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Abstract. Background: The involvement of mitochondria in pathological states, such as neurodegenerative dis-
eases, sepsis, stroke, and cancer, are well documented. Monitoring of nicotinamide adenine dinucleotide (NADH)
fluorescence in vivo as an intracellular oxygen indicator was established in 1950 to 1970 by Britton Chance and
collaborators. We use a multiparametric monitoring system enabling assessment of tissue vitality. In order to use
this technology in clinical practice, the commercial developed device, the CritiView (CRV), is tested in animal
models as well as in patients. Methods and Results: The new CRV enables the optical monitoring of four different
parameters, representing the energy balance of various tissues in vivo. Mitochondrial NADH is measured by sur-
face fluorometry/reflectometry. In addition, tissue microcirculatory blood flow, tissue reflectance and oxygenation
are measured as well. The device is 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 is started imme-
diately after the insertion of a three-way Foley catheter (urine collection) to the patient and is stopped when the
patient is discharged from the operating room. The results show that monitoring the urethral wall vitality provides
information in correlation to the surgical procedure performed. C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
[DOI: 10.1117/1.3585674]
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1 Introduction
The need for a practical and simple medical device for in vivo
monitoring of tissue energy metabolism in real time had stim-
ulated many scientists as well as various medical device com-
panies. Few companies and researchers had developed laser
Doppler flow meters for tissue blood-flow monitoring,1–4 tis-
sue hemoglobin saturation levels (HbO2),5 tissue oxygen level
(pO2),6 tissue CO2 and pH7 levels, and mitochondrial cy-
tochrome oxidase redox state.8 Nevertheless, none of the men-
tioned techniques is used in daily clinical practice in any medical
field. The most important parameter to be evaluated is the bal-
ance between O2 supply and demand defined as oxygen balance
and represented by mitochondrial redox state. As of today, a
number of measured parameters, in daily clinical practice, rep-
resent the integrity of the cardiovascular as well as respiratory
system. In our previous publications,9, 10 we described few de-
vices aiming to monitor tissue vitality using a single-point probe
that measured up to four optical parameters from a small tissue
area. These devices had never applied to routine clinical use due
to factors such as size, price, or the ability to use and interpret
the results as a clinical significant tool.

The new device described in the present paper was devel-
oped in order to overcome all the disadvantages of the early

Address all correspondence to: Prof. Avraham Mayevsky, Faculty of Life-Sciences,
Bar-Ilan University, Ramat-Gan, 52900 Israel; Tel: 972-35318218; Fax: 972-
36354459; E-mail: mayevskya@gmail.com.

developed devices. During the research and development pe-
riod, two models of the new multiparametric monitoring device
were tested and submitted to the FDA for approval. The pro-
totype of the CritiView (CRV), which was described few years
ago,9 was adapted to a single-point measurement in critical care
medicine. The new model of the CRV enables one to integrate
the measurements of three different locations of the tissue, thus
improving the statistical basis of the measurement. Also, the
new CRV is significantly smaller, thus enabling its incorpora-
tion into the small space available in operating rooms (ORs) or
in intensive care units (ICUs).

1.1 Patients Monitoring in Critical Care Medicine
Cardiovascular insufficiency commonly occurs in critically ill
patients and those undergoing major surgical procedures. The
consequences of delayed recognition and treatment of circula-
tory shock prior to ischemic tissue injury can be irreversible.
Patients undergoing a major surgery or hospitalized in the ICU
frequently develop changes in systemic or peripheral hemody-
namics. More than 20% of patients are expected to have acute
cardiovascular dysfunction in the perioperative period of cardiac
surgery.11 Recently, Ospina-Tascon et al.12 concluded, based on
a literature survey, that “there is no broad evidence that any
form of monitoring improve outcomes in the ICU and most
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commonly used devices have not been evaluated by random-
ized controlled trails.” Nevertheless, acute care practitioners are
seeking new monitoring devices that would provide real-time
data on the oxygen balance in patients at the tissue level.13–15

The pattern of the physiopathological event cascade that
usually occurs in clinical conditions associated with an imbal-
ance between oxygen delivery and oxygen consumption, un-
der hypoperfusion-induced tissue hypoxia, is the common end
product of circulatory shock. Various unstable metabolic states,
infection, trauma. and surgical stress lead to metabolic distur-
bances and often result in cellular energy deterioration. The
most common example of such a pathological state is sepsis,
which is a major cause of death in critically ill patients.16, 17

The autonomic nervous system, mainly its sympathetic branch,
including the adrenal gland, plays a major role in enacting the
body compensatory mechanisms against a hemodynamic com-
promise The rapid compensatory reaction to hypovolemia, for
example, includes redistribution of the blood flow to various
organs, with a preferential blood flow to the most vital organs
of the body, namely, the brain, heart, and adrenal glands,18, 19

while the peripheral organs or areas (the skin, gastrointestinal
tract, and muscles), as well as other less vital visceral organs, un-
dergo vasoconstriction and subsequent decrease in blood flow
and O2 supply.20 This decrease in tissue perfusion could be
detected by monitoring mitochondrial NADH in real time in
those organs that experienced an early diversion of the blood
flow.21, 22

Currently, the monitoring of mitochondrial function in real
time in vivo is not employed in clinical monitoring. Gastric
tonometry and sublingual capnography have been used to as-
sess tissue perfusion but have not yet been adopted for daily
clinical use.23–25 Tissue oxygen saturation measures have also

been reported, but they can indicate decreasing values only at
the end of a circulatory shock, not at its inception.

The effects of cardiopulmonary bypass (CPB) on cere-
bral cortical oxygenation during open heart surgery are well
documented.26 Cerebral hypoperfusion may also occur during
the early postoperative period after cardiovascular surgery.27

The monitoring of less vital organs (i.e., the skin or gastroin-
testinal tract) during cardiovascular surgery has been extensively
reported.28–30 In patients, the effects of hypothermic CPB on gut
metabolism were an immediate decrease in blood flow followed
by a recovery, while tissue oxygenation progressively declined
after CPB.31 Recently, Perner et al.32 reported that, during CPB,
lactate concentration in the rectal lumen increases, indicating a
metabolic dysfunction of the rectal mucosa.

We tested the hypothesis that the urethral wall’s mitochon-
drial function and microcirculatory blood flow in patients would
be sensitive to macrocirculatory changes taking place during car-
diovascular surgery. We chose this sample because of its existing
invasive monitoring and the known alterations in the microcir-
culatory blood flow produced by surgery.

1.2 Energy Metabolism in Mammalian Cells
All cells in the body depend on a continuous supply of adenosine
triphosphate (ATP) in order to perform their different physio-
logical and biochemical activities. Figure 1 describes the basic
processes occurring in a typical normal cell, using glucose as a
major source of energy.

The breakdown of glucose into water and CO2 includes two
steps, namely, glycolysis (the anaerobic phase) taking place in
the cytoplasm and oxidative phosphorylation (the aerobic phase)
occurring in the mitochondria. Of the total yield of 38 ATP per

Fig. 1 Schematic presentation of tissue oxygen metabolism at the cellular and intramitochondrial level. GT, glucose transporter; MCT, monocar-
boxylase transporter; ETC; OXPHOS, oxidative phosphorylation; TCA; AcCoA, acetyl coenzyme A.
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Fig. 2 Schematic presentation of the balance between oxygen supply and demand in a typical tissue. The supply is dependent on the availability of
oxygen in the mitochondria, which is affected by the oxygen gradient between room air to the intracellular space (left side). The demand for energy
is affected by the specific activities taking place in each organ.

mole of glucose, two are produced in the glycolysis process and
36 during the oxidative phosphorylation. It is important to note
that oxygen availability in the mitochondrion is a critical factor
for the normal ATP production in the cell. 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 ∼1 mm Hg as compared to the high partial oxygen pres-
sure, ∼90 mmHg, existing in systemic circulation.33 Glycolysis
depends on the entrance of glucose from the capillary into the
cell via the glucose transporter. The end product of glycolysis,
pyruvate, is transported into the mitochondria by a specific car-
rier protein. The pyruvate is transformed, in the matrix of the
mitochondria, into acetyl coenzyme A, which activates the tri-
carboxylic acid (TCA) cycle. In the absence of oxygen, the end
product of pyruvate is lactate, which may leave the cell and pass
into the microcirculatory blood stream via the monocarboxylase
transporter located in the plasma membrane. In the mitochon-
dria, the TCA cycle generates NADH (reduced nicotineamide
adenine dinucleotide), which enters the electron transport chain
(ETC) leading to the oxidative phosphorylation that generates
ATP. The CO2 released from the TCA cycle exits the cell as
HCO−

3 , via the anion exchanger, into the blood stream. 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 hemoglobin oxygenation or saturation (HbO2) in
the small vessels. Any change in the oxygen consumption by
the mitochondria will be compensated either by downloading
the extra oxygen needed from oxygenated hemoglobin 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 most normal tissues and organs, this stimulation
is not sufficient to provide the amount of ATP needed for the
normal physiological and biochemical activities.

The pioneering work of Chance and collaborators, started
in the early 1950s, ushered in a new era of studying mito-
chondrial function, in health and disease, using spectroscopic
techniques.34–36 The monitoring of NADH redox state in isolated
mitochondria in vitro,37 and later under in vivo conditions,38

established the foundations for the understanding of cellular
bioenergetics, under various pathophysiological conditions in
experimental animals and patients.39, 40

The functional capacity of a 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 (Fig. 2)].

The electron transfers (oxidations/reductions) down the res-
piratory chain result in the production of ATP. Concomitantly
with the electron transport, the respiratory chain components
switch between reduced and oxidized states, each of which has
different spectroscopic properties. Hydrolysis of the pyrophos-
phate bonds provides the energy necessary for the cell’s work
In order to assess the energy demand, it is necessary to mea-
sure different organ-specific parameters. In the brain, the energy
demand can be evaluated by measuring the extracellular lev-
els of K+ that reflect the activity of the major ATP consumer
Na+ /K+ ATPase.41, 42 In the heart, most of the energy is con-
sumed by muscle-contraction activity. On the other hand, the
energy supply mechanism is the same in all tissues: oxygenated
blood reaching the capillary bed releases O2 that diffuses into the
cells. Therefore, it is possible to evaluate tissue energy supply
by monitoring the same four different parameters in all tissues,
namely, mitochondrial function, tissue blood flow, volume, and
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oxygenation. The intracellular level of mitochondrial NADH
(the reduced form) is a parameter related to the tissue’s state
of energy metabolism. Energy exchange depends on pO2 (par-
tial oxygen pressure). Information regarding pO2 in the tissue
therefore is helpful for the evaluation of tissue metabolic activity.
The sensitivity and accuracy of oxygen electrodes in the range
of 1 mmHg is not sufficient for the evaluation of mitochondrial
function.

The need for an intracellular pO2 indicator, as a physiolog-
ical and biochemical parameter of living tissue, 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 exten-
sively studied. 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 mito-
chondria and tissue as well.”43 Lubbers in 1995 concluded that
“the most important intrinsic luminescence indicator is NADH,
an enzyme of which the reaction is connected with tissue respi-
ration and energy metabolism.”44

Various parameters are measured in animal models or pa-
tients in order to evaluate the normality of the oxygen gradients
ranging from 160 mm Hg in room air to ∼1 mm Hg in the mito-
chondria as shown in Fig. 2. The respiratory function of the lungs
is evaluated by measuring various parameters such as respira-
tion rate and ventilation as well as levels of blood gases (pO2,
pCO2 and pH). The second monitoring point along the oxygen
gradient is the hemodynamic parameters of the cardiovascular
system including cardiac output and systemic blood pressure.
The next parameter is the saturation level of the arterial blood
using the pulse oximetry. To date, the ability to measure tissue
energy metabolism at the microcirculation and cellular level in
clinical conditions is relatively limited.

1.2.1 Monitoring of NADH: history, principles, and
basic technology

Since the discovery of pyridine nucleotides by Harden and
Young,45 more than 1000 papers have been published on the
use of NADH as a marker for mitochondrial function. This type
of research was started in 1955 by Chance & Williams46, 47 by
defining the mitochondrial metabolic state in vitro. In order to
understand mitochondrial function in vivo and under various
pathophysiological conditions, it is important to monitor the
redox state of the respiratory chain in real time

The discovery of the optical properties of NADH led to very
intensive research since the early 1950s. The establishment of
the method to monitor NADH in vivo was done between 1952
and 1962. An intensive use of the in vivo NADH monitoring
approach began in 1962. The “classical” paper on in vivo moni-
toring of NADH was published in 1962 by Chance et al.38 They
were able to simultaneously monitor the brain and kidney of
anesthetized rats using two microfluorometers. In 1962, Chance
et al.48 elaborated on this kind of in vivo monitoring and used
it in other rat organs. The correction of the NADH fluorescence
signal for changes in tissue absorption and scattering was initi-
ated in the 1960s and 1970s by various investigators.49–51 Most
of the published material in this field of in vivo NADH moni-
toring of tissues used the subtraction of the reflectance signal

(366 nm) from that of the NADH fluorescence signal measured
to provide the corrected fluorescence signal.52, 53 A few attempts
were made in order to improve the correction technique, but
no significant improvement was found. In addition, the vari-
ous correction techniques were listed and discussed in detail
in Ince et al.54 Most of the published material was based on
a 1:1 ratio, when subtracting the 366-nm reflectance from the
450-nm fluorescence signal. We have found that subtracting
the reflectance from the fluorescence or dividing fluorescence
over reflectance provides similar net NADH changes. In 2006,
Bradley and Thorniley55 reviewed the available techniques
for correction of fluorescence signals. They concluded, “even
though research has been conducted into correction techniques
for over thirty years, the development of a successful and prac-
tical correction technique remains a considerable challenge.”

1.3 Real-Time Monitoring of Tissue Vitality
Several real-time invasive and noninvasive techniques have been
developed to determine tissue energy metabolism or tissue vi-
tality in vivo. A short description of the available techniques
for monitoring tissue viability described by various investiga-
tors shown in Fig. 3 is presented here. These techniques could
be adapted and used in experimental animals as well as in pa-
tients. In order to present the linkage between the systemic and
tissue-level oxygenation, the pulse oximeter technique is also
shown in Fig. 2; although the signal is not originated from the
microcirculation.

1.3.1 Systemic pulse oximetry

This standard of care device is measuring the oxygenation level
of the hemoglobin dependent on the pulse passing in the large
arteries. In small vessels, the pulse disappears and, therefore, this
technique cannot provide information on hemoglobin saturation
in the microcirculation. Because of local changes in oxygen
consumption, the systemic pulse may be relatively stable but
the local Hb saturation may differ.

1.3.2 Microcirculatory Hb oxygenation

The level of oxygenated hemoglobin can be monitored at
the microcirculatory level using the absorption spectrum of
hemoglobin, which is different in its oxygenated or deoxy-
genated state. One possibility is to illuminate the tissue with
light at the isosbestic wavelength point (not sensitive to the oxy-
genation level of hemoglobin), and a second wavelength, at a
nonisosbestic point, in which the oxyhemoglobin absorbs more
light than the deoxyhemoglobin form. By subtracting the two-
wavelength reflectance, a parameter correlated to blood oxy-
genation level is obtained.5, 56

1.3.3 Microcirculatory blood flow

Real-time monitoring of TBF can be achieved using laser
Doppler flowmetry (LDF).57–59 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.
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1.3.4 Mitochondrial NADH/flavoproteins fluorometry
and near-infrared spectroscopy

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.46, 47, 60 The excita-
tion light (366 nm) is passed from the fluorometer to the tis-
sue through a bundle of quartz optical fibers. The emitted light
(450 nm), together with the reflected light at the excita-
tion wavelength, is transferred to the fluorometer through an-
other bundle of fibers. The measured changes in fluorescence
and reflectance signals are calculated as percent values rel-
ative to the calibrated signals under normoxic conditions.
This type of calibration is not absolute but provides reliable
and reproducible results for different animals and different
laboratories.41, 42

Monitoring of flavoprotein (Fp) fluorescence in blood-
perfused organs in vivo is very problematic as compared to
blood-free organs in vitro. Two factors affect the very weak flu-
orescence signal. Blood oxygenation and blood volume changes
in the microcirculation induced artifacts in the measurements,
which are very hard or impossible to be corrected.

Near-infrared spectroscopy (NIRS) is a noninvasive opti-
cal technique that evaluates the relationship between oxygen
availability and consumption by monitoring of the oxidation-
reduction state of cytochrome aa3 (Cytaa3), although the ar-
tifacts of the hemoglobin signal in the Cytaa3 signal remain
problematic. Because tissue oxygenation is indicated by the
state of cytochrome oxidase, the terminal enzyme of the respi-
ratory chain, dynamic measurements of oxygen utilization, and
perfusion can be achieved by NIRS.61, 62

1.3.5 Microdialysis

The technique of tissue microdialysis allows continuous on-line
monitoring of changes in tissue energy-related metabolites (e.g.,
glucose, lactate, pyruvate, adenosine, xanthine).63 It involves the
insertion of a catheter lined with a polyamide dialysis membrane
into brain parenchyma that is perfused with a physiological
solution (e.g., Ringer’s lactate) at ultralow flow rates using a
precision pump. Small molecules diffuse from the extracel-
lular space into the perfusion fluid, which is then collected
into vials that are changed every 10 to 60 min, allowing for
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up to 70% equilibration across the dialysis membrane.64, 65

Cerebral microdialysis has great potential for exploring the
pathophysiology of acute brain injury, drugs pharmacokinetics
within the central nervous system, and responses to therapeutic
interventions.

1.3.6 Tissue pO2, pCO2, and pH

Measurements of tissue pO2, pCO2, and pH are used as a moni-
toring modality in the neurosciences and critical care units,66–68

and as a marker of tissue oxygenation in research protocols.69–71

The technique involves the insertion of a microsensor into the
brain parenchyma, either through a bolt inserted into the skull or
directly through the craniotomy site and tunneled under the skin.
At least two commercial microsensors allow direct, continuous
measurement of brain tissue gases.72

The aims of this paper are as follows:

(1) To describe the principles and the technological aspects
of tissue vitality optical monitoring.

(2) To present the upgraded technology of the CRV devel-
oped from the previous model of the CRV.73 Also, the
laboratory device, the tissue vitality analyzer (TVA), is
presented.

(3) To compare the performance of the CRV and the TVA in
animal models The TVA was used as a predicate device,
namely, a device that the functions of the CRV were com-
pared to the FDA regulation process. This comparison
includes the in vitro and in vivo small animal experi-
ments.

(4) To present preliminary clinical results obtained in critical
care patients using the CRV.

2 Methodology
In the present study, the updated version of the CRV will be de-
scribed and compared to the old laboratory monitoring system
used in animal experiments named TVA. The two models of the
CRV were cleared by the FDA. The first model was tested in
small animal models (gerbils). The second model of the CRV
was tested in small animals (gerbils), large animals (pigs), and
in more than 30 patients. The TVA and CRV devices carries out
certain in vivo spectroscopic measurements as a multiparamet-
ric monitoring device intended for the measurement of tissue
in the metabolic state. The TVA consists of the combination
of an NADH fluorometer, a laser Doppler flowmeter, as well
as a reflectometer for the monitoring of microcirculatory blood
oxygenation. The CRV is an integrated commercial unit that
measures the same parameters. The two instruments are moni-
toring the following parameters (Fig. 4):

(1) Mitochondrial NADH fluorescence emitted at 420
–480 nm.

(2) Total backscattered light at the excitation wavelength
reflected from the tissue. This parameter allows for cor-
rection of the NADH fluorescence measurement due to
changes in tissue blood volume.

(3) Doppler-shifted laser light reflected from moving blood
cells.
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Fig. 5 (a) Schematic presentation of the TVA and (b) typical response to the lack of oxygen (anoxia). The details of the TVA components were
described previously. TBF, tissue microcirculatory blood flow; R366, reflected light at the excitation wavelength of NADH (366 nm); HbO2, relative
oxygenation level of hemoglobin.

(4) Two wavelength reflectometry enabling the monitoring
of the saturation of HbO2.

The TVA and CRV do not carry out the assessment of the
monitored parameters. They simply provide the measured in-
formation to the user. These parameters contain information
pertaining to the redox state of mitochondrial NADH of the tis-
sue, microvascular blood flow and oxygenation in the tissue,
and total blood volume of the tissue. Changes in these val-
ues reflect changes in the balance between oxygen supply and
oxygen demand. Because the CRV is intended as an adjunc-
tive measurement device when used in conjunction with con-
ventional patient monitors, this further supports the low safety
risk of the CRV. This means that the intensity of light in the
various excitation wavelengths was below the level that may
damage the tissue. The basic scientific principles of the TVA
and CRV are identical, but the technology used is completely
different.

2.1 Tissue Vitality Analyzer
In order to assess the hemodynamic and metabolic functions
of the tissue, we used the TVA, which includes two devices:
a time-sharing fluorometer-reflectometer for the mitochondrial
NADH redox state and microcirculatory HbO2 measurement5

combined with a LDF for TBF monitoring [Fig. 5(a)]. The con-
nection between the brain and the TVA was done by a flexible
light guide. The fiber-optic probe includes fibers that were con-
nected to the two instruments as shown in the enlargement of
the bundle tip. The measurement of HbO2, reflectance at 366
nm, and NADH were performed by the same excitation and
emission fibers. The CBF was measured by three optical fibers
located in the center of the time-sharing bundle of fibers. This
system includes a rotating wheel with eight specific filters at
the appropriate wavelengths (366 and 450 nm for NADH and
585 and 577 nm for oxyhemoglobin measurement) to four fil-
ters for excitation light and four filters for emitted light. The
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(a)

(b)

Fig. 6 (a) Schematic presentation of the CRV components. (b) Responses to ischemia and anoxia are presented. The effects of (left) ischemia and
(right) anoxia on the four parameters measured from the brain of an anesthetized Gerbil. N2, 100% nitrogen; Roccl, Loccl. occlusion of the right or
left common carotid artery; R + Lopen, reopening of the two carotid arteries.

wheel rotates at ∼2400 rpm, which is a very high speed with
respect to the kinetics of physiological changes; thus, NADH
and oxyhemoglobin are simultaneously monitored.5, 39

2.1.1 Microcirculatory blood flow

The optical fibers of the laser Doppler flowmeter were used
for monitoring TBF. The LDF measures relative changes (in
the 0–100% range), which are significantly correlated to the
absolute values of TBF measured by other quantitative meth-
ods: H2 clearance,58 14C iodoantipyrine,59 and radioactive
microspheres.74

2.1.2 NADH redox state fluorometer/reflectometer

The principle of NADH monitoring from the tissue surface
was described in Sec. 1.2.4. It is known that reflectance at
366 nm is inversely correlated to changes in the tissue blood
volume;5, 39, 75–78 therefore, the reflectance can be used as a
hemodynamic parameter. The NADH fluorescence trace was
corrected for hemodynamic artifacts by subtracting the re-
flectance signal (at 366 nm) from the fluorescence (450 nm)
signal.42, 77 A detailed discussion about this issue can be found
in our review articles.39, 41 The changes in the fluorescence and

reflectance signals are calculated relative to the calibrated sig-
nals under normoxic conditions (100% NADH).41, 79–82

2.1.3 Hemoglobin oxygenation reflectometer

Oxyhemoglobin measurement is based on the differences in the
absorption properties of hemoglobin in its oxygenated versus
deoxygenated states. The tissue is illuminated at two wave-
lengths: 585 and 577 nm. At 585 nm, oxyhemoglobin and de-
oxyhemoglobin have the same absorption characteristics (the
isosbestic point); thus, the light emitted from the tissue reflects
changes in tissue blood volume. At 577 nm, oxyhemoglobin
has higher absorption ability (lower reflectance) than deoxyhe-
moglobin; thus, at this wavelength, the emitted light intensities
are affected by the oxygenation levels as well as by the changes
in blood volume at the measurement site. Therefore, subtracting
changes in 585 nm reflectance from those at 577 nm provides a
parameter correlated to net changes in blood oxygenation.5, 83

2.2 CritiView
This new device, the CRV, is measuring the same four parameters
as done by the TVA using different technology. In the mean time,
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the FDA approved three out the four parameters. The HbO2 will
be submitted for clearance in the future.

2.2.1 Light source unit

The LSU [see Fig. 6(a)] of the CRV comprises a 785-nm con-
tinuous wave (cw) laser diode, which serves for laser Doppler
measurement; a UV light-emitting diode [(LED), 375 nm] for
NADH fluorescence excitation and for total back scatter (or re-
flection) measurement; and a blue LED (470 nm) and 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. Each floor comprises three LEDs: one UV LED 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 dig-
ital to analog (D/A) of the digital signal processor (DSP). The
difference between the floors is the output intensity. There is a
high-, medium-, and low-intensity floors. The different excita-
tion 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 very wide excitation
range. The NIR laser diode at 785 nm, for laser Doppler mea-
surements, operates in 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.

2.2.2 Detection unit

All six collection fibers of the fiber-optic probe 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 detection unit (DTU). At the DTU
entrance, the collimation lens collimates the fiber output light.
The collimated light is split according to the different wave-
lengths into the respective photodetectors by means of dichroic
beam splitters. The first dichroic beam splitter reflects the total
backscatter signal at 375 nm toward the photodiode detector.
The higher wavelengths pass through the first beam splitter to-
ward the second dichroic beam splitter. The second dichroic
beam splitter reflects the NADH fluorescence signal at 450 nm
and total backscatter signals at 470 and 530 nm toward the
photomultiplier detector. Because of the chopping operation of
the LEDs, the photomultiplier detector detects each one of the
above-mentioned signals at different times (i.e., time-sharing
operation detection mode). The second dichroic filter enables
the laser Doppler signal at 785 nm to pass through it toward the

photodiode detector. All acquired signals are digitized into the
DSP by high-resolution 16-bit analog to digital (A/D).

2.2.3 Digital signal processor

The DSP is responsible for whole system control, initial data
processing, and calculation of the Doppler parameter. The DSP
is built around a 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 pro-
cessing display through RS-232 serial interface. The CRV de-
vice utilizes medical-grade main power supply for all electronic
circuits, including the panel computer.

2.2.4 CritiView optical probes

Two types of fiber optic probes were developed for experimental
animal and for clinical applications. (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 stain-
less steel element. It is comprised of one excitation fiber con-
nected to respective excitation connector on the CRV panel and
six 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 is based on a standard
3-lumen Foley catheter, which 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 urine from
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 (Fig. 6). Each measurement point is com-
prised of one excitation fiber and two adjacent collection fibers.
The three excitation fibers from the LSU are connected to the
excitation connector on the CRV panel. All six collection fibers
from the three measurement points are connected to the single
collection connector on the CRV front panel. Figure 7 shows the
finished probe inserted inside the three-way Foley catheter.

2.3 Testing the CritiView In Vitro
The aim of the study was to demonstrate the efficiency of the
CRV device for the measurement of NADH concentration. The
experimental methodology is straightforward. Various solutions
of NADH were measured with the CRV. Insofar as the measure-
ment with the CRV involves placing its probe tip into the solu-
tion, one might ask if this measurement is the same as placing
the tip of the probe against a tissue surface. The equivalence of
these two measurements can be understood if one considers that,
although immersion in aqueous solution and placement adjacent
to tissue are, clearly, two different physical situations, neverthe-
less, the process and principle of measurement that takes place
is the same for both. Aside from their contiguity, there is no
interaction between the probe and the solution or any adjacent
tissue. The probe merely collects emitted light from its imme-
diate environment (i.e., a hemispherical volume adjacent to the
probe tip) and transfers the collected light to detectors for mea-
surement Therefore, for the purposes of comparison of CRV
spectroscopic characteristics to those of control NADH solution
and to a clinical fluorometer, the CRV probe can be positioned on
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(a)

(b)

(c)

3-Way Foly Catheter

Bladder

Inflated Balloon

Fig. 7 (a) The CritiView device used in the present study and (b,c) location of the three-way Foley catheter and the monitoring sites in the urethral
wall.

the surface of a tissue or a liquid, or it can be inserted into the tis-
sue or liquid. Three sets of solutions with known concentrations
of NADH and double distilled water (DDW) were prepared in
the following way: Stock solution of 1 mM NADH was prepared
by dissolving 14.188 mg NADH in 20-ml DDW. The samples
of NADH solutions (5 ml) were prepared in glass vials by the
appropriate dilution of the stock solution with DDW, which also
used a blank that was subtracted from the actual reading made
by the CRV. The “pencil-type” probe of the CRV was placed
in the vials for 10 s, and a reading was taken. The probe was
taken out of the solution, and a second reading was recorded.
This was repeated again so that three readings were averaged.
A second and third set of diluted solution were prepared by the
same procedure and were measured in the same way. The same
procedure was used with the predicate CritiView-CRV1 with
onset of NADH solutions.

2.4 Testing the CritiView in Animals
The aim of this study and report is to describe, in detail, the in
vivo control study of the CRV device in order to demonstrate

substantial equivalence to its predicate device. As mentioned
before, the original animal laboratory device was the TVA. This
device was used in our lab for a number of years before the
development of the commercial devices: the CRV or the two
models of the CritiView. Each one of the three devices was
tested in animal experiments in order to verify the performance
of the device by itself. After this testing, the TVA was used as
a predicate device for the newly developed CRV. The first CRV
was compared to the TVA, and the second CRV was compared
to the first CRV. In this report, we are presenting the comparison
between the TVA and the first CRV. Basically, the comparison
between the two CRV models were submitted to the FDA but
are not presented here. The performance of the CRV device in
measurement of changes in TBF NADH fluorescence, tissue
reflectance, and HbO2 resulting from standard metabolic per-
turbations in an animal model (gerbils) was done. All signals
are monitored by the CRV as relative values. This brings all the
calculations to be presented as “percent change of the signals.”
The TBF outputs of the CRV are curves of signal measurements
as functions of time. In order to assess the performance of CRV
and the TVA in measurement of TBF, we performed a series of
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experiments in which the TBF of animals was measured simul-
taneously by the two instruments. The same basis was applied
to the other three parameters, namely, NADH, reflectance, and
HbO2 in the same statistical analysis principles. The response
time of the different devices was the same (3 s). The purpose
of the statistical analysis is to demonstrate that the two curves
of each experiment are equivalent. Because the scales of the
instruments are not identical, it is meaningless to compute the
difference between the two curves. In fact, equivalence in this
case means “having the same direction of change.” That is, when
one curve goes up, the other goes up, and when one goes down,
the other goes down. The appropriate statistical measure for such
behavior is the correlation coefficient that uses a large number
of data points collected by each instrument in every episode.
It is desirable to have a correlation coefficient as close to +1
as possible between every pair of corresponding curves. Thus,
by computing correlation coefficients between two curves, it is
possible to measure the statistical equivalence between them.

2.4.1 Animal preparation

In order to test the depth of anesthesia in each gerbil moni-
tored, we used a surrogate systemic parameter that represents
the function and the intactness of the cardiovascular and res-
piratory systems. The parameter is the level of the hemoglobin
oxygenation in the systemic blood, SpO2 measured by a standard
veterinary pulse oximeter suitable for small animal experiments
(model 8600V, Nonin Medical Inc., Minneapolis, Minnesota)
The SpO2 was very high and stable during the entire period of
monitoring. During the four perturbations imposed on the ger-
bil, a clear decrease of the SpO2 was recorded. This decrease in
SpO2 during anoxia, hypoxia, and terminal anoxia is according
to the availability of oxygen to the body. The decrease in SpO2

during cerebral ischemia is probably due to stimulation of the
sympathetic and parasympathetic nerves that are affected by the
pulling of the carotid arteries during the ischemic episode.

2.4.2 Operation procedure

Male rats (250–300 gr) and mongolian gerbils (50–75 gr) were
used. We had operated 35 rats and 25 gerbils that were used for
the various in vivo studies. This includes the testing of the vari-
ous devices as well as the comparison studies between the TVA
and the CRV. The animals were anesthetized by Equithesin (E-th
= chloral hydrate 42.51 mg; magnesium sulfate 21.25 mg; al-
cohol 11.5%; propylene glycol 44.34%; pentobarbital 9.72 mg)
intraperitoneal (IP) injection of 0.3 ml/100 g 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 min. The addi-
tion of small volumes of E-th every 30 min 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 elliptic hole (about 3×8 mm) was drilled
in the parietal bone of the right hemisphere. The dura mater re-
mained 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 (Yellow Springs Instrument,
Yellow Springs, Ohio) and was regulated to be at the range of
35–37◦C using a heating blanket.

2.4.3 Metabolic perturbations

Anoxia. Exposure of the animal to oxygen deficient atmosphere
by spontaneous breathing of 100% N2, for a period of time
(∼25 s) until changes are 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 s) of the two common carotid
arteries by constricting them with threads.
Hypoxia: Exposure of the animal to spontaneous breathing of
low oxygen concentration (6% oxygen in air) for a short period
of time (60 s). The animal is then allowed to breathe normal
room air by spontaneous breathing.
Terminal Anoxia: Exposure of the animal to complete irre-
versible anoxia by exposing the animal to 100% N2 until the
death of the gerbil.

The application of the various gases was done by placing a
small tube, connected to the gas cylinder, around the nose of the
animals. The flow of the gas was very slow (<1 l/min) in order
to avoid respiratory disturbances.

2.4.4 Experimental protocol

Monitoring the various parameters was started immediately af-
ter the end of operation. This was done by using two needle-type
optical probes connected to the CRV and the CritiView-CRV1
and placed inside the cannula cemented to the skull. In order to
check the intactness and the physiological status of the brain, a
20-s anoxia was induced. Rats and gerbils that present abnormal
response were discarded before running the experimental pro-
tocol. In each monitoring system, the variation in the response
to short anoxia was in the range of ∼10%. For example, if the
increase in NADH was in the range of 50–60%, any animal that
showed 20–30% or 70–80% was not involved in the study and
discarded at this stage of the study. Normally, only 5–10% of
the operated animals were discarded at this stage. When body
temperature reached the range of 35–37◦C, the exposure of the
animals to the various perturbations started. The animals were
exposed to the various conditions having an interval of ∼10 min
between each test to allow recovery. The pulse oximeter value
was used in order to assure the complete recovery. The data
were collected at a rate of one sample per second and stored in
different channels of a computerized data acquisition program.

2.5 Testing the CritiView in Patients
All patients included in the clinical testing signed an informed
consent form after the approval of the protocols by the Helsinki
committee of Sheba Medical Center, Israel. Using the CRV
[Fig. 7(a)], we studied three groups of human subjects. The
first group included general ICU patients (N = 15) monitored
consecutively (Sheba Medical Center). During this period, we
defined and improved the dynamic range of the monitored pa-
rameters and adjusted the tissue optical characteristics for the
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Table 1 List of surgical procedures in cardiovascular patients.

1. Anesthesia

2. Inserting of Foley catheter and beginning of monitoring

3. Skin cut and chest opening

4. 4 Hypothermia (optional)

5. Isolation of a. Mammary artery(ies)

b.Vein(s)

6. Preparation of large blood vessels (aorta and vena cava)

7. Connecting the patient to HLM or pump off procedures

8. Surgical procedures: a. Aortic valve or aneurysm repair

b. Heart valve’s treatment or replacement

c. CABG

9. Gradual Recovery to the beating heart

10. Closing of chest and skin

11. Disconnection of Critisense’s CRV unit

12. Duration of monitoring period, 2–8 h

human urethra, which were assumed to be different from those
of the gerbil brain. The data obtained from these patients proved
that the Foley catheter, shown in Figs. 7(b) and 7(c), provided
appropriate monitoring during at least the first five days after its
insertion in the patient. The second group included five patients
undergoing abdominal aortic aneurysm repair, where a defined
period of aortic cross-clamping was needed for the surgical re-
pair. The third group included 20 patients undergoing cardiac
surgery, 18 of which required cardio-pulmonary bypass for 1–2
h. In the last group of patients, the hypothesis was as follows.
The chest opening and connection of a patient to the heart and
lung machine may develop body metabolic instability and neg-
ative oxygen balance even though the machine should provide
the needs for oxygen. The objective was to test the CRV in an
extreme, controlled event and to evaluate the responses during
the entire operation period.

The protocol included the monitoring of CritiView parame-
ters starting immediately after insertion of the three-way Foley
catheter until the end of the operation procedure in the OR.
The monitoring period included the following steps: opening of
chest, vascular and heart procedures, body perfusion by heart
and lung machine (HLM), and recovery to the beating heart. The
details of the operation procedure are presented in Table 1.

2.6 Statistical Analysis
In Sec. 3, we present the data as mean and standard error of
the mean. We preferred this presentation because most of the
physiological journals prefer this approach. In any case, this
presentation mode is not affecting the calculation of the sig-
nificance level. Various statistical tests were used in the present

study. For the in vitro testing, regression analysis was performed.
For the in vivo monitoring data analysis, the analysis of vari-
ance (ANOVA) test was used. The effects of surgery stages
on the tissue microcirculatory blood flow level were analyzed
using repeated measures ANOVA (GLM procedure of SPSS
15.0). For the analysis of patients in the third group, we used re-
peated measures ANOVA, sphericity assumed (F2,20 = 11.170, p
= 0.001). The pairwise comparison (Bonferroni comparison)
was utilized.

3 Results
3.1 Bench Tests and Stability
Bench test data are presented in Fig. 8(a). Three regression lines,
related to the three sets of measurements, were calculated and
found to be highly statistically significant. As seen, the CRV is
measuring the NADH accurately. In Fig. 8(b), the stability of the
microcirculatory blood flow and NADH for the brain and small
intestine are shown. In terms of calculated stability, the values
found for the microcirculatory blood flow were better than 2%
per hour and for the other parameters were <1%.

3.2 Small Animals (Rats and Gerbil Brain)
The two monitoring systems were tested in vivo in the rat and
gerbil brain, and typical results are shown in Figs. 5 (TVA)
and 6 (CRV). Figure 5(b) shows the responses of the brain to
anoxia (100% nitrogen) measured by the TVA in a rat. As can
be seen, the negative correlation between HbO2 and NADH are
very clear due to the decrease in the lack of oxygen. The micro-
circulatory blood flow, measured by the LDF, shows an initial
decrease followed by long-lasting overshoot (hyperemia). Also,
the changes in the two reflectance signals (R366 and R585) are
very similar under anoxia. Figure 6(b) presents the responses of
tissue microcirculatory blood flow, reflectance (R375), NADH,
and HbO2 measured by the CRV. Responses to ischemia (left)
were induced in two steps: the occlusion of one carotid artery
(Roccl) followed by the occlusion of the second artery (Loccl).
A pronounced decrease in HbO2 strongly correlated with an
increase in NADH. Insignificant recovery was noted shortly af-
ter the unilateral occlusion, presumably due to microcirculatory
blood-flow compensation through the anterior part of the circle
of Willis. Hyperemia was noted in the TBF and HbO2 but not in
the NADH traces after the reopening of the carotid arteries. The
time needed for recovery to the baseline value is much shorter
for the NADH signal as compared to the TBF and HbO2 signals.
As seen in Fig. 6(b), under anoxia (100% N2), the decrease in
HbO2 was followed by an increase in NADH. The TBF showed
a later increase that turned into a hyperemic response that was
also recorded in the HbO2 signal after recovery from the anoxia.
In order to compare the performance of the two devices, namely,
the TVA and CRV, an appropriate number of animal experiments
were performed. We used four perturbations in each animal and
compared the responses of the four parameters. Typical results
of those experiments are shown in Fig. 9. The two instruments
were connected to the same brain of a gerbil, and the responses
to various perturbations described in Sec. 2 were recorded. In
the center of Fig. 9, the wavelengths used in the two instru-
ments to measure the four parameters are shown. In our previous
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Fig. 8 (a) Fluorescence readings (three sets) of the CritiView 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 three sets of control solutions. (b) The stability for 200 min of the
monitored parameters in two organs. The upper two traces were measured from the brain, while the other two are from the small intestine.

studies, we were able to compare four monitored sites in the
brain by using the multisite monitoring system.42 The responses
to anoxia in all sites were very similar; although a different lo-
cation was monitored. The main reason for this similarity is that
the relatively large monitored site (>1 mm diam) is integrating
a large number of cells and vascular components that provide
similar responses. Therefore, we used this approach to test the
equivalency of the two instruments.

As can be seen, the responses to anoxia recorded by the two
instruments were very similar in this typical animal. Statistical
analysis of the group of at least 10 animals showed a significant
correlation between the two responses of all four parameters
measured. The total number of episodes used for the statistical
analysis was 12 for TBF, 22 for NADH, 16 for reflectance, and
17 for HbO2. The statistical analysis of entire episodes were
done and found to be significant. Because of space limitations,
the details are not presented here.

3.3 Human Studies
3.3.1 Patients in the intensive care unit

Three responses measured in ICU patients are shown in
Fig. 10. We assumed that, under stressful situations, in a less
vital organ (such as the urethral wall) the microcirculatory blood
flow will be reduced and oxygen delivery to the mitochondria

will diminish. In a female patient [Fig. 10(a)], the responses to
a cessation of spontaneous respiration were recorded. As seen,
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 baseline lev-
els. In another patient, a dramatic decrease in the urethral wall
energy state was recorded during a standard airway-suction pro-
cedure. As Fig. 10(b) shows, a large decrease in the microcircu-
latory blood flow was measured simultaneously with a marked
increase in NADH. These changes suggest that the cardiorespi-
ratory stressful situation induced by suction could be detected
by the decrease in the urethral wall viability.

The third patient was monitored during the early postop-
erative period after coronary artery bypass graft (CABG) op-
eration [Fig. 10(c)]. The left side of Fig. 10(c) shows that,
during the initial 3 h of monitoring, the NADH levels were
relatively stable ( ±20% change). During the next 40 min of
monitoring [right side of Fig. 10(c)], a marked mitochondrial
dysfunction was recorded (100% increase in NADH) in parallel
to a decrease in TBF. The NADH response included two types
of change, namely, a pronounced continuous increase in the
NADH levels as well as a number of transient elevations lasting
1–5 min each. It was found that, during this period, a cardiac
tamponade was developed and the patient was returned to the
operating room for resternotomy. The hemodynamic parame-
ters (heart rate and blood pressure), shown in the boxes below
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Fig. 9 Comparison between the responses to anoxia measured by the TVA and CRV in the gerbil brain. In each of the four pictures, the two lines
represent the results obtained by the two devices. In the center area, the various wavelengths used in the two devices are shown.

Fig. 10, were not clearly correlated to the development of the
tamponade.

3.3.2 Patients undergoing open repair of abdominal
aortic aneurysm

In five patients, clear but not entirely consistent responses to the
clamping of the abdominal aorta were observed and recorded.
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 re-
sponses to aortic occlusion in one of the abdominal aortic
aneurysm (AAA) patients are shown in Fig. 11(a). The prepara-
tion 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. Because of 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 re-
covered to the same values measured during the short control
period; although, the occlusion interval lasted for >80 min. In
Fig. 11(b), the typical correlation between the various parame-
ters is presented. Data were extracted from the five patients of
this group according to the six stages of the operation: Stage 1,
10 min before the clamp; stage 2, 10 min after the clamp; stage
3, midpoint of the clamping period; stage 4, 10 min before the
declamp; stage 5,- 10 min after the declamp; and stage 6, the
last 5 min of monitoring in the OR.

The results for the five patients [Fig. 11(c)] showed a
pronounced decline in the mean TBF values, noted in our
experiments from the second stage of the surgery up to the
fourth stage. The dependence of TBF on time was statistically
significant. The difference was significant for all stages of
surgery (t1–t4, p = 0.004), but was non-significant (p > 0.05)
for the partial intervals (t2–t3 and t3–t4). This analysis indicates
that the only statistically significant change is between points
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Fig. 10 The results of three 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, and
(c) monitoring of a patient in the cardiac ICU during the initial 4 h after the bypass surgery, showing the development of cardiac tamponade.

1 and 4. The changes in the NADH level were significant only
when the basal level (t1) was compared to t3.

3.3.3 Patients undergoing open heart surgery

Thirteen patients underwent a coronary artery bypass using a
cardiopulmonary bypass. Two other patients underwent an off-
pump coronary artery bypass. Another two patients had valve
procedures, and two underwent aortic repair using a cardiopul-
monary bypass. The last patient was exposed to aortic repair
as well as the CABG procedure. Therefore, 18 out of 20 pa-
tients were operated with the use of the cardiopulmonary bypass
heart-lung machine and two were operated under beating heart
conditions. Two out of the 20 patients were exposed to deep
hypothermia. Three typical responses to the cardiovascular op-
eration procedure are presented in Fig. 12.

In the first patient [shown in Fig. 12(a)], 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 operating 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 two 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 was decreased
dramatically and the mitochondrial NADH became highly re-
duced. In the second patient who underwent the routine CABG
operation [Fig. 12(b)], the same type of response 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 oper-
ative procedure. In the third patient, operated on for aortic repair
[Fig. 12(c)], clear responses to the procedure were recorded. In
this patient, at 16:49, the initiation of extracorporeal circulation

Journal of Biomedical Optics June 2011 � Vol. 16(6)067004-15



Mayevsky et al.: Mitochondrial function and tissue vitality...

0

40

80

120

160

200

1 2 3 4 5 6

Stages of Operation

T
B

F
 /

 N
A

D
H

 (
%

)

TBF

NADH

**

**
**

*

(c)

(b)

(a)

Fig. 11 (a) Effects of aortic occlusion in a patient that underwent an AAA repair operation, on the four parameters monitored by the CritiView. The
technical preparation for aortic occlusion was performed at the marker A. (b) the correlations between TBF and NADH/reflectance or HbO2 and
NADH. (c) The Mean ± SE changes of TBF and NADH in five patients who underwent the AAA operation.

led to a large decrease in TBF and a large increase in NADH.
The signals reverted toward the initial values, although the base-
line was not reached (the monitoring period ended at 18:14). In
order to perform statistical analysis, we selected patients that
underwent a similar operation procedure. Only 13 patients were
exposed to the same surgical protocol, and data were extracted
from 11 patients. In two patients from the CABG normothermic
group, the data collection was interrupted in the middle of the
operation and we were unable to calculate the results to match
the other 11 patients analyzed. The other seven patients were
exposed to a different protocol and were not included in the sta-
tistical analysis. The Mean ± S.E. changes of TBF and NADH
were obtained in 11 patients [Fig. 13(b)] following heart bypass
operation during seven 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 or CPB was on; Stage
4, midpoint of HLM; stage 5, 10 min before HLM was off; stage
6, 10 min after HLM was off; and 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 points 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).

In one patient, it was possible to compare the responses of
the urethral wall to ischemia induced under normothermic and
hypothermic conditions. The results presented in Fig. 13 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 Fig. 13(a),
while the patient was normothermic, large changes in TBF and
NADH were noted during the major bleeding event. After cool-
ing 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 (17◦C), the micro-
circulatory blood flow was directed mainly to the brain area
[Fig. 13(b)], whereas the TBF to the urethra was decreasing
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Fig. 12 Effects of the surgical procedure in (a–c) three cardiovascular operated patients on the urethral TBF and NADH redox state (see text for
detailed explanations) and (d) the Mean ± SE changes of TBF and NADH in 11 patients during heart bypass operation.

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 ac-
knowledged that this response was recorded only in one patient.
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Fig. 13 Responses of the urethral wall TBF and NADH to systemic
hypothermia (17◦C) in a patient who underwent the aortic repair oper-
ation: (a) Responses to bleeding under normothermia and (b) responses
to a decrease of microcirculatory blood flow to the lower part of the
body.

4 Discussion
The main aim of this paper is to describe the development of
the FDA-approved multiparametric monitoring system based
on a laboratory device used in animal experiments. The present
study demonstrates that the measures of local intracellular en-
ergy metabolism and microcirculatory blood flow assessed by
an indwelling multiparameter sensor on a urethral catheter plat-
form 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 semiquantitative
data, presented as trends, suggest that changes in peripheral
tissue perfusion may be detected rapidly and potentially be-
fore 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 urethral
wall. We hypothesize that real-time monitoring of urethral mu-
cosal NADH, measured concomitantly with urethral microcircu-
latory 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 improve-
ment of these parameters should indicate that other, metaboli-
cally more active organs have already replenished their oxygen
debt.

Journal of Biomedical Optics June 2011 � Vol. 16(6)067004-17



Mayevsky et al.: Mitochondrial function and tissue vitality...

The multiparametric monitoring of the tissue in real time has
several advantages over single parameter measures. To evalu-
ate the factors related to oxygen balance (supply/demand) in
situations involving changes in O2 supply to the tissue (i.e., is-
chemia or reperfusion), it is necessary to simultaneously assess
a mitochondrial energy state, tissue O2 saturation, and microcir-
culatory blood flow. The monitoring 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.84, 85 Because 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. Neverthe-
less, 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 param-
eter in energy metabolism, namely, the level of mitochondrial
NADH.

It is important to emphasis that in vivo monitoring of mito-
chondrial function could be done measuring NADH, Fp, or cy-
tochrome aa3. To date, in blood perused tissues only the NADH
could be monitored relatively accurate by using the subtraction
technique. It was never convincing that Fp and Cytaa3 provide
reliable data in blood perfused organs. The overlapping of the
absorption spectra of hemoglobin and the Fp and the Cytaa3

and the effects of blood volume or blood oxygenation could not
be corrected properly. This issue was discussed in our review
paper.39

Because the mitochondria play a main role in energy
metabolism at the cellular level, monitoring changes in the
mitochondrial NADH redox state reflects the state of tissue
viability.86 Thus, the simultaneous monitoring of the four pa-
rameters 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.5, 77, 87

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

The concept that a single parameter could provide informa-
tion on the adequacy of resuscitation is rapidly losing validity
among clinicians. It is clear that, despite the numerous publica-
tions on gastric tonometry, this technique has achieved neither
a wide acceptance nor clinical applicability. Perhaps even more
important is the fact that, presently, there is no state-of-the-art
method to assess when an optimal level of cellular homeostasis
has been achieved and, hence, to ascertain that there is no further
metabolic stress or ongoing energetic failure at the cellular level
after various clinical perturbations.

Ideally, a monitoring strategy capable of providing real-time
information on cell viability should fulfill a number of require-
ments. First, it should be based on highly reliable specific mark-

ers. Second, the system must allow for an easy and minimally
or, preferably, noninvasive 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. Because of 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 mon-
itored 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 in-
dicate 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 var-
ious cardiovascular surgical procedures produced fairly good
preliminary results. We were aiming to correlate the real-time
hemodynamic and respiratory parameters collected by the anes-
thesiology to the results collected by the CritiView. We found
that this aim could be fulfilled after investing time and money
to build a special data-logging system. In the meantime, we
manually tested the possible correlation but were unable to con-
clude statistically significant data. We are planning to do this in
our next clinical study. Nevertheless, in one patient presented in
Fig. 10(c), we definitely found that our device provided an early
warning signal to the deterioration of the patient due to the tam-
ponade developed 3 h after the bypass operation. As seen in the
right side of Fig. 10(c), the dramatic elevation in urethral wall
NADH level was recorded, while the systemic blood pressure
and heart beat were not significantly different.

The fact that the responses in the AAA patients to the occlu-
sion procedure were inconsistent could be due to the following
reasons:

(1) The urethra receives arterial flow directly from branches
of the internal iliac and retrograde flow from branches
that derivate from anastomoses between the superior and
inferior mesenteric arteries. The origin of the superior
mesenteric artery is situated in the abdominal aorta above
the site of the clamping. (The inferior mesenteric artery
is distal to the clamping.) In not all human subjects are
these retrograde branches functional. This variation in
the anatomy of blood vessels may explain why, in a few
subjects, the decrease in microcirculatory blood flow oc-
curred immediately after the occlusion (the retrograde
branches are missing) and returned to the normal point
after declamping. In other subjects, the retrograde flow
may improve the level of TBF and saturation and de-
crease NADH during the occlusion period. In these sub-
jects, the declamping led to the more rapid recovery of
all four parameters to the normal level.

(2) Changes in blood volume due to bleeding (total blood
loss that may be 500 ml up to 2–3 l) is a very important
parameter with regard to changes in saturation, TBF, and
NADH in subjects with a retrograde flow.

(3) Also, a decrease in temperature may induce supplemen-
tal vasoconstriction (that can be also produced by a rapid
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and massive bleeding), which can change the real record
of saturation.

Although the number of patients monitored during open chest
surgery was very small, some initial suppositions could be made.
The main premise in selecting this group was the assumption
that this severe operation would induce changes in the oxygen
balance in the body. If this is the case, then the viability assay
of the urethral wall could be utilized during the operation and,
more importantly, during the postoperative period (up to 24 h).
As shown in Fig. 10(c), the monitoring of this patient postopera-
tively enabled us to detect early changes in body oxygen balance.
Indeed, this patient developed a “tamponade” and NADH was
elevated before the systemic parameters were clearly changed.
This patient was moved to the operating room, and the reopen-
ing of the chest and solving the problem of accumulated blood
inside the pericardium saved his life.

Another interesting case is the one presented in Fig. 12(c).
As shown, the patient was moved to the cardiac intensive care
unit (CICU) while the urethral wall did not recover to the base-
line levels of NADH and tissue microcirculatory blood flow.
Our monitoring ended at the end of the operation; thus, it was
impossible to evaluate the viability of the urethral wall during
the postoperative period. It was reported to us that this patient
died after three days in the CICU.

These two cases provide preliminary indications suggesting
that the monitoring of the urethral wall may have practical value
in daily critical care medicine. It should be acknowledged, how-
ever, that the two patients constitute a very small number and,
therefore, a large-scale clinical study is needed. We assume that
most patients that will be monitored via the Foley catheter for
the assessment of urethral wall viability will show a complete
recovery at the end of the operation. Nevertheless, severely ill
patients may deteriorate during the postoperative period and the
deterioration should be detected as early as possible.

5 Conclusions
The new approach to monitor patients in critical care patients
by 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, NADH and microcirculatory blood
flow and oxygenation was measured in the urethral wall
of patients.

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

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

A large-scale clinical study with positive results may open
up a new era in monitoring of critical care patients.
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