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Based on an analysis of various clinical data, the assumption was recently expressed that the
often observed in vivo increased fluorescence of endogenous porphyrins in living biological tis-
sues is a consequence of the status of chronic hypoxia in the tissues. Starting from this, this ar-
ticle discusses the accuracy, reproducibility, and information content of methods of in vivo laser
fluorescence diagnosis (LFD) in actual clinical practice. It is shown that, despite the random er-
ror of single measurements in LFD of 30-40% established earlier, the accuracy and reliability
can reach a fairly high level when the results of the diagnosis are interpreted. The formal ran-
dom scatter in the results of single measurements is largely determined not by the instrumental
error but by the methodological error and by the living and changeable character of the object of
diagnosis, especially at the level of the blood-microcirculation system. © 2009 Optical Society of

America.

INTRODUCTION

Noninvasive (in vivo, in situ laser fluorescence diagnosis
(LFD) is widely used today and is studied in various regions
of medicine, such as oncology, dermatology, gastroenterol-
ogy, etc.' The most interesting applications of LFD today are
usually associated with the possibility of rapid and noninva-
sive optical detection of diseases and pathologies in tissues,
especially malignant neoplasms, on the basis of an analysis
of the endogenous fluorescence of various natural (endog-
enous) fluorophores in tissues, induced by external optical
(laser) radiation.>® This phenomenon is often called autof-
luorescence (AF) of biological tissues.* Some of the typical
and most easily detected in vivo fluorophores in tissues are
porphyrin and its derivatives—for example, protoporphyrin
X! Porphyrins have a well-known, pronounced two-
humped spectrum of red AF with maxima at wavelengths of
630 and 690 nm,” and this made it possible to observe strong
AF of the porphyrins of necrotizing tumors already in
1924.%7 It was later established that increased and specific
porphyrin (red) AF is possessed not only by the tissues of
malignant neoplasms, but also by other living soft tissues,
with various tumorous, inflammatory, purulent, and other
destructive-degenerative processes.s’8 However, unique theo-
retical, biological or biophysical prerequisites for the appear-
ance of increased porphyrin AF in living tissues damaged by
diseases are not yet altogether clear in many clinical
situations.' A number of authors, for example, have indicated
that the increased accumulation of porphyrins in living bio-
logical tissues, causing increased AF, may be the conse-
quence of increased cellular proliferative activity, which is
often observed in tumor tissues.”™’ Other authors interpret
the fact of the increased AF of porphyrins in tissues as a
consequence of the utilization in them of a number of prod-
ucts of the metabolism of anaerobic microbes that are present
there,™'” as a consequence of the reduction of the acidity
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index of the medium (the pH) in the tissues,'" as a conse-
quence of the increased uptake by pathologically altered bio-
logical tissues of porphyrins brought in by the blood
flow,"'*"* etc. However, no unique approach to the explana-
tion of the observed phenomenon has been developed.l
Meanwhile, it is important in principle for the problem of
medical interpretation of the LFD results, including prob-
lems of the development of software for diagnostic LFD sys-
tems, when, at the third, medical level of interpretation of the
diagnostic results, it is necessary to give the physician de-
finitive information on the monitor screen concerning the
observed medicobiological processes.l4

The assumption was recently expressed that the in-
creased accumulation of endogenous porphyrins in the tis-
sues is closely associated with the state of chronic hypoxia in
the tissues.” In light of this hypothesis, it is important to
evaluate the accuracy and reproducibility of LDF results in
actual clinical practice. It is well known that the accuracy of
any noninvasive spectrophotometric methods in medicine is
still not very high, while the error of a method, for example
LFD, can reach 35-40%.'® The goal of this paper is therefore
to investigate and discuss questions of the accuracy, repro-
ducibility and reliability of the LFD results as applied to the
problem of interpreting the LFD results in terms of chronic
hypoxia of the tissues.

MATERIALS AND METHODS

First of all, in light of the new hypothesis expressed
here, the authors have once more analyzed their previous
data from in vivo recording of the fluorescence spectra of
endogenous porphyrins from normal biological tissue and
tissue damaged by diseases of various origins, obtained ear-
lier when solving a number of problems in three areas of
medicine—oncology,”’18 gastroenterology,19 and occupa-
tional medicine.”” An LESA-01 BIOSPEK optical-fiber laser
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FIG. 1. Typical form of recorded backscattering and fluorescence spectra.
1—Visible center of a tumor of the mucous membrane of the oral cavity,
2—surrounding normal tissue, 3—nonbiological light-scattering material
(standard).

endoscopic spectrum analyzer was used in all these studies,
with a base design by the group headed by Doctor of Physi-
comathematical Sciences V. B. Loshchenov.® A He—Ne laser
(10 mW, 632 nm) was used as the fluorescence-excitation
source. The distance between the illuminating and detecting
optical fibers was 0.5 mm. The photodetector sensitivity was
107" W in the 600—750-nm region, while the SNR was at
least 10:1.

The typical trace of the backscattering and fluorescence
spectra recorded in these experiments is shown in Fig. 1. The
intensity of the backscattered line (632 nm) in all the spectra
recorded in this paper was reduced by about a factor of 1000
by a step-selective optical filter. However, the modified co-
efficient of fluorescence contrast K s introduced earlier, was
used as the quantitative medical diagnostic criterion for ana-
lyzing these results; this is defined as

Kf=1+(ﬁ1f_ll)/(ﬁlf+ll)’ (1)

where I, is the amplitude of the recorded signal at the maxi-
mum of the AF spectrum, /; is the amplitude of the recorded
signal in the backscattered pump-radiation line (of the
He—Ne laser), and B is the attenuation factor of the filter
(B=10).

The previous experiments on the statistical evaluation of
the LFD errors in the laboratory and under clinical condi-
tions, in which the authors established the random errors of
single measurements in LFD at the 3-5% level for nonbio-
logical light-scattering media (instrumental error) and at the
30-40% level for actual patients with malignant neoplasms,
were then repeated and analyzed once more.'® At the same
time, there was no possibility of giving a complete explana-
tion of these results and of a number of other observed phe-
nomena, for example, the recording of increased AF from
healthy intact tissues in oncology patients. An attempt was
made in this work to supplement these results with the data
of other optical noninvasive methods of diagnosis, particu-
larly the data of optical tissue oximetry (OTO) and laser
Doppler fluorimetry (LDF). This was made possible by the
creation of a multifunctional laser noninvasive diagnostic
complex (MLNDC), which has three corresponding diagnos-
tic channels (Fig. 2).%!
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FIG. 2. Pilot sample of the MLNDC.

This diagnostic system also uses a bundle of optical fi-
bers as the working sensor with approximately identical ge-
ometry as in the LESA-01 BIOSPEK complex; therefore, the
technique by which all the laboratory and clinical experi-
ments were performed was identical to that used earlier.
However, new simulation standards that reproduce all the
main optical properties of biological tissues, including their
endogenous porphyrin AF, are used as a nonbiological object
for diagnosis in the new series of experiments.22 These stan-
dards are made from a light-scattering material—the base,
and the spectrally selective light-absorbing, light-scattering,
and fluorescent layers (Fig. 3), which allow them to be si-
multaneously used not only for the LFD method, but also for
the other diagnostic channels of the MLNDC, for example,
for the OTO channel. The authors used these standards to
again carry out a statistical estimate of the mathematical ex-
pectation of the result of diagnosis on a nonbiological object
(M), the rms deviation (o), and the relative random error of
measurements 0=1000/M in percent in a series of thirty
repeated identical single (instantaneous) measurements. In
addition, an attempt was made to answer the following ques-
tions:

Is it possible to reproduce the preceding statistical results
(from 10 years ago!), using the new diagnostic equipment
and new standards?

Is the previously established 3—-5% random error of mea-
surements for the LFD method on nonliving standards and
30-40% for living biological tissues with pathology specific
only to the LFD method, or does it show up for the other
diagnostic channels of the MLNDC—in particular, for the
OTO channel—and is it the objectively existing error for
such methods and objects of diagnosis?

Optical bundle

Diagnostic
system
(MLNDC)

FIG. 3. Layout of a laboratory experiment and structure of simulation stan-
dards. /—Light-scattering base, 2—various light-absorbing, light-scattering,
and fluorescing film layers.
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TABLE I. Statistical LFD results for single (instantaneous) measurements.

TABLE II. Statistical OTO results for single (instantaneous) measurements.

Recorded physical parameters

Recorded physical Computed medical

(signals), arb. units signals, mV parameters, rel. units
Object of Statistical Object of Statistical

investigation  parameters I Iy Computed K investigation ~ parameters Vg Vi Vir 5.0, Vi
standard M 1918 227.9 0.212 standard M 897.8 2264 2114 0.89 0.22
o 37.6 9.3 0.007 o 16.23 38.79 24.12 0.04 0.01
S, % 1.96 4.08 3.21 8, % 1.81 171 1.14 4.49 4.55
healthy tissue M 1207 57.95 0.091 healthy tissue M 821.9 2052 1358 0.81 0.13
o 30.39 4.73 0.006 o 65.71 7395 47.13 0.09 0.02
5, % 2.52 8.16 6.85 5, % 799 359 347 11.1 153
malignant M 768 341.5 0.621 malignant M 7745 2678 1594 0.93 0.16
process (cancer) o 35.88 40.13 0.047 process (cancer) o 39.76 83.18 40.51 0.06 0.01
5, % 4.75 11.75 7.61 5, % 5.13 311 252 6.45 6.25

How can one explain the authors’ previous results in the
light of the new hypothesis that the AF spectra of endog-
enous porphyrins in tissues are correlated with the state of
chronic tissue hypoxia?

In the light of this hypothesis, is the 30-40% error of the
LFD method for living biological tissues with pathology
critical for making a diagnosis in practical health care, or
does it not strongly influence the final medical conclusion
from the results of the diagnosis, and can it be explained by
some other objective causes that also have a definite diag-
nostic significance for the doctor?

NEW STATISTICAL RESULTS

Some of the new statistical results for the LFD and OTO
methods, obtained in single (instantaneous) measurements on
a nonbiological simulation standard under laboratory condi-
tions and in patients, as well as voluntary healthy subjects in
the clinic, are shown in Tables I and II, respectively. In the
OTO method, the physical parameters to be analyzed were
the recorded signals from the photodetector (a photodiode) in
millivolts in various wavelength ranges [as presented in
Table II, in the green (Vy;), red (Vy), and near infrared (Vig)
regions). However, the medical parameters to be computed
were the average tissue arteriovenous oxyhemoglobin satu-
ration of the blood of a microcirculatory vessel (S,0,) and
the mean volume fraction of the overall hemoglobin (of the
blood) in a test volume of biological tissue (V,), i.e., the
usual parameters in the practice of 0TO.*

ANALYSIS OF THE EARLIER CLINICAL DATA

As reported earlier,'™® for oncology patients, the au-
thors often observed strong and objective differences in the
AF spectra for different patients and different types and
stages of development of the tumors. However, at the same
time, the authors found no correspondence in the various
observed AF spectra with differences in localization, mor-
phological shape of the cancer, its stage of development, etc.
The most varied spectra were recorded not only for different
forms of cancer and stages of its development, but also for
completely identical ones. In a number of clinical cases
(about 30%), no visible AF signal was noted for advanced
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cancer of the mucous membranes of the oral cavity before
beginning a course of treatment. A number of patients (about
40%) possessed elevated AF not from the entire surface of
the tumor, but only from 1-2 points around the center. A very
variable character of the AF spectra was observed in the
course of radiotherapy. On the whole, it was established that
the mean initial value of K, over all patients with increased
initial porphyrin AF from a tumor is at the level K;
=0.6-0.7, at the same time that K;<<0.1 for healthy subjects.

For patients with long-term, slow-healing erosive-
ulcerous lesions (EULs) of the gastrointestinal tract (GIT),
the mean initial value of K, was established at 0.25-0.35."
The smaller the individual initial value of K recorded from
the region of the EUL of the GIT, the more effective laser
therapy was for these patients, by the end of the course
evening out the Ky values for the region of pathology and
intact mucous tissues at a level of 0.05-0.08.

The study of endogenous porphyrin AF for the skin of
the fingers, in patients with occupational vibration syndrome
(VS), which is caused by the prolonged action of manufac-
turing vibration on the worker’s hand, also showed a stable
increase of the value of K f.20 At the second stage of VS, with
pronounced trophic lesions of the skin of the fingers, the
mean value of K, was determined to be at a level of
0.23%£0.08. The K value was also increased for the initial
(Lst) stage of VS, but not so significantly—to the level of
0.17x0.08, when the K, values in a control group of volun-
tary subjects were 0.08 = 0.05.

What can explain all these clinical results in light of the
problem under consideration—the medical reliability and in-
terpretation of LFD data? If it is assumed that the elevated
accumulation of endogenous porphyrins in biological tissues
is caused by increased cellular proliferation, it is impossible
to explain the results in the area of gastroenterology'9 and
occupational medicine,20 since, for example, it is well known
that there is no increased cellular proliferation in the skin of
the fingers with VS. There also is none in the case of a
long-term slow-healing EULs of the GIT. These results can-
not be explained by a microbial etiology, since in general it is
not applicable to patients with VS.
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In the authors’ opinion, all these results can be explained
from a common standpoint with no clear inconsistencies in
only one way—by the presence of chronic tissue hypoxia
and its variability in the course of treatment, especially
courses of radiotherapy, making the hypothesis that chronic
hypoxia affects the process of accumulation of porphyrins in
biological tissues. In all the cases described above, tissue
hypoxia is a fundamentally important, common, and objec-
tively present factor. For example, in accordance with gen-
eral radiobiological prerequisites, malignant neoplasms often
have a stable fraction of hypoxic cells, which are a factor in
the radioresistance of tumors.> It is often observed not over
the entire volume of the tumor but in separate segments of it
and oscillates in the course of radiation treatment. Chronic
hypoxia can affect the metabolism of porphyrins in
tissues.' >

Therefore, after once more analyzing all the results ob-
tained earlier in order to create a well-substantiated system
of medical interpretation of the LDF data that takes into
account the hypothesis that the LFD results are affected by
tissue hypoxia, the following preliminary classification of the
K values obtained by the authors was established in terms of
tissue hypoxia:

* K;<<0.1: the absence of noticeable chronic hypoxia;

* K;=0.1-0.2: initial (light-stage) hypoxia;

* K;=0.2-0.4: chronic hypoxia of medium seriousness;

* K;>0.4: serious stage of chronic hypoxia of the tissues.

DISCUSSION OF THE RESULTS

As far as the reproducibility of the LFD data (Table I) is
concerned, it is obvious that the result obtained for the rela-
tive measurement error was of the same order as earlier. The
small decrease of the overall relative error for each of the
objects of diagnosis can be explained by the improved diag-
nostic equipment over that used 10 years ago. In general,
however, the situation is completely qualitatively reproduced
in which the random error of single (instantaneous) measure-
ments increases as one goes from a nonliving to a living
object of diagnosis and from the norm to pathology (for ex-
ample, a malignant process on the mucous membrane of the
oral cavity).

It is more important that the same result was recorded
for the OTO method (Table II); i.e., the given regularity is
not specific to the LFD method. Moreover, the result ob-
tained for OTO shows that the computed medicobiological
parameters in OTO have substantially more perceptible ran-
dom error (the scatter of the data from measurement to mea-
surement) than do the recorded physical parameters (signals).
This suggests that the computational algorithms of the OTO
methods and devices substantially contribute to the total
measurement error in the form of methodological error.”
Moreover, a significant part of this methodological error is
apparently formed at the very concluding stages of the com-
putations when solving the inverse problem and directly de-
termining the S;0, and V), parameters from the computed
optophysical characteristics of the medium, since the direct
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problem on the absorption and scattering of light in biologi-
cal tissue can be solved fairly accurately today for most cases
in OTO that are important in plracti(:e.24 However, neglecting
the computational algorithms for both the LDF and the OTO
methods, the overall instrumental error evaluated on the
simulation standards from the levels of the recorded primary
physical data is not very substantial (1-2%) and is of the
same order of magnitude as was obtained carlier.'®

Although the overall random error did not exceed 20%
in this series of experiments on a living object of interest,
nevertheless, it is very important from the viewpoint of me-
trology to estimate the significance and possible influence of
this biologically induced error on the final medical findings
from the results of a diagnostic examination of a patient by
the LFD method. In the classification of K, values in terms of
hypoxia proposed in the preceding section, the numerical
values of K change from stage to stage by a factor of 2 or
more; therefore, it is obvious that even an error of 30-40% in
determining K, will have no substantial significance. The fact
of increased random error could itself apparently be the ob-
ject of additional detailed study.

What can cause the increase of the random error of mea-
surement in the case of living biological tissues? The new
combined diagnostic data obtained using the OTO and LDF
methods today make it possible to give a definite answer to
this question. It is well known that pronounced rhythms in
the microcirculation of blood for living biological tissues are
objectively observed in classical LDF.* The authors have
more than once observed the same rhythms by OTO
methods.">!” Therefore, with single (instantaneous) measure-
ments, for example, of the S,0, parameter, carried out from
time to time, the physician can observe the pattern imaged in
Fig. 4a. He may interpret this result as random scatter in the
diagnostic data.

However, if the measurements are made continuously in
time, as shown in Fig. 4b, the S,0, parameter, represented as
a function of time, will be interpreted by the doctor as the
appearance of rhythms of microhemodynamics in the blood-
microcirculation system—i.e., as an absolutely correct and
explicable result. Thus, if the living and changeable character
of the object of diagnosis is not kept in mind, especially at
the level of the blood-microcirculation system, it can be eas-
ily and falsely interpreted as random error of the method.

The same thing can probably be said of the LFD method.
The blood in a microcirculatory vessel of biological tissue is
a strong spectral absorber of light, especially in the blue and
green regions of the visible spectrum, as well as a strong
light-scattering component in the red region. Therefore, vol-
ume oscillations of the blood in the microvessels of biologi-
cal tissue (V,) and the different degree of its oxygenation
(S,0,) can strongly affect the recorded signals in LFD. The
more variable the perfusion of the tissues with blood, the
larger the random scatter in the recorded LFD data that can
be observed in vivo in a clinical experiment. The results in
Table I clearly reflect this tendency.

It is also interesting to point out that these later data
make it possible to take a new look at the authors’ previous
results, obtained long before this article was written, and to
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FIG. 4. Various forms of “random” scatter in the results of (a) single and (b)
continuous-in-time results of measurements.

give a number of new explanations of the phenomena ob-
served earlier, which formerly did not receive the necessary
study. Thus, for example, it was reported 10 years ago that
increased porphyrin AF was observed in a number of onco-
logical patients from the intact tissues surrounding the tu-
mors and even from other healthy tissues over the entire
organism.'6 Stage III-IV tumors were being studied at that
time, and the increased K values from intact (healthy) tis-
sues could have been a consequence of the general intoxica-
tion of the patient’s organism at the terminal stage of devel-
opment of the cancer, caused by general ischemia and by
hypoxia of the tissues over the patient’s entire organism. The
changeable character of the AF of the tumors observed in the
course of radiotherapy17 can reflect the development of de-
structive processes in the blood-microcirculation system un-
der the action of strong ionizing radiation; this is well known
in theoretical radiology (breakdown of the microvessels of
the tumor, neoangiogenesis, etc.). The overall reduction of K
by the end of a course of radiotherapy18 could be evidence of
the complete breakdown of the microvessels of the tumor, if
one assumes the hypothesis that porphyrins penetrate into the
tumor cells with the blood flow or, conversely, that the pro-
cesses of microcirculation of the blood in the tumor undergo
renewal and strengthening with an overall reduction of the
level of tissue hypoxia. In any case, it is possible at present
to note a clear correlation of the LFD data with the processes
of microhemodynamics and the oxygen exchange in the tis-
sues.
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CONCLUSION

The data on the studies presented here show that today
there is a complete basis for asserting that LFD results in any
laboratory and clinical experiments are fairly reliable from a
medical viewpoint and are easy to reproduce. Moreover,
even though there is a formal “random” error of the single
(instantaneous) measurements in LFD at the 20-40% level,
the accuracy of the diagnostic result in light of the detected
correlation of the LFD data with the state of chronic hypoxia
in the tissues can be fairly high. The formal “random” scatter
in the results of single measurements that is often observed
in clinical experiments is largely determined not by instru-
mental, but by methodological error and by the living and
changeable character of the object of diagnosis, especially at
the level of the blood-microcirculation system. Accordingly,
the more information the doctor has concerning various fea-
tures of the blood-microcirculation process in the test vol-
ume of biological tissue, the more accurate and correct the
interpretation of the observable LFD data he can provide.

It should be particularly emphasized that, in the clinical
studies that have been carried out, no special goal has been
set to study any biochemical or biophysical mechanisms for
the accumulation of porphyrins in biological tissues at the
molecular or cellular level. Only the diagnostic possibilities
of LFD have been experimentally studied in the clinic to
explain from a unified theoretical standpoint the observable
experimental data from the viewpoint of the information
content of the diagnosis and their medical interpretation.
Nevertheless, the results obtained in this paper make it pos-
sible with a definite measure of reliability to speak today of
the possibility of the biophysical mechanisms of the in-
creased accumulation of porphyrins in tissues. They can be
associated with the state of chronic hypoxia in the tissues
and with the mobilization of porphyrins under these condi-
tions from the flow of blood circulating in the tissues. Of
course, this does not eliminate other mechanisms that affect
the metabolism of porphyrins in the cells—for example, the
mechanism associated with reducing the pH level in the cells
and tissues, often discussed in the literature. However, it is
fairly easy to show that the initial factor and the mechanism
that triggers the change of the pH in the tissues and cells is
also chronic tissue hypoxia.27 2
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It should be especially emphasized that the authors specially developed
and proposed the K diagnostic criterion for the LFD method in order to
reduce the overall error of that method.'®
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