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Summary

Fluorescent probes are becoming ever more widely used in the study of subcellular structure, and determination of their
three-dimensional distributions has become very important. Confocal microscopy is now a common technique for overcoming the
problem of out-of-focus flare in fluorescence imaging, but an alternative method uses digital image processing of conventional
fluorescence images—a technique often termed ‘deconvolution’ or ‘restoration’. This review attempts to explain image
deconvolution in a non-technical manner. It is also applicable to 3-D confocal images, and can provide a further significant
improvement in clarity and interpretability of such images. Some examples of the application of image deconvolution to both

conventional and confocal fluorescence images are shown.

Introduction

Optical microscopy is centuries old and yet is still at the
heart of much of modern biological research, particularly
in cell biology. The reasons are not hard to find. Much
of the current power of optical microscopy stems from
the availability of an almost endless variety of fluorescent
optical probes —antibodies for immunofluorescence,
tagged and fluorescent nucleotide probes for in situ
hybridization, and reporter dyes which monitor the
intracellular levels of an ever-increasing number of bio-
logically active molecules and ions. The resolution of the
technique —about half the wavelength of the light
used —allows a great deal of interesting and rapid obser-
vation at the cellular and subcellular level. Importantly,
light is often relatively non-destructive to biological
materials, and with skill, perseverance and some luck,
many observations, even of fluorescently labelled probes,
can be carried out on living cells. This has spawned yet
another acronym —FACS (Fluorescent Analogue Cyto-
chemistry) — where fluorescently labelled analogues of
biological molecules, usually proteins, are introduced by
microinjection or other means into living cells for obser-
vation by epifluorescence microscopy. When coupled
with the introduction of various biological effectors, often
‘caged’ for later release by a pulse of UV light, a huge
variety of very specific manipulations and observations
become possible —biochemistry in single cells.
However, it is a law of nature, or perhaps of human
nature, that the most interesting information is just
beyond what is observable, and this has led to attempts
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to alleviate the resolution limits of optical imaging. The
most obvious resolution limit is due to the wavelength
of the light used —about 0.25 um in general. This limi-
tation can clearly be overcome by non-conventional
optical imaging such as near-field microscopy; whether it
can be exceeded in conventional microscopy (‘super-res-
olution’) has been very controversial (see e.g. Cox ef al,
1982; Inoue, 1989). I shall not be directly concerned with
this limitation in this review. A resolution degradation
which can certainly be at least improved, if not entirely
eliminated, is the ‘out-of-focus blur’. In addition to the
structural information originating from the plane of focus
of the microscope system, in a conventional optical
microscope, there is a substantial contribution from
adjacent parts of the specimen either side of this plane.
The further away from the plane of focus, the more the
high-resolution components of the image are attenuated.
The total image at a given level of focus from a
three-dimensional object is thus not a true section
through the object, but neither is it a true projection. This
makes detailed interpretation very difficult. In the case of
dark-field imaging modes, such as epifluorescence, the
out-of-focus parts of the image are very intrusive, and
often give a large background flare. The fine image detail
in the actual focal plane is seen as a relatively small
modulation on top of this background, and can even be
substantially swamped out by it. Confocal microscopy is
the most widely used technique for alleviating this
problem. An alternative approach, which was actually
applied to biological problems before biological confocal
microscopes were available, is to use digital image
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processing of the conventional optical images (often now
called ‘wide-field images’ to distinguish the imaging from
confocal) (Castleman, 1979; Agard & Sedat, 1983). This
procedure is generally called ‘deconvolution” or ‘deblur-
ring’, and will be the subject of this review. I shall also
show that deconvolution can usefully be applied also to
confocal images, since confocal imaging alone is not a
complete solution to the out-of-focus blur and attenuation
of the fine image detail.

The point spread function and deconvolution

Deconvolution, often termed ‘restoration’, is a technique
which has been developed and used in a wide variety
of fields from one-dimensional spectroscopy to three-
dimensional biomedical imaging. It has probably been
most rigorously and carefully applied in the field of
astronomy, perhaps because so much expense and time
are spent in acquiring astronomical images. The Hubble
space telescope is a much-publicized recent example;
the lens aberration which was inadvertently left in the
telescope mirror degraded the resolution, and before
the recent successful optical correction of the defect, a
good deal of effort was made to apply deconvolution
techniques very similar to those described below to
compensate for at least some of the aberration. Although
it is certainly better to remove the aberrations in the
optical system, it will be interesting to know how
successful the deconvolution approach proved when a
comparison can be made with the subsequent optically
improved images.

In order to devise a soundly based reversal of the
image degradation introduced by the optical system, it is
necessary to be able to describe the relation between the
specimen and its optical image in mathematical terms. The
interested reader is referred elsewhere for more rigorous
derivations (Agard ef al., 1989; Young, 1989; Shaw, 1993;
van de Voort & Smeulders, 1993), but it turns out that
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within some very general limitations, the object (speci-
men) and image are mathematically simply related by an
operation known as convolution. In a convolution, every
point of the object is replaced by an appropriately blurred
point and the final image is then the sum of all these
blurred points. (For a more thorough introduction to
convolution, the interested reader is referred to standard
textbooks on image processing, e.g. Gonzalez & Wintz,
1977; Castleman, 1979.) The way each individual point
is blurred is determined by the point spread function (PSF)
which is simply the image of a single point. This is
illustrated in a diagram in Fig. 1. The conditions that
must be met are that the imaging should be linear — that
is, the whole image is the sum of the images of the
parts — and shift-invariant — that is, the point spread func-
tion is the same over the whole field of view (Young,
1989). Clearly, some types of optical images do not obey
these conditions. For example, phase-contrast and DIC
are not linear, since the contrast depends on differences
within the object, either of phase or phase gradient, but
fluorescence and bright field imaging do obey these
conditions to a good approximation.

Having established that the imaging can be described
by a convolution, we can consider reversing the pro-
cess — deconvolution. First, however, we need a measure-
ment of the relevant point spread function. This may be
calculated theoretically for the imaging arrangement used
(Stokseth, 1969), or alternatively may be measured di-
rectly from images of sub-resolution fluorescent beads in
the case of epifluorescence microscopy (Hiraoka ef al,
1990; Shaw & Rawlins, 1991). Both approaches have been
used in biological studies, but my preference is to use
a directly measured PSF. In the case of conventional
wide-field microscopy, the in-plane part of the PSF is
simply the Airy disc. However, since we are dealing with
three-dimensional images, we need the three-dimensional
PSF, which is considerably more complicated. Figure 2a
shows a measurement of a wide-field PSF, made from the
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Fig. 1. Diagrammatic illustration of the effect of optical imaging as a convolution of object with the microscope point spread
. function. (a) A single point is replaced by the PSF. (b) Each point in an extended object is replaced by a weighted copy of the
PSF. The resultant image is the sum of all the blurred points —a mathematical process known as ‘convolution’.
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epifluorescence image of a single bead. The Airy rings
should expand away either side of the focal plane in a
biconic shape. (Figure 2a shows a vertical cross-section
parallel to the optical axis.) In practice, as in this
measurement, the out-of-focus component is often much
stronger one side of focus than the other. This is due
to spherical aberration. There may be some spherical
aberration inherent in the objective, but good modern
objectives are usually well-corrected. However, oil-
immersion objectives such as this one are generally
calculated to be optimal when imaging an object immedi-
ately beneath a cover-glass of the correct thickness. Often
biological specimens are thick, and an extra optical
pathlength is introduced through a layer of glycerol,
water or other mounting medium. This introduces aberra-
tions. Figure 2b shows the equivalent PSF for the same
objective used in a confocal microscope. Notice that the
expanding rings are much reduced; this seemingly minor

difference is another way of looking at the better

out-of-focus rejection of the confocal microscope. How-
ever, notice also that even the confocal PSF has some
problems — the resolution is still about three times worse
in the direction of the optical axis (usually called z) than
in the focal plane.
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Since the image can be considered as having been
produced by substituting each point of the object with a
(weighted) copy of the PSF at that point and adding
everything together (i.e. convolution of the PSF with the
specimen), it should be intuitively clear that the process
could be reversed in principle if one knew the PSF and
the image accurately enough. To understand how this can
be done, it is helpful to take a simple transformation of
the object and image — specifically the Fourier transform
(this is very closely related to the diffraction pattern of
the object and image). This consists of all the spatial
frequency components that when added together make
up the image. High spatial frequencies correspond to fine
image detail, low spatial frequencies to coarse detail. We
may think of fine image detail as being made up of sine
waves of short periodicity, and coarse detail as sine waves
of long periodicity. A mathematical result, which I shall
not prove here (see, e.g. Goodman, 1968), shows that the
Fourier transform of a convolution of two functions is
simply the product of the Fourier transforms of the two
functions. This means that the Fourier transform of the
image (the convolution of the object or specimen with the
PSF) is simply the product of the Fourier transform of
the object with the Fourier transform of the PSF. This

Fig. 2. Actual PSFs from conventional and confocal fluorescence imaging measured from the 3-D images of single sub-resolution
fluorescent beads. The beads were 0.1 pm in diameter and were labelled with a fluorescein derivative. The excitation wavelength
was 488 nm and the detection was centred around 525 nm. The PSFs are displayed as central sections cut parallel to the optical
axis (z) and the x—y radial axis (r). The 3-D PSFs are solids of revolution produced by rotating these x—z sections about the z
axis. In each case the objective used was a 63 X oil-immersion plan-apochromat (NA 1.4). The square root of the intensity has
been taken in each case, so as to increase the visibility of the fainter out-of-focus components and emphasize the difference between
the conventional and confocal PSFs. (a) Conventional epifluorescence PSF. Note the lobes well away from the central field plane.
Note also that this PSF has considerable axial asymmetry, the out-of-focus components extending much further below than above
the centre. This is due to spherical aberration. (b) Confocal epifluorescence PSF for the same objective lens as in (a), with an optimal
detector aperture (less than the diameter of the Airy disc). The main difference is the great reduction in the out-of-focus components.
However, the resolution in the z direction is still much worse than in the x—y plane. Note also that the asymmetry present in
the conventional PSF is substantially improved, because most of the asymmetry is in the out-of-focus components, which are much
reduced in the confocal PSF. Bar =1 pm.
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latter function is usually called the optical transfer func-
tion (OTF). Each spatial frequency that comes from
the specimen is multiplied by the value of the OTF at
that frequency. A perfect, ideal OTF for a hypothetical
microscope with infinite resolution would have a value of
1 over the entire plane. In practice the OTF decreases to
zero at the maximum spatial frequency transmitted by the
microscope. This in turn is determined primarily by the
numerical aperture or angle of acceptance of the objective
lens and the wavelength of the light used. Think of the
specimen as a diffraction grating; the light emerging from
it is then a series of diffracted beams at different angles.
The highest order diffracted beam that can pass through
the objective is determined by its angle of acceptance.
The OTF can be considered as a masking function placed
over the theoretically infinite series of diffracted beams
which lets through just those beams which are accepted
by the objective lens system.

The OTFs corresponding to the PSFs from Fig. 2 are
shown in Fig. 3. From this figure it can be seen that the
OTF produces mainly an attenuation of the high spatial
frequencies. The confocal and conventional OTFs differ
mainly in the attenuation of low spatial frequencies in the
z direction. There is a ‘missing cone’ of information near
the z axis (the optical axis) in the conventional OTF
(Fig. 3a). This is another way of looking at the lack of z
resolution and resulting out-of-focus blur. In the confocal
OTF this region s filled in, so confocal imaging has much
reduced out-of-focus blur. However, even in the confocal
case, there is considerable attenuation of the high spatial
frequencies. Furthermore the maximum spatial frequencies
in z, the direction of the optical axis (vertical in Fig. 3)
are about one-third the resolution of those in the plane
of focus.

We wish to have a true reconstruction of the object,
but all that can be measured is the degraded image. As
the image Fourier transform is the object Fourier trans-
form multiplied by the OTF, it should be possible to
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recover the object transform simply by dividing the
image transform, point by point, by the OTF; inverse
Fourier transformation would then produce an unblurred,
undegraded image. Unfortunately this is made impossible
by the inevitable presence of noise in any real image. Each
spatial frequency has an associated noise component, and
at high spatial frequencies this can be very large. In these
regions, the OTF has a very small value — very much less
than 1—and so dividing by the value of the OTF will
greatly magnify the noise, often to a degree which makes
the reconstructed image meaningless. A standard way of
avoiding this is the Wiener filter, where an extra noise-
dependent factor is added to the OTF values, so that in
noisy regions the divisor is larger, and the noisy com-
ponents are not boosted (see e.g. Andrews & Hunt, 1977;
Gonzalez and Wintz, 1977). However, this often has the
effect of rejecting genuinely useful information so that the
reconstructed image is of lower resolution than necessary.

This problem of restoring noisy data is a common one
to many fields in spectroscopic, optical and medical
imaging. The most powerful methods of solution apply
‘constraints’ to the solution, typically requiring the result
to be positive and smooth — physically reasonable re-
quirements. A simple way to visualize this is to consider
fitting a curve to some noisy data points. If the curve
is allowed to have many parameters it can pass right
through all the points, but may well contain wild and
meaningless oscillations in regions away from the points.
If we put some constraints on the curve, such as
preventing physically meaningless values, or ensuring a
certain degree of smoothness, then the curve may not
pass exactly through any point, but will be near them all,
and will be a more reasonable and ‘believable’ solution.
This is the basis of constrained deconvolution methods.
They are invariably more complex and time-consuming
to compute than the simpler methods, and usually require
multiple rounds of iterative approximation to the recon-
structed image. However their power, and the rapidly

Fig. 3. Conventional and confocal optical transfer functions (OTFs) calculated from the PSFs in Fig. 2. As in Fig. 2, the OTFs
are showed as central sections parallel to the optical axis (z) and the radial (x—y) axis, and the 3-D functions are radially symmetric
about the optical axis. Note the ‘missing’ region near the z axis in the conventional OTF, which is filled in in the confocal OTF.
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decreasing cost of computing, make them the most
attractive option for 3-D image deconvolution. The
examples we show here are all calculated by the con-
strained, iterative method developed by Jansson (Jansson
ef al, 1970), and later by Agard and colleagues (e.g.
Agard ef al., 1989). There are many different methods for
this type of restoration. The best current methods take a
much more rigorous statistical view of the signal, the
noise, and of what is the most likely object to have given
rise to the observed image (see e.g. Frieden, 1984; Holmes
& Liu, 1992). So far, however, these methods are exceed-
ingly time-consuming for large three-dimensional images.
We think that the Jansson method represents a good
compromise between rigor and computation for the types
of work-stations currently available.

A deblurring algorithm which has been often quoted
is the 'nearest neighbour algorithm’. I shall describe it
briefly here. It was devised by Castleman (1979) at a time
when the three-dimensional deconvolution problem was
beyond the power of virtually all available computers. It
attempts to reduce the 3-D problem to a series of 2-D
calculations, each focal section being considered individ-
ually. The neighbouring focal sections either side of the
section in question are then taken as an approximation to
the real image structure either side and their blurred
images are assumed to be an estimate of the additional
out-of-focus light added to the focal plane in question. A
fraction of these blurred neighbouring sections is then
subtracted from the image of this focal plane. However,
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the assumptions are questionable, and the procedure
generally approximates a simple high-frequency enhance-
ment. Furthermore, it is susceptible to the effect of slight
differences in scaling and alignment between successive
focal planes. For these reasons, and because of the
uncertainty of the actual effect of the procedure, the more
clearly defined restoration schemes mentioned above are
preferable.

Some practical examples

All the examples shown here were calculated using the
Jansson—van Cittert method described by Agard ef al
(1989), implemented on a Titan unix-based work-station.
The conventional images were measured using a Photo-
metrics CCD camera with a Kodak KAF 1400 chip cooled
thermoelectrically to —35°C, and the confocal images
were measured with a Biorad MRC500 confocal micro-
scope. ‘

Figure 4a shows a series of focal sections of a Vicia faba
nucleus labelled with the DNA dye DAPI and imaged by
conventional epifluorescence microscopy. The entire 3-D
data set contained about 30 sections. In Fig. 4b the
equivalent selected sections are shown after deconvolu-
tion of the 3-D data using a measured PSF. Note that the
background flare has been largely removed and the fine
image detail is seen much more clearly with greater
contrast. The deconvoluted image is equivalent to what
might be produced by a confocal microscope.

Fig. 4. Deconvolution of conventional epifluorescence images. Fluorescent labelling and detection as in Fig. 2. Three consecutive
focal sections of a very early GI nucleus from root tissue of Vicia faba stained with the DNA dye DAPI are shown. (a) Original
fluorescence images (collected with a cooled CCD camera) selected from a full 3-D data set. (b) The same sections after 3-D
deconvolution of the original data set. The background flare has been substantially reduced and the fine detail is much more
apparent. The original data were collected at a z spacing of 0.4 pm. Deconvolution took approximately one hour on a Titan work

station. Bar = 2 pm.



692

SHAW

Fig. 5. Deconvolution of confocal images. Three selected focal sections from a full 3-D series are shown. The specimen is pea
(Pisum sativum) root tissue, with fluorescent in sifu labelling using an anti-sense single-stranded RNA probe for the ribosomal
5SRNA sequence. The ‘cartwheel’ structure represents the 5S transcripts in the nucleolus, the spots are clusters of 55 genes outside
the nucleolus in the nucleus. (a) Original confocal data. (b) The same sections after 3-D deconvolution. The fine image detail is
improved, and in several cases the nuclear gene clusters are resolved into two close spots, showing the nucleus is in G2. The
fluorochrome was fluorescein, the original focal sections were collected at a z spacing of 0.4 pm, and deconvolution took
approximately one hour. (From Highett et al, 1993b.) Bar= 5 um.

In Fig. 5a some selected sections of a full confocal 3-D
data set are shown. The specimen is a thick root tissue
slice (from Pisum sativum), which has been labelled with
a single-stranded antisense RNA probe to the 5S genes.
The probe had digoxygenin incorporated by in vitro
transcription, and was detected by a fluorescein-linked
secondary antibody (see Highett ef al.,, 1993b for details).
Heat denaturation was used to reveal the sites of the gene
clusters (the small spots) and the bright labelling in the
spherical nucleolus shows the distribution of the 5S
transcripts in the maturing pre-ribosomal particles. In
Fig. 5b the equivalent sections are shown after de-
convolution. The procedure has substantially increased
the clarity of the fine image detail over what can be seen
in the initial confocal images. In particular, note the
clearly resolved doublets at the sites of the gene clusters,
showing that the cell is in G2 and has replicated its DNA.

As a final example, we show a comparison of conven-
tional and confocal imaging of a single specimen, which,
again, is pea root tissue labelled by fluorescent in situ
hybridization, this time using a sense RNA probe to the
rDNA genes in the nucleolus (see Highett ef al, 1993a
for details). Figure 6a shows four sections from the full
3-D set imaged with conventional optics, and Fig. 6b
shows the same sections after deconvolution using a
measured wide-field PSF. In Fig. 6c the equivalent sections
from the same specimen measured using confocal mi-
croscopy are shown. They are remarkably similar to the

deconvoluted conventional images in Fig. 6b, which gives
some confidence in the validity of both techniques, and
in the degree to which the finest image detail is meaning-
ful. However, the deconvoluted confocal data shown in
Fig. 6d again shows a significant improvement on the
initial confocal data. As assessed by visual inspection,
there is an improvement in the contrast and resolution of
the finest structures, both in the plane of the section, and
in the direction of the optical axis.

Conclusion

There has been much discussion about the relative merits
of conventional and confocal microscopy (see e.g.
Pawley, 1993; Sandison ef al., 1993; Shaw, 1994). It is clear
from our studies and those of others that deconvolution
of conventional fluorescence images can often produce
results that are comparable to, or sometimes better than,
confocal images. Confocal microscopy works by exclud-
ing the out-of-focus light from measurement —in effect
throwing it away. However, it is still light which has been
emitted by the specimen and it has still had its part in
damaging and bleaching the specimen. In conventional
microscopy all the light is measured and deconvolution
techniques attempt to put the out-of-focus light back into
the parts of the image where it came from. Adding the
out-of-focus background to the in-focus light increases
the noise associated with the measurement of the in-focus
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Fig. 6. Comparison of conventional and confocal imaging and deconvolution. The same specimen was imaged by conventional
epifluorescence (CCD) and confocal microscopy, then each 3-D data set was deconvoluted. The specimen was pea root tissue,
labelled by fluorescent in sifu hybridization to the rDNA, which is located in and around the nucleolus. Four bright peripheral
masses of condensed chromatin are visible around the nucleolus which contains widely dispersed punctate staining which must
include the transcriptionally active rDNA genes. (a) Conventional epifluorescence images. (b) Conventional data after
deconvolution. (c) Confocal data — note the close similarity to the deconvoluted data in (b). (d) Deconvoluted confocal data. The
fine image detail and contrast is the best of all in these images. (From Highett ef al, 1993a) Bar=2 pm.

image even with perfect deconvolution, however. Thus,
whether it is worth including the out-of-focus light
depends on how much real structural information it
carries relative to the noise it introduces. Which technique
is ‘best’ depends to a large extent on the characteristics
of the specimen being imaged. For example, detectors
such as low light level CCD and intensified cameras are
capable of imaging at light levels below the capabilities
of current confocal microscopes. Furthermore, conven-
tional imaging does not require laser illumination and so
is not restricted to the limited laser wavelengths available.
Self-luminous objects, such as bioluminescent probes,
cannot be imaged in a confocal configuration. In these
cases, deconvolution can substantially alleviate the out-
of-focus problem, and improve the contrast of the fine
image detail. On the other hand, confocal imaging is

often the best way to collect data from thick fluorescent
specimens. The thicker the specimen, the more out-of-
focus light is added to the in-focus image; in the worst
cases, the in-focus image is comparable to or less than the
measurement noise in a conventional image and is lost,
whereas the confocal arrangement can exclude the out-
of-focus light and vastly increase the signal to noise ratio
of the detail in the focal plane. We have shown that
deconvolution can also be applied to confocal images, and
can increase the clarity and contrast of image detail
further still.

Does deconvolution actually increase the resolution of
the images? If deconvolution was available as a simple
switch or knob on a microscope, it would probably be
regarded as a means of increasing the resolution. How-
ever, it would be wise to be more cautious. What is
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actually achieved is a reversal of the resolution-dependent
attenuation in the image. Although the resolution limit in
a conventional microscope is somewhere around half the
wavelength of the light used (depending on the definition
of resolution adopted), the contrast transmitted by the
microscope at and near the limit is a very small pro-
portion of the contrast originally present in the specimen.
Thus the observable resolution in a typical specimen might
be not even close to the optical resolution limit, unless
there are very strong image components at these spatial
frequencies. Image deconvolution attempts to restore
the various spatial frequency components to something
nearer what they were in the original object before being
attenuated by the optical system. Rather than saying that
deconvolution increases the resolution, it would be more
correct to say that it allows us to make better use of the
information that the physics of the optical microscope,
conventional or confocal, allows us.
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