeding event. After cooling the patient and 
shifting him to the heart-lung machine, the signals recovered, 
although the TBF remained under the control values. While the 
patient was hypothermic (17ºC), the microcirculatory blood 
flow was directed mainly to the brain area (Part B1 in Fig. 18C), 
whereas the TBF to the urethra was decreasing significantly 
without any clear corresponding change in the NADH levels. 
This may suggest that the mitochondrial redox state behaves 
differently under hypothermia. It should be acknowledged that 
this response was recorded only in one patient.
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Figure 17: The effects of three surgical procedure, in three cardiovascular operated patients (A, B and C), on the urethral TBF and NADH redox state 
(see text for detailed explanations).

Figure 18: A-Schematic presentation of the four physiological parameters monitored in real time from the urethral wall in critical care patients. B-
Schematic demonstration of the Tissue Metabolic Score (TMS) calculated from the parameters shown in Part A. C- Responses of the urethral wall TBF 
and NADH to systemic hypothermia (17°C) in a patient who underwent the aortic repair operation. (A1) The responses to bleeding under normother-
mia. (B1). The responses to a decrease of microcirculatory blood flow to the lower part of the body.
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Conclusions
The new approach to monitor patients undergoing 

cardiovascular surgeries, by the Critiview, was tested successfully 
under in vitro and animal in vivo experiments as well as in 
patients. The conclusions from this study are as follows:

1. For the first time mitochondrial NADH, microcirculatory blood 
flow and oxygenation was measured continuously in the 
urethral wall of patients.

2. Patients exposed to vascular and open chest surgeries showed 
changes in the urethral wall measured parameters during the 
stressful condition of the body.

3. The CritiView results may serve as early warning signals to 
the deterioration of the body or the end point of resuscitations 
during and after cardiovascular surgeries.

Disclosure
Avraham Mayevsky was one of the founders of CritiSense 

Ltd. that had developed the CritiView device presented in the 
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