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Methods of optical imaging used in medical diagnostic (with taking the newest diagnostic techniques into
consideration in particular) have been presented. Selected optical characteristics of tissues having an influence
on the range of the classical methods of the optical imaging have been discussed in detail. The respond to the
classical method limitations was to use scanning methods and detection techniques consisting in three-dimensional
imaging of tissue structures in real time. A specific eye structure allows the wide using of these techniques in
ophthalmology. Such advantages like non-invasiveness, non-contactness and high resolution (guaranteeing the
safety of a patient) show a huge success of these techniques. The results of the research (conducted in many
research centers) point at the wider application possibility of optical scanning method in medical diagnostic.
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1. Introduction

Optical diagnostic occupies a very important place in
medical science. Besides the classical optical methods,
the number of techniques applying among other things
ultrasounds, X radiation, magnetic nuclear resonance or
positon emission topography are used [1, 2].

Specific light features allow one both the structures
imaging and the dynamic evaluation of the processes
within tissues. In medical applications, the analysis of
spatial and time dependences of the optical radiation per-
mits revealing the characteristics which are impossible to
achieve by means of other methods. The joining of spec-
tral and polarimetric measurements with the methods of
spatial localization allows creating maps of a specific size
used for tissue diagnostic. Like in the diagnostic with the
use of X radiation, classical ultrasounds or magnetic reso-
nance a very important thing in structural imaging is the
visualization possibility of the tissue anatomy. In these
methods the dominant problem is the tissue discrimina-
tion with considering their boundary identification within
internal structures in particular.

The aim of the functional imaging is the visualiza-
tion of the property changes of the tissues accompany-
ing metabolism (flow of body fluid, intratissue oxygen
consumption) (3, 4]. Particularly functional properties
of optical methods such as non-invasiveness and specific
interactions with tissues have always aroused a great in-
terest. Therefore, along with the rapid optoelectronics
development, there appeared a lot of new techniques of
optical imaging [5-9].
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2. Light propagation in tissues

The multicomponent tissue structures of different or-
der state (intracellular structures, cells and conglomer-
ates of cells) make up the scattering centers with dimen-
sions including a wide values range. As a result, the light
interaction with biological tissues becomes a very com-
plex process.

The average value of the tissue refractive index is
higher than the air refractive index which is the cause
of the Fresnel light reflection on the boundary: tissue—
air. Depending on the tissue type, about 2-4.6% light is
reflected from the boundary surface. The rest of the light
penetrates the tissue being scattered and absorbed. The
optical characteristics of the scattering medium are de-
scribed by means of the extinction coefficient combining
absorption with scattering [10, 11].

The Lambert—Beer law describes the situation when
the collimated light beam passes through tissues. In
mediums characterized by high optical density (as a re-
sult of many interactions with scattering centers) the
beam totally fades just after traversing a distance of a
few millimeters far into a tissue. When the scattering is
a dominated process, the significant part of the radiation
is backscattered.

The absorption coefficient characterizes the absorption
process. The light absorbed can be converted into the
heat which is absorbed in photochemical reactions or ra-
diated back at different frequency in a fluorescence pro-
cess. In biological samples the absorption spectrum de-
pends on the characteristics of dominant components and
on water contest in a tissue. The refractive index of the
majority of tissues equals about 1.4. Its value may change
from about 1.33 (for high hydration tissues, e.g. vitreous
body) to 1.55 (for the concentrated protein solution and
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the adipose tissue) [10, 11]. The typical values of the
absorption coefficient in biological tissues range widely
from 1072 to 10* cm™!. In the ultraviolet region and
the infrared region above 2 pm, the penetration depth
of continuous wave corresponds to the thickness of the
individual cellular layers (Fig. 1A) [12]. In the range of
0.3-0.6 pm a typical penetration depth equals from 0.5
to 2.5 mm. Here, the scattering and absorption phe-
nomena occur to the same extent. About 15-40% of
the incident light is included in the reflected and scat-
tered fluxes (Fig. 1B). In the range of 0.6-1.5 pm the
scattering is much higher than absorption and the pen-
etration depth increases to 8-10 mm. In this range due
to high backscattering, the intensity of the reflected and
backscattered light may increase even to 70% of the in-
cident light (Fig. 1C) [10, 11].
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Fig. 1. The influence of the value of scattering and ab-
sorption coefficients on light penetration in tissues — a
scheme.

As a result of backscattering in multiplayer and mul-
ticomponent biological structures the individual compo-
nents of the light reflected from different layers located
on the beam path mix. The individual tissue structures
include components of different spectral characteristics
(melanin, bilirubina, hemoglobin). The selective absorp-
tion of each of these components additionally complicates
the analysis of the interaction process of the light with
tissues [9].

3. Selected features of classical imaging systems

The spectacular invention speeding up the progress of
the optical imaging theory was the photography done
by Daguerre in 1839. Historically, the optical imaging
theory in geometrical approach was created the earliest
[13-15]. This theory uses the notion of an optical ray re-
sulting from the approximation assuming that the length
of the electromagnetic wave is small and it can be ne-
glected. It is assumed that each point of the object is
a source of light rays which after passing through the
optical system should be focused in one point.

The analysis results of the optical imaging in wave and
geometrical approach are similar as long as the optical
system can be treated as unlimited and aberrationless.
After detection the image should have a form possible for
interpretation, containing various characteristics such as
shape characteristic, colour characteristic, surface char-
acter characteristic, etc.

The progress in the field of electronic techniques of the
measurement and numerical methods speeded up the de-
velopment of the methods using the point detection. In
these techniques a detector scans an image area, how-
ever, during the scanning there is the need of the per-
formance of additional analyses. This makes the whole
reconstruction time significantly longer than in case of
standard methods. The receivers used in standard meth-
ods in some cases can be treated as ordered collections of
individual detectors [15]. However, there are significant
differences both in the range of technical solutions (opti-
cal systems, illuminators, detector sensitivity, etc.) and
algorithms leading to image reconstruction.

The possibility of the further development of imaging
methods using conventional optics is gradually being ex-
hausted. In these systems the three-dimensional images
are imaged with the use of two-dimensional detectors.
The optical signal contains the information not only from
the object plane but also from reflecting structures both
in front of and behind this plane. The light scattered
in the structures lying on the beam axis overlays the
radiation coming from the object plane causing the de-
crease in the contrast and the resolution of the image
examined. To eliminate this shortcoming special detec-
tion techniques were searched; sensitivity and resolution
were increased. A number of imaging methods permit-
ting the imaging of the axial cross-sections of the object
examined were worked out. A good example can be here
the computer tomography (CT). In this method on the
basis of the one-dimensional measurement series the ax-
ial imaging of two-dimensional images (2D) is performed.
In the CT method the measurement of the collimated X
radiation beam is done after passing through the object
examined. The measurement is repeated after the par-
allel shifting of a source and a detector. After perform-
ing a particular number of steps necessary for the whole
object scanning, the one-dimensional diagram of the X-
-radiation intensity passing through the object examined
is achieved. Next, the measuring system is rotated at
a known angle and the measuring sequence is repeated
[16, 17]. The 2D image reconstruction consists in the de-
termination of the spatial distribution of the light beam
attenuating coefficient — on the basis of the radiation in-
tensity value obtained in the next measuring sequences.
The three-dimensional reconstruction is reduced to mul-
tiple repetition of the 2D procedure in the axis direction
perpendicular to the scanning plane [18-20].

The optical tomography (OT) in its basic version uses
similar rules of the image reconstruction [21-23|. The
basic advantage of this method is the possibility of us-
ing the optical radiation in the range from the visible to
the near infrared. In a wide frequency range the light
is relatively safe — even for high values of the radiation
intensity. With preserving the safety standards for the
sources of optical radiation the optical tomography is a
fully non-invasive diagnostic method. The devices of this
type can be applied both in regular screening and con-
tinuous pathological changes monitoring.
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4. Optical scanning methods in medical imaging

The full non-invasiveness of the optical scanning meth-
ods is an exceptionally attractive feature for medical ap-
plications. Simultaneously, the perspective of breaking
many limitations of the classical optical imaging meth-
ods makes it possible to use this technique (in connec-
tion with classical imaging methods) in many branches
of medicine for intravital visualization of internal opti-
cal structures occurring in tissues with various optical
characteristics. Besides the optical tomography (devel-
oping very fast in the last decade) many works applying
the specific possibility of optical scanning methods were
worked out [24-26|. Particularly, many of these solutions
were developed for the need of ophthalmologic diagnosis.
Commercial versions of the devices using the optical scan-
ning methods include among other things confocal oph-
thalmoscopes, polarimeters, retina thickness analyzers,
Doppler’s flow meters and optical coherent tomographs.

4.1. Optical scanning methods analysis used
in ophthalmology

The crucial moment of the optical scanning develop-
ment turned out to be the application of this method by
Petren and Hadravsky in 1967. They used these meth-
ods for internal live tissue structures examination. The
first clinical tests of ophthalmoscopes started at the be-
ginning of the 80s. On the European market the devices
of this type appeared in the second half of the 80s [28].
However, much more dynamic development of the devices
using the optical scanning methods was only observed in
the last decade of the 20th century. During a few years
ophthalmologists have received many various offers using
confocal technique of the devices making the blood flow
examination, fluoroangiography, the retina topography
examination or the nerve fiber analysis possible [27-31].

4.2. Confocal method

The dynamic development of optical scanning methods
used in ophthalmology gave birth to confocal, scanning
laser ophthalmoscopes. The measurement principle re-
quires that a source and a single detector have the same
focus [32-34]. Well known dependences of reverse pro-
portionality of spatial resolution and visual field are uti-
lized. The visual field is limited by applying, on the one
hand, the light source focused on small tissue area and, on
the other hand, the objective focusing the light (reflected
from the tissue) on a single detector (with the same fo-
cus as the lens of the illuminator) (Fig. 2). In this focus
configuration, the light scattered in the surface located
in front of and behind the focal plane is effectively elim-
inated. As a result of this procedure, the expense of the
visual field limitation, the resolution and image contrast
increase. In order to increase the visual field, the trans-
verse scanning method is applied. Here, the measure-
ments are performed by moving the measurement beam
or the object examined together with the detector. This
technique allows measurement performance in points uni-
formly distributed within the area examined. Thanks to

that, it is possible to achieve the tables of numerical val-
ues (corresponding to these points) characterizing optical
characteristics used in the process of digital analysis for
the two-dimensional image reconstruction of the tissue
examined.
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Fig. 2. A diagram of a confocal method. (A) The de-
tection in a situation when the plane reflecting the radi-
ation is located in the same focus of the illuminator and
the detector; (B) the radiation intensity (recorded by
the detector) reflected from the plane located in front
of or behind the focal plane and limited by the aperture.

The optical scanning method used in contemporary
ophthalmologic scanning ophthalmoscopes requires per-
forming a large number of measurements. In the first
mass-productive devices of this type the image recon-
struction with dimensions of 512 x 512 points required
performing over 260 thousands measuring cycles.

4.3. Digital angiography

Initially the confocal laser ophthalmoscopes were
treated as digital funduscameras [35]. The rules of con-
focal detection in connection with the specific character-
istics of the laser radiation were used among other things
in devices designed for digital angiography. The selec-
tive excitation of small areas with the use of monochro-
matic laser radiation allows recording the contrast an-
giographs characterized by high resolution [36-38]. The
advantages of this technique appear in case of the indo-
cyanine angiography (ICG). In comparison with conven-
tional techniques the images obtained have much better
resolution. The possibility of the simultaneous perform-
ing of the fluorescent angiography (AF) and ICG angio-
graphy is extremely useful. The recording speed strongly
increases to 20 angiographic images per second or to 12
pairs of AF or ICG per second whereas in classical meth-
ods the recording speed is limited to single images per
second. The digital form of the angiographs creates a
new possibility as far as angiographic examination results
are concerned.

4.4. Retina tomography

Using modifications of the specific features of the con-
focal technique the devices designed for retina topogra-
phy evaluation were developed [39-41]. To this aim the
laminar scanning is performed. The basis of this tech-
nique is performing a series of two-dimensional images
during the axial shifting of the focal plane. In confocal
detection systems the surface illuminated by a scanning
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beam increases along with an increase in the distance
from the focus. Since the image of the surface examined
is projected on the detector diaphragm characterized by
small aperture (in laminar scanning process), the bright-
ness of individual points changes depending on the lo-
cation with respect to the focal plane and reaches the
maximum value when the element examined is in the
beam focus (Fig. 3). On the basis of the corresponding
points (in the scans) from consecutive layers it is possi-
ble to gain information allowing determining the location
coordinate of individual elements in the beam axis direc-
tion. The maximum intensity value permits describing
the optical characteristics of the tissue examined. Such
modified measurement method makes it possible to ob-
tain the simultaneous retina image and topographic maps
of its surface.
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Fig. 3. The intensity change of the light reflected from
the retina element recorded by means of the confocal
detection system depending on the location with respect
to scanning beam focus.

This technique is used for the quantitative analysis of
the intraocular nerve hollow as well as holes and retina
tears [42-44].

4.5. Nerve fiber measurement with the use
of a polarimetric method

In laser polarimeters the measurements of the nerve
fiber thickness is performed within the area around the
optic nerve disc. In this area the nerve fibers radiate
creating locally nearly parallel structures. In connection
with the specific construction, this layer reveals birefrin-
gent characteristics whereas the tissues surrounding are
optically inactive. Therefore, this structure has a distin-
guished optical axis agreeing with the direction of the lo-
cal fibers system. In practice it means that the light beam
polarized according to the nerve fibers direction has a dif-
ferent refractive index in comparison with the beam po-
larized perpendicularly. After passing through the struc-
ture with such characteristics both beams will reveal re-
ciprocal delay proportional to its thickness. This leads
to the change of the beam polarization state (Fig. 4).

In the measurements the light polarized in 20 dif-
ferent directions is used. The system counts over the
phase shifts recorded at the thickness corresponding to
the nerve fiber thickness. Using the polarimetric method
it is possible to achieve maps of the fiber thickness within
the area around the disk. The fiber nerve thickness dis-
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Fig. 4. A principle of operation of the ophthalmologic
laser polarimeter. The beam with perpendicular po-
larization plane is delayed proportionally to the fiber
structure thickness.

—

appearance is a symptom preceding the visual field decre-
ments at patients having glaucoma [46, 47].

4.6. A retina thickness measurement with the use
of laser biomicroscopy

Illuminating transparent tissues of an eye thoroughly
by means of a narrow collimated beam, the separated re-
flections from the consecutive layers are observed. It is
frequently used in ophthalmologic effect analysis or in slit
lamps. The analysis of the transverse profile of the beam
reflected allows evaluating the surface state of individual
layers. The distance measurement of the edges of the
structures visualized (at a known incidence angle) per-
mits evaluating the axial distance of the reflecting planes
[48-50].

a collimated light beam

retina b;;mdary
surfaces

an image recorded
by a camera

Fig. 5. A principle of the retina thickness measure-
ment with the use of laser biomicroscopy.

This principle is used in optical pachymetry for the
measurement of a cornea thickness and the frontal cham-
ber depth. The operation of retina thickness analyzer
is based on the slotted method (Fig. 5). In commer-
cially available apparatuses a scanning series including
5-13 regions is performed. In each region 16 sections are
recorded when covering the retina image with the dimen-
sion of 3 x 3 mm?. The result is presented in the form
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of a two- or three-dimensional colourful map. The ax-
ial resolution equals about 50 pum. A special algorithm
analyzing the refractive index difference in an axial direc-
tion also makes the analysis of the nerve fibers thickness
possible.

4.7. Doppler methods

Scanning laser flowmeter is used for the non-invasive
two-dimensional mapping of the perfusion within the area
of the eyeball rear pole. For the measurements of the con-
centration and the erythrocytes moving rate the Doppler
effect is used in this device. As a result of the Doppler
effect the frequency shift of the wave reflected from the
moving object (proportionally to its speed) is observed.
It can be written as

Af/f~ (veosg)/ec, (1)

where f is the wave frequency, v is the object speed, ¢
represents the angle between the observation direction
and the object velocity v, ¢ — velocity of wave propaga-
tion in a medium [51, 52].

In case of caustic waves the ratio v/c ~ 0.1 while in
case of the light reflected from the erythrocytes the ratio
v/c ~ 10710 Such a light frequency change causes the
wavelength changes which are not measurable by means
of classical optical methods. The measurement of these
small shifts makes the use of coherent light possible. II-
luminating the erythrocytes and motionless tissues with
the use of monochromatic coherent light it is possible to
observe two components characterized by insignificantly
different frequencies in the beam reflected. As a result
of the interference of these components in a detector,
the beat effect is observed manifesting itself in the in-
tensity change of the beam (oscillating at the frequency
corresponding to the Doppler shift). The oscillations ac-
companying the beats are a source of a signal charac-
terized by the frequency of a few kHz order, which does
not cause serious problems for accessible detection tech-
niques. The frequency shift resulting from the Doppler
effect is the highest during the observation agreeing with
the direction of the object movement. During the ob-
servation in perpendicular direction (cos90° = 0) the
Doppler frequency shift does not appear. In case of the
eyeground observation it causes a problem. The optical
system specificity of an eye causes that the light beam re-
flected directly from the eyeground is almost orthogonal
to the retina surface and, as a result, it cannot be used for
the measurement of the erythrocytes moving rate. In case
of the Doppler shift frequency measurement this limita-
tion can be omitted using the light scattered in the tissue
surrounding. Due to multiple reflections in a thin retina
layer, part of photons changes its propagation direction
and in the next scattering event it reflects from erythro-
cytes at random angles (Fig. 6). As results from the re-
search, the average value of the Doppler frequency shift is
still proportional to the average velocity of erythrocytes
moving in a scattering medium and additionally does not
depend on the observation direction. Wanting to measure

the blood flow velocity in vessels, a certain area of the
retina has to be illuminated by a coherent light beam.
Next, the intensity of the backscattered light (variable
in time) is recorded. After performing the Fourier trans-
form of the signal recorded, the signal image in frequency
domain P(f) can be achieved.

Fig. 6. Detection of the Doppler shift in the eyeground
as a result of the backscattered light reflection from ery-
throcytes in the surrounding tissues.

The signal frequency spectrum shows the distributions
of the Doppler shifts formed as a result of the erythro-
cytes shift within the area illuminated. The local pa-
rameters of the flow can be obtained by means of the
parameters calculated on the basis of the recorded signal
spectrum. The concentration of the moving erythrocytes
(Vol) is proportional to the sum of the spectrum values
for all frequencies. It can be written as

Vol:/P(f)df. (2)

Summing the product of power and frequency, the num-
ber proportional to the erythrocyte number multiplied by
its velocity is obtained. This parameter called the flow
(Flw) represents the total shift of all erythrocytes within
the measuring area in time unit

Flu = [ P11, 3)

When dividing the flow by the concentration, the aver-
age erythrocytes velocity (Vel) in the area examined is
received

Vel = Flw/ Vol . (4)

Using laser scanning technique the measurement series
within the rear eyeground pole is performed. Thanks to
that, the two-dimensional tables of the flow parameter
values can be achieved. After using the coloured encod-
ing, the image of vessels of the area examined is formed.

The Doppler method is the only non-invasive method
making the quantitative assessment of blood flow param-
eters within eyeball possible. In ophthalmology both the
Doppler ultrasound and laser flowmeters are used. Laser
flowmeters require overcoming many technical problems,
however, in comparison with ultrasound devices their
spatial resolution is higher.
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The research on using the macular methods for the
flow measurement has been conducted recently. The
scattering center movement causes the sight shift, speck-
les which may be used for the blood flow measurement
[53-55].

4.8. Interferometric methods

One of the devices making use of interferometric meth-
ods is the IOL Master used in ophthalmologic biometry.
In this device the measurement of the eyeball length is
performed by means of the reflectometry method for the
radiation of low coherence path [56, 57].

Fig. 7. A diagram illustrating the length measurement
using the reflectometry method.

In the device a special interferometric technique using
cornea as a reference surface is applied. In the Michelson
interferometer the beam of light (A = 855 nm) charac-
terized by high spatial coherence but low time coherence,
reflecting from Z; and Zs mirrors, generates the dual sys-
tem of rays (Fig. 7). Their reciprocal delay results from
the optical path difference in the measurement and refer-
ence arms. After passing through the interferometer the
beam illuminates the eye and then both components are
reflected from intraocular surfaces separating the medi-
ums characterized by different refractive indexes. For
the determination of the axial length the reflections from
the external surface of the cornea and the retina pig-
mented epithelium are used. When the reference beam
delay produced by the movable mirror of the interferome-
ter corresponds to the intraocular optical path, the signal
being the result of both beams interference appears. As a
result of the recording, the one-dimensional course is ob-
tained. The course resembles the ultrasound signal in A
presentation but with much higher resolution. When cal-
culating the geometrical length of the optical path it is
necessary to apply the modification taking into consider-
ation the refractive indexes corresponding to intraocular
mediums within the measuring beam path. In optical
coherent tomography (OCT) like in the IOL Master de-
vice the interferometric method is also applied [58-60].
In both techniques the white light interferometers are
used. The mirror motion in the reference arm makes the
axial scanning of the medium optical characteristics pos-
sible. In case of OCT techniques the tomograph image

is created as a result of the scanning application real-
ized transversely to the beam axis. The mirror of the
transverse scanning (after finishing the measuring cycle
in beam axis direction) shifts the beam by steps sam-
pling in the direction perpendicular to the next measur-
ing point. As a result of common presentations of the
consecutive axial profiles, the two-dimensional tomogram
showing the extinction distribution within the sample ex-
amined is achieved (Fig. 8).

The scattered radiation distribution obtained
for individual points of the scanning line (A). The to-
mogram showing the image of the internal structure (af-
ter the reconstruction with the use of the colour cod-

ing) (B).

Fig. 8.

5. Perspectives of scanning methods
of an optical imaging

It is necessary to state that optical scanning methods,
especially the optical coherent tomography, belong to the
group of fast developing diagnostic techniques character-
ized by high development prospects. Numerous modifica-
tions point at bigger and bigger application possibilities
in various medical specialties [61-65].

A very important issue is the problem of the propa-
gation (in tissues) of the light emitted in the form of
very short pulses. In this case, in the radiation the three
components can be distinguished. The intensity value of
each component results from the absorption and scat-
tering. For the flat-parallel layers among the passing
photons the ballistic photons (coherent components), the
photon group characterized by the zigzag trajectory and
the component representing the intense scattering can be
distinguished [66-69].

The ballistic component (composed of photons whose
trajectories run in the direction of the incident radiation)
includes photons not being scattered, agreeing with the
beam and the photons single-time scattered at small an-
gles. This group of photons is strongly attenuated and
occurs in the group of photons passing before the scatter-
ing component. The group of photons having the zigzag
trajectory includes photons each of which experiences
only a few collisions. These photons propagate along
the trajectories deviating in low extent from the direc-
tion of the incident light and create the earliest fraction
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of the scattering component. The diffusion component
is spatially vaster and in more scattering mediums it in-
cludes the major photon part participating in many acts
of scattering. This group of photons relocates in different
directions covering considerably different lengths of the
optical paths.

The existing technical possibilities permit the inde-
pendent detection of the photons arriving the earliest,
minimally scattered, which include the geometrical in-
formation and the diffusion photons carrying the infor-
mation about local optical characteristics of the tissue.
Currently, the intensive research on the use of the sub-
picosecond sources of the laser radiation in OCT devices
with the resolution allowing imaging of the subcellular
structures is conducted [70-72].

The use of the radiation in the range of 1.3 ym permits
the transclear imaging of the retina structure. Joining
the optical scanning techniques gives the possibilities of
the simultaneous tomograms performance including the
laser ophthalmoscopy or the Doppler analysis of the flows
in the retina vessel. However, joining the OCT technique
with the ultrasonography technique gives the new pos-
sibility of tissue examination excited for oscillation by
means of the ultrasound wave. It is a very fast develop-
ing branch of the research.

Joining the scanning techniques with different types
of catheters and endoscopes finds application in other
medical branches, particularly in cardiology. A good ex-
ample confirming the speed up of the research on the
biological structures imaging can be the newest reports
concerning issues such as the three-dimensional structure
colourful imaging using interferometric methods realized
by means of three channels with different radiation wave-
length colourful laser ophthalmoscopy allowing imaging
both central and peripheral eyeground |73, 74].

Among the newest works put into practice the spec-
tral optical tomography developed by the Team of Med-
ical Physics of Nicolaus Copernicus University in Torun
is worth emphasizing. This technique as opposed to the
classical OCT method in frequency domain definitely al-
lows speeding up the tomograms recording [75-77|. The
solutions applied in this technique bring closer the real-
ization of the long-time expected method of 3D imaging
characterized by the resolution of ym and realized in the
real time.
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