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Abstract

Imaging in confocal microscopy 1is charac-
terized by the ability to make a selective image
of just one plane inside a specimen, virtually
unaffected -within certain limits— by the out-of-
focus regions above and below it. This property,
called optical sectioning, is accompanied by
improved imaging transverse to the optical axis.
We have coupled a confocal microscope to a com—
puter system, making the combination of both an
excellent instrument for mapping the 3-dimensional
structure of extended specimens into a computer
memory/data array. We measured that the volume
element contributing to each data point has, under
typical fluorescence conditions, a size of 0.2 x
0.2 x 0.72 ym. The data can be analysed and repre-
sented in various ways, i.e., stereoscopical views
from any desired angle. After a description of the
experimental arrangement, we show various examples
of biological and food-structural studies. The
microscope can be operated either in reflection or
in fluorescence. In the latter mode a spectral
element allows selection of the wavelength band of
fluorescence light contributing to the image. In
this way, we can distinguish various structures
inside the cell and study their 3-dimensional
relationships. Various applications in biology and
the study of food structure are presented.
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Introduction

Confocal scanning 1light microscopy forms a
bridge between conventional light microscopy with
its limited resolution (but capable of imaging
hydrated, possibly live, specimen) on one side,
and electron microscopy with its higher resolution
on the other. One of the main drawbacks of
electron microscopy is that the various specimen-—
preparation techniques such as chemical fixation,
dehydration and sectioning, may affect the
apparent morphology. For instance, a volume
shrinkage of up to 50% has been observed in bac-
teria as a consequence of such preparation steps
(Woldringh et al., 1976). Light microscopy on the
other hand, permits the observation of the biolo-
gical specimen in a hydrated or live condition,
however, with limited resolution. Confocal
microscopy now offers not only an effective
increase in imaging capabilities, but also (when
coupled to a computer/image processing system)
vastly increased possibilities for specimen analy-
sis and presentation.

The basic confocal principle has  been
described by Sheppard and Choudhury (1977) and an
early demonstration of the imaging capabilities
was given by Brakenhoff et al. (1979, 1981). The
first applications connected with the optical sec-
tioning property on biological material were
reported by Brakenhoff et al. (1985), Van der
Voort et al. (1985), Wijnaendts van Resandt
(1985), Carlsson et al. (1985) and Petran et al.
(1985). The latter uses an instrument in which,
with the help of Nipkov disks, sectioning proper-
ties are realized.

The confocal microscope

The basic arrangement of the instrument for
reflection/fluorescence operation is presented in
Fig. 1. Characteristic for confocal microscopy is
that the same point in the specimen is both opti-
mally illuminated as well as optimally imaged on a
point detector. When diffraction-limited optics
are employed, it can be shown that at a given
Numerical Aperture (N.A.) the point response of a
confocal system will be narrower by a factor of

1.4 (Sheppard and Choudhury, 1977; Brakenhoff et
al., 1979). This so-called confocal effect is
associated with the fact that the response




G.J.

function in confocal microscopy can be described
as the product of the illumination distribution
and the detection sensitivity distribution. The
latter is defined by the back-projected image of
the detection pinhole in the object plane. In
order to profit from this improvement in imaging
characteristics, it is necessary to employ optics
with maximum possible N.A., i.e., immersion optics
with an N.A. of 1.3 to 1l.4. Only then an absolute
gain with respect to conventional microscopy can
be realized. It has been shown (Brakenhoff et al.,
1979, 1981) that the expected improvement could
indeed be realized with high N.A. optics resulting
in effective point responses with widths at half
intensity down to 130 to 140 nm in transmission
confocal microscopy. This narrowing of the point
response takes place in 3 dimensions, thus
reducing the volume of the specimen contributing
to an image element by a factor of (1.4)3:=3.

A comparable increase in the amount of information
to be extracted from the specimen results.

The confocal principle also holds in
fluorescence with a few modifications. The main
ones are the incoherence of the excited

fluorescence radiation, which affects the imaging
positively (Cox et al., 1982) and the finite size
of the detection pinhole, which has a negative
influence. A  somewhat larger pinhole than
desirable from the confocal point of view is often
necessary in fluorescence to get a sufficiently
high signal-to-noise ratio in the collected
signal.

An aspect implicit in the confocal principle,
which deserves special attention is the sectioning
property. In normal microscopy all the radiation
generated at the various levels in the specimen
reaches the image plane, causing a (often strong)
reduction of the contrast of the image of the in-
focus part of the specimen. In confocal microscopy
the detection pinhole used, together with the
effect of the illumination precisely focussed on
the specimen point imaged, will suppress quite
effectively the out-of-focus contributions. Thus
an image is produced which is only related to the
in-focus specimen plane. The best conceptual
illustration of this confocal sectioning property
is that in normal microscopy one cannot determine
the vertical position level in a specimen of a
uniform thin layer of fluorescent material: the
light intensity reaching the image plane is inde-
pendent of the axial position of this layer. In
confocal microscopy one can determine the position
of this uniform layer with the accuracy as defined
by its improved response function.

The microscope reported about here is based on
mechanical scanning of the specimen through the
confocal point. This approach, which is called
"on-axis scanning” as the lens is used to image
just one point on the axis, has several advantages
over situations where scanning is effected by
sweeping the beam over the specimen (off-axis
scanning). The main ones are: (i) The lens is used
in the best corrected image field avoiding off-
axis aberrations. (ii) The field of view to be
imaged by the microscope is not limited by the
optics but by the scan amplitude of the mechanical
scan, which can be up to several millimeters.
(iii) The imaging characteristics for each point
of the scanned specimen are identical, a property
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Fig. 1. Schematic diagram of the confocal scanning
microscope for the fluorescence and reflection
mode of operation. Light originating from the
laser—-illuminated pinhole is focussed on a certain
point of the specimen. This point is subsequently
imaged on the detector pinhole. The technique is
called confocal since the image of the illumina-
tion pinhole and the back-projection of the detec—
tor pinhole have a common focus in the specimen.
The specimen is scanned mechanically through the
confocal point and a direct image is created on a
display modulated by the detected intensity,
running in synchrony with the mechanical scan. In
addition, the image data are stored in the com-
puter system and are first used to generate a con-—
tinuous viewing image, independent of the
mechanical scan. After data collection, various
types of 2-D and 3-D image processing routines are
available (see below). The optical set-up
dichroic mirror/blocking filter is the standard
arrangement in fluorescence microscopy. With the
spectrograph we can select a certain band from the
fluorescence radiation for image formation. For
operation in reflection, the dichroic mirror is
replaced by a 50% beamsplitter mirror, the
blocking filter is removed and the spectrograph
tuned to the desired wavelength. Both the
wavelength selection as well as the band width of
the spectrograph can be set by the computer
system.

especially important in view of subsequent image
processing and analysis. Our instrument and the
one operated by Wijnaendts van Resandt (1985) are
of the on-axis type while those of Carlsson et al.
(1985) and Petran et al. (1985) are of the off-
axis type.

Instrumentation

The instrument as illustrated in Fig. 1 con-
sists basically of a scanning unit, the confocal
optical arrangement and a computer system for
controlling the instrument, collecting data and
providing the image processing facilities.

The key element in a scanning microscope is the
stability and the repeatability of the mechanical
scan movement. In order not to affect the perfor-
mance of the microscope, this scan movement should
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be controlled considerably better than the
expected optical resolutions of 100-200 nm. We
were able to attain an accuracy of better than 20
nm in an approach detailed in Marsman et al.
(1983). The table is scanned in a plane transverse
to the optical axis with a fast sinus type move-
ment in one direction and a slow stepping type
movement in the other. A typical scanning fre-
quency was 50Hz with amplitude up to 1 mm. Higher
frequencies up to 300 Hz are possible, though at
reduced amplitude. The desired number of
lines/image determines the image repetition fre-
quency. A stable viewing image, independent of the
mechanical scan, is provided from the frame store
(see below) for image evaluation. The low scan
frequencies have not been found to be a serious
limitation, as the signal to noise ratio in the
often somewhat weak fluorescence images would make
faster scan rates undesirable. An analogy with SEM
operation is applicable: although there fast (up
to TV) scan rates are possible, often for the same
reasons much lower scan rates are used. No defor-
mation or other effects have been observed in the
specimen examined thus far, which were related to
acceleration forces associated with the mechanical
scanning. This is as expected, since most objects
are rather small and mostly embedded in a medium
of approximately the same specific gravity as the
object itself, and thus no stresses on the object
with respect to its direct surroundings result.

The scanning table, together with the confocal
optics, are mounted on a vertically oriented opti-
cal bench. We have opted for an "inverse" optical
system in order to have free accessibility of the
specimen during imaging. To realize maximum reso-
lution, we use a high N.A. oil immersion lens with
an N.A. of 1.3. This means that in between the
scanning specimen, supported on an appropriate
glass slide, and the stationary high N.A. lens, a
thin layer of immersion oil is present. The choice
of laser wavelength to be used is determined by
factors 1like the resolution desired or the
fluorescence exitation requirements of the object
or its scattering properties. We have presently
available a Krypton-Ion laser system with a choice
of wavelengths between 337 nm and 650 nm. Beam
powers required for successful operation are of
the order of 10-50 mWatt with 0.5 to 5 mmW passing
the illumination pinhole.

The instrument contains two computers, one
small, relatively slow 8-bit system which takes
care of the various instrument control functionms,
and a faster 16-bit type with 68000 processor
dedicated to image collection, processing and
display functions. This latter system is also used
to update the framestore from which the constant
60 Hz repetition rate viewing image is generated.
For further details on the organization of the
system see Van der Voort et al. (1985). A very
useful program written for the instrument control
acquires automatically a set of images at specific
heights in the specimen according to the parame-
ters set by the operator. The data from this 3-D
mapping are put on disk and are the starting
material for various image processing applica-
tions. We have the standard image processing
algorithms available: contrast stretching,
contrast inversion, Gaussian and median filtering,
local contrast enhancement, etc. In addition to
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Fig. 2. Stereoscopic image pairs are generated by
an algorithm in which we assign the maximum of the
pixel values encountered along a viewing line L or
R to the corresponding stereoscopic image pair,
i.e., a pixel value Li,~(i, i 0..255) will be
the maximum of the set of pixel values Aj 4 gk, j
+ sok, k (k:0...N-1; N is the number of op%icaf
sections. Aj j k denotes a pixel of optical sec-
tion k with coordinates i, j.
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Fig. 3. CSLM image of a small bead (size 50 um) in
reflection, taken at a wavelength of 476 nm with
N.A. = 1.3 optics. The plot at half height through
the center of the image indicates a response with
a width of 190 nm. Bar = 1 um.

these we have written an algorithm for the genera-
tion of stereoscopic image pairs (Van der Voort et
al., 1985). As summarized in Fig. 2, the maximum
value along a viewing line is assigned to the
resulting image. However, alternatives can be cho-—
sen. One can, for instance, assign the minimum
value or just take a summation of values along the
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Figs. 4f and g show, for comparison, the image of
similar cells imaged by conventional fluorescence
and phase contrast microscopy, respectively. Bar =
10 ym.

viewing line. The stereoscopic viewing angles as
specified by the values s; and sy can be chosen to
present optimally a certain structure, as arrays
of images may be generated for various values of
s] and sp to give an integral picture of the
3-dimensional structure. Stereoscopic imaging in
confocal microscopy has also been presented by
Carlsson et al. (1985) and Boyde (1985).
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Figs. 4a to 4e. A series of op-
tical sections taken at distances
of 0.65 um apart, starting from
the supporting glass slide. The
image shows the location of a nu-
clear antigen in the nucleus of
the cell line P19END2, which was
derived from a mouse embryocarci-
noma cell line (pig) by in vitro
differentiation induced by reti-

noic acid. The cells were
stained by indirect immuno-
fluorescence using a FITC-

labeled second antibody.

%

Results

Fig. 3 shows the response of the system in
reflection to a small object. The measured width
of 190 nm is in between the value expected in
classical microscopy of 223 nm and 159 nm expected
in the confocal case. The classical value was
calculated at the indicated conditions with the

help of the well-known relation r = 0.61 X /N.A.
(r is the width of the response and A the
wavelength). The confocal value following the

method indicated in Brakenhoff et al. (1979). That




3-Dimensional Confocal Microscopy

Fig. 5. A high resolution
stereoscopic image pair of
the actin distribution in
the yeast Saccharomyces
cerevisiae, stained by
phalloidin. Resolution ele-
ments down to about 200 nm
can be discerned. The im-
ages were generated from 13
serial sections taken 0.55
pm apart with the indicated

stereoscopic routine, re-
taining the maximum along
the line of sight. Bar = 5
um.

the response width does not go down to the theore-
tical confocal value is due to the combined
influence of the finite sizes both of the test
object and the detector pinhole. Unfortunately, we
were not able to measure the response in
fluorescence directly due to bleaching and signal-
to-noise problems, because of the small amount of
radiation emitted by a sufficiently small object.
However, results obtained on fluorescent line pat-

terns (reported elsewhere) indicate that the
reflection response is a measure for the
fluorescent response. From measurements on the

same line object we determined that the response
along the optical axis (depth resolution of the

optical sectioning) under typical conditions
(excitation at A = 480 nm, fluorescence detection
around A = 530 nm) has a width of about 720 nm.

This axial response is in good agreement with the
result obtained by Wijnaendts van Resandt (1985).
For the transverse response width, we found by the
same approach a value of 0.2 um. A fact that is
implicitly confirmed by the apparent resolution in
the following high-magnification biological ima-
ges.

The sectioning capability of the instrument is
demonstrated in Fig. 4. As can be noted, object
elements in the various sections taken 0.65 m
apart are imaged completely independent from each
other and do not contribute to adjacent image pla-
nes. For comparison we give the images of a com—
parable specimen as imaged by conventional
fluorescence and phase contrast microscopy. An
important biological conclusion concerning the
structure of the imaged object is that the distri-
bution of nuclear antigen is approximately over a
half open sphere coinciding with the periphery of
the nucleus, with the open end towards the glass
slide on which the cell was grown.

Fig. 5 shows the high resolution spatial capa-
bilities of the instrument on the actin distribu-
tion in Saccharomyces cerevisiae yeast cells.
Image details down to 200 nm can be discerned. The
actin is a component of the cytoskeleton and plays
a role in determining the cell shape.

The depth capability of the instrument is
demonstrated in the stereoscopical views of the
water/fat emulsion mayonnaise in Fig. 6. The total
depth range of the views presented is 50 um. The
actual depth range in confocal microscopy is
determined in practice by the absorption charac-
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teristics of the object. In dense structures, like
butter or margarine, it is difficult to obtain an
image from a depth beyond 10 um. 1In very
transparent objects like, for instance, live plant
material we have been able to visualize structures
beyond 100 pym. The limitations indicated are for
high resolution work with N.A. = 1.3 immersion
optics.

While in conventional microscopy one can only
obtain images in a plane transverse to the optical
axis, we can make, with the computer facilities in
the CSLM, cross sections along the optical axis.
Fig. 6c shows 8 such cross sections, cut at close
intervals through the stack of optical sections,
put together one above the other in one image. In
this set of cross sections one can follow the
structure of the cellular fat matrix through the
substance very nicely. The quality of a single
image from deep in the stack can be judged from

Fig. 6d.
The computer—-controlled spectroscopic element
permits one to visualize structures separately

when fluorescing in different wavelength bands. As
an example we show in Fig. 7 the separate
visualization of the chloroplast and the nuclear
DNA material in the algae Closterium moniliferum.
Finally in Fig. 8 the use of gold beads as markers
in reflection is demonstrated. The location of the
gold beads within this thick section of tissue can
be very well discerned. The combination of gold
beads plus reflection imaging has the advantage
over fluorescing probes that often a much stronger
signal 1is acquired, while bleaching
effects occur.

also no

Comments and Conclusions

Above we have presented some results of con-
focal microscopy as applied to three—dimensional
imaging. A great virtue of the technique is that,
once the apparatus is available, it is relatively
easy to use and gives fast results. In contrast,
techniques based on standard methods in 1light
microscopy involve many operations: sectioning (if
thick material is to be studied), photographing
the object at various levels, digitizing the ima-

ges, aligning the images, etc., before 3-D pro-
cessing can begin. In addition, a type of
iterative preprocessing may be necessary to

improve the quality of the starting images by com—
pensating for the influence of neighbouring object
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planes (Agard and Sedat, 1983). A comparable
situation exists if electron microscopy is used
where, in addition, a large number of thin sec-
tions must be cut. The 1latter technique is of
course necessary if very high resolutions are
required, but if the improved imaging properties
of confocal microscopy suffice, a tool has become
available that can produce 3-D images in a few

minutes. The results presented were all based on
sections digitized on a 256 x 256 raster.
Collecting the data from one section takes 5

seconds (longer if noise if reduced by averaging)
so that with the newly added processing facility
(see below) a stereoscopic view, based on 10 sec—
tions, can be produced in about one minute.

Very promising for the study of structural
organization of multiple cell components is the
use of different markers within the specimen. With
the present day immunolabelling techniques, highly

specific markers for certain proteins, etc., can
be developed and then coupled to specific
fluorochromes or gold beads. Then, by a com-

bination of 3-D data sets taken in reflection and
fluorescence at different wavelengths, we can
build up an integrated image representing the spa-
tial organization of the various substances in the
specimen. Use of colour in the stereoscopic images
will be useful to identify the respective struc-
tures.

Brakenhof f
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Figs. 6 a, b. Stereoscopic
image pair of the 3-D
structure of mayonnaise.
Visible is the fluorescent
network of Nile Blue,
dissolved in water,

surrounding dark-looking
globules with the fat com—
ponents. The images are
constructed from 16
sections 3.2 um  apart,
taking the maximum along
the sight 1line. Fig. 6c¢c
shows a series of 8 trans-—
verse cuts close to each
other (see text) through
the stack of optical sec-
tions while 6d presents one
of the sections from which
these images were con-
structed. Bar = 30 pm.

Future developments will be partly to facili-
tate an even easier and more effective use of the
instrument by the user. With the addition of a new
system based on a fast 68020 32-bit processor, it
has recently become possible to present the
stereoscopic image to the user a few seconds after
acquisition of the image data. This makes it
possible to use the 3-D information directly for
specimen evaluation. However, we think that the
main develcpment of the instrument will be in the
utilization of the 3-D data sets for image quan-
tification and image analysis. Often specific
software will be needed per type of specimen, in
order to identify and quantify the desired biolo-
gical structures and substances. The system
recently added is therefore organized so that spe-
cific processing algorithms can be incorporated
very easily into the system, if necessary written
by the user himself in a high level language like
Pascal.

In the above we think that we have
demonstrated the power and versatility of
3-dimensional 1imaging based on the confocal
optical principle coupled to a computer system. As
the examples given indicate, there is a broad
field of application in biology and food-
structural studies. We expect that the wvarious
properties presented above, especially ease of
use, will make confocal microscopy in the form we
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Figs. 7 a and b show a
stereoscopical image pair
with fluorescent detection
band set by the
spectroscopic element in
the range of 600-650 nm,

while Figs 7 c. and d. show
the same object with a
detection band of 525-575
nm. Fluorescence exitation
at A = 413 nm. Pair (a, b)
is from the same location
in the object as pair (c,
d). The object is the algae
Closterium moniliferum and
its chloroplast (pair a, b)
is imaged by autofluores-
cence of the photo synthet-
ic pigments inside, while
fluorescence of the nucleus

(pair ¢, d) is due to the
vital DNA stain DAPI. Bar =
10 pm.

Fig. 8. A stereoscopic

image pair of a 10 ym thick
section of an embedded rat
embryo. In this section the

endocytotic vacuoles are
marked by small (12 nm)
gold beads. In this
reflection image, the gold
beads, or clusters of them,
show up as small high
intensity spots, while the

more diffuse scattering of
the tissue material forms a

lower intensity, but still
visible background. Bar =
10 ym.

have discussed an important tool for study of the
spatial organization of specimens from those
fields.
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Discussion with reviewers

G. Albrecht-Buehler: How does the system deal with
the algorithm generated by cover—-glass embedding
medium, etc? How much does astigmatism influence
the resolution?

Authors: Due to the fact that nearly the whole
light path from objective lens to object is in
media of refractive index with a value of (or very
close to) n = 1.515 (i.e., immersion o0il and
carrier glass), we do not expect any astigmatism
from these causes as the immersion lenses used are
designed for operation under those conditions.
Only when traversing an embedded specimen, having
a different refractive index, one may expect some
influence. The limitations for this were indicated
in Brakenhoff et al. (1981) In practice, we see
that with our high N.A. system, we do not find an
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appreciable reduction of resolution up to penetra-
tion depths in the specimen of 20-30 um. A
distance sufficient for examination at full reso-
lution of the 3-dimensional structure of many
biological preparations. At greater depths (we
have worked up to depths of 100-150 wum) a
gradually increasing loss of detail is discerned.

G. Albrecht-Buehler: What is the size of the
mechanical distortions of the mechanical scanning
device? Does the electronic display correct them?
Authors: No effort has been made to correct these
distortions, although technically possible, by
electronic means. The distortions within the image
are limited to about 5%. The response measurements
were calibrated for a specific condition with the
help of calibration replica with 463 nm line
spacing.

A.Boyde: What is the limit of sensitivity for your
type of microscope?

Authors: In confocal microscopy the effective
imaging properties are a product of the illumina-—
tion conditions and the detection conditions. Now
in on-axis confocal microscopy, the illumination
distribution can be made very close to optimal, as
one can work with very small illumination pinho-
les. Due to the used laser light sources, always
sufficient illumination intensity can be produced.
In the detection step of the generated reflection
or fluorescence radiation one can choose in on-
axis and in off-axis scanning, but not in Tandem
Reflection Microscopy, the specific size of
pinhole for the result desired. Optimal resolution
can be realized with a small pinhole with as a
penalty low signal collection efficiency. If no
sufficient signal is available, one can employ a
somewhat larger pinhole. We have noted that reso-—
lution both lateral and axial is only marginally
affected for pinhole sizes up to half the measure
of the Rayleigh resolution, projected in the
detection plane. The sensitivity of the instrument
is determined by the above-mentioned aspects; the
quantum efficiency of the detectors used (in our
case 5-20 response photomultipliers) and of course
the transmission properties of the optical ele-
ments. The 1limits of sensitivity are finally
determined by the overall quantum efficiency of
the system.

C.J.R. Sheppard: Are all the stereo pairs produced
by processing 10 planes of data? Is there a limit
to the number of planes you can handle? How many
pixels are there in the axial section of Fig. 6 c?
Authors: No, the stereo pairs are produced by pro-
cessing varying numbers of data planes. In the
images shown, it varies between 6 and 16. The
limit in the number of data planes is basically
unlimited, data are stored on disc plane by plane.
In practice more than 16 slices are hardly ever
necessary. In fig. 6c there are 16 pixels in the
axial direction.

C.J.R. Sheppard: What 1is the application of
assigning a minimum value along a viewing line?

Authors: The idea behind this facility is that in
this way one can visualize "holes"” inside other-—

wise solid structures not readily visible with
either the maximum or summation routine.




	3-Dimensional Imaging of Biological Structures by High Resolution Confocal Scanning Laser Microscopy
	Recommended Citation

	tmp.1606839975.pdf.HnbcT

