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Comparison of Widefield/Deconvolution and Confocal
Microscopy for Three-Dimensional Imaging
Peter J. Shaw

INTRODUCTION
The biggest limitation inherent in optical microscopy is its lateral
spatial resolution, which is determined by the wavelength of the
light used and the numerical aperture (NA) of the objective lens.
Another important limitation is the resolution in the direction of
the optical axis, conventionally called z, which is related to the
depth of field. The presence of a finite aperture gives rise to undesirable and rather complicated characteristics in the image. In
essence, the depth of field depends on the size of structure or
spatial frequency being imaged. Fine image detail, which is generally of most interest, has a small depth of field, and only features
within a small distance of the focal plane contribute to the image.
On the other hand, large structures — low spatial frequency components — have a relatively large depth of field, and contribute to
the detected image seen at distant focal planes. This is very noticeable in dark-field imaging modes, such as epi-fluorescence, and
means that the fine image detail may be swamped by low resolution “out-of-focus” light and thus either lost, or visualized with
very much reduced contrast.
The principle advantage of confocal microscopy for biological imaging is that the optical arrangement has the effect of eliminating much of the out-of-focus light from detection, therefore
improving the fidelity of focal sectioning (and hence the threedimensional imaging properties), and increasing the contrast of
the fine image detail. But the rejection of the out-of-focus light
necessarily means that a proportion of the light emitted by the
specimen is intentionally excluded from measurement. All illumination of the specimen has deleterious effects — bleaching of the
fluorochrome or phototoxicity to living cells. These specimendependent factors are the ultimate limitation to the quality of the
image, and inevitably confocal imaging does not detect much of
the emitted light.
An alternative way of removing the out-of-focus light involves
recording images at a series of focal planes using a conventional
microscope, often called widefield (WF) to distinguish it from
confocal imaging, and then using a detailed knowledge of the
imaging process to correct for it by computer image processing.
This procedure is called deconvolution, and its application to biological problems actually preceded the widespread introduction of
biological confocal microscopes (Castleman, 1979; Agard and
Sedat, 1983; Agard et al., 1989). In contrast to confocal imaging,
up to 30% of the total fluorescent light emitted by the specimen
can be recorded (i.e., all the light that can be collected by a single,
high-NA objective). This chapter examines the question: Is it
better to record all the light emitted and process the WF images to

redistribute the out-of-focus light to produce a more accurate threedimensional (3D) image, or to exclude the out-of-focus light from
measurement in the first place by confocal optics and then deconvolve the confocal data?

THE POINT SPREAD FUNCTION: IMAGING AS
A CONVOLUTION
In order to derive a soundly based description of the degradation
introduced by an optical microscope, especially if any attempt is
to be made to reverse this degradation, it is necessary to be able
to describe the relation between the specimen and its optical image
in mathematical terms. We shall give here a very condensed explanation — the interested reader is referred elsewhere for more rigorous mathematical derivations (Agard et al., 1989; Shaw, 1993;
Young, 1989; and Chapters 20, 21, 22, 24, and 25, this volume).
Within some quite general limitations, the object (specimen) and
image are related by an operation known as convolution. In a convolution, each point of the object is replaced by a blurred image
of the point having a relative brightness proportional to that of the
object point. The final image is the sum of all these blurred point
images. The way each individual point is blurred is described by
the point spread function (PSF), which is simply the image of a
single point. This is illustrated diagrammatically in Figure 23.1.
The conditions that must be met for an imaging process to be
described as a convolution are that it should be linear and shift
invariant (Young, 1989). Imagine cutting the specimen into two
parts and imaging each part separately with the microscope. If
adding these two subimages together produces the same result as
imaging the whole specimen, and does this irrespective of how the
specimen is cut up, then the imaging is said to be linear. If the
imaging is indeed linear, then the specimen can be imagined cut
up into smaller and smaller pieces, until the size of each piece is
well below the resolution limit, and can be considered to be simply
a point. The image is then the sum of the images of each of the
points, each multiplied by a function corresponding to the amount
of light coming from that point. The multiplication and summing
is represented mathematically by an operation called convolution.
Shift invariance simply means that the imaging characteristics and
thus the PSF are the same over the whole field of view, and
knowing one PSF is enough to characterize the imaging properties
of the microscope. (Agard et al., 1989; Shaw and Rawlins, 1991a).
Although imaging modes such as phase contrast and differential interference contrast (DIC) are not linear, because their contrast depends on differences of refractive index within the object,

Peter J. Shaw • John Innes Centre, Colney, Norwich NR4 7UH, United Kingdom
Handbook of Biological Confocal Microscopy, third edition, edited by James B. Pawley, SpringerScience+Business Media, New York, 2006.

453

PHC23 10/11/2005 6:15 PM Page 454

454

Chapter 23 • P.J. Shaw
+•

È
˘
I[ f ¢( r )] = I Í Ú f (s )d( r - s )ds ˙
Î -•
˚
+•

=

A

Ú f (s)[d(r - s)ds]

-•
+•

=

Ú f (s)o(r - s)ds

-•

= g( r)

B

because I can be taken inside the integral from Equation 2, and
substituting from Equation 5. Thus, the image is the convolution
(ƒ) of the object with the point spread function. More concisely:
g( r ) = f ( r ) ƒ o( r )

C
FIGURE 23.1. Diagram showing how a single point is imaged as the PSF by
a microscope, and thus that the image of an extended object is the convolution
of the object with the PSF.

both WF and confocal epi-fluorescence microscopy are linear and
shift invariant processes to a good approximation (Young, 1989;
Wilson, 1993).
Restating the foregoing discussion mathematically, we will
denote the object as a function of position f(r) and the resulting
image as g(r), and represent the imaging operation by I:
I[ f ( r )] = g( r )

(1)

Mathematically, linearity means that a linear combination of
objects produces the same linear combination of images:
I[k1 f1 ( r ) + k2 f2 ( r ) + K] = k1I[ f1 ( r )] + k2I[ f2 ( r )] + K
= k1 g1 ( r ) + k2 g2 ( r ) + K

(2)

where k1 and k2 are constants, that is, the imaging operation is
applied individually to each component in the sum.
If linearity and shift invariance hold, the image of an object
may be described as the sum of the images of its parts. We may
approximate the object as closely as we like as the sum of points
of suitably weighted intensity. We denote a set of regularly spaced
sampling points by the “comb” function d(r - si) — a set of spikes
at the points si, spaced at Ds. Then the object can be represented
by the sum:
+•

f ¢( r ) = Â f (s i )d( r - s i )Ds

(3)
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or, in the limit:
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The image of each point d(r) is simply the point spread function
— we shall call it o(r): That is,
I[d((r) = o(r)
then,

I[d( r - s )] = o( r - s )

(5)

(7)

Convolutions are often more easily handled as Fourier transforms (FT). The convolution theorem shows that the FT of a convolution of two functions is simply the product of the individual
transforms of the functions. Thus, the FT of the image is given by
the multiplication of the FT of the object by the FT of the PSF
(usually called the optical transfer function or OTF),
G(S) = F (S)O(S)

and

(6)

(8)

where F(S), G(S), and O(S) are the Fourier transforms of f(r), g(r),
and o(r), respectively. Thus the FT of the image is the transform
of the object multiplied point-by-point by a weighting function. An
image processing operation of this type is often termed a filter.
The difference in the images produced by WF and confocal
imaging can be regarded simply as a difference in their respective
PSFs. In the WF case, both theory (Stokseth, 1969; Castleman,
1979) and measurement using subresolution fluorescent beads
(Hiraoka et al., 1988), show that the PSF has the form of concentric cones diverging either side of the focal plane; they intersect
the focal plane to give the Airy pattern of concentric rings. Figures
23.2(A) and 23.3(A) show an example of the widefield PSF for a
high numerical aperture objective (Leitz plan-apochromat, 63¥,
NA 1.4), determined from optical sections of subresolution fluorescent beads. Figure 23.2(A) shows some of the original WF
optical sections through a single fluorescent bead. The Airy disk
can be seen expanding into a series of concentric rings. In Figure
23.3(A), the raw data have been cylindrically averaged and
smoothed by fitting 3D spline functions to it. A central section
through the 3D PSF parallel to the optical axis is shown. The rings
constitute a diverging series of cones, which can be seen in section
as subsidiary maxima diverging away from the central focal plane.
In fact, the out-of-focus rings can often be detected extending
many micrometers either side of the central maximum if the data
is sufficiently accurate (see Hiraoka et al., 1988, 1990).
In the ideal case, the total integrated intensity at each out-offocus plane is the same as that at the focal plane, but in practice the
intensity level of a typical point object such as a small fluorescent
bead drops below the noise level of a charge-coupled device (CCD)
camera a few micrometers away from the focus plane. In the
absence of aberrations, the PSF has rotational symmetry about
the optical axis, and reflection symmetry about the plane of focus.
The PSF shown here is clearly far from being symmetrical in the
axial direction. This is due to spherical aberration and is very
common when imaging typical biological fluorescence specimens.
Microscope objective lenses are designed to image optimally a
specimen immediately beneath a coverslip of the correct thickness.
Typical specimens used in 3D biological microscopy are rather
thick, and so there is an additional optical path length through a
layer of water, glycerol, or other mounting medium that leads to
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FIGURE 23.2. Sections through measured WF (A) and confocal (B) PSFs. The objective lens was a planapochromat 63¥, NA 1.4 (Leitz). Confocal detector
aperture size was 0.7 Airy units. In order to emphasize the fainter components, the square root of the intensity is shown. Spacing between sections (z) is 0.4 mm.
Bar = 1 mm.

increased spherical aberration (Chapters 7 and 20, this volume).
Hiraoka and colleagues (1990) have shown that this can be compensated for, to some extent, by modifying the refractive index of
the immersion oil and computer-controlled “add-on” optical
systems are now available for the correction of this error.
Departures from rotational symmetry have also been noted
(Hiraoka et al., 1988), due either to misalignment of the illumination system with the microscope optical axis or to misalignment
of the optical surfaces within the objective itself. (See Chapters 11
and 20, this volume, for a more complete discussion of the effect
of various aberrations on confocal imaging.)
The usual way to measure a WF image is by means of conventional epi-fluorescence optics. The entire specimen is illumi-

nated, ideally by filling the back aperture of the objective with light
emanating from an extended, perfectly uniform light source. The
importance of the light source has received much less attention in
epi-fluorescence imaging than in transmitted light imaging such as
DIC (Inoué, 1986), but it is equally important to obtain a uniform
PSF (see Chapter 6, this volume). The resulting image is projected
by suitable relay optics onto an image detector. Currently, scientific-grade, cooled CCD-array cameras are the best image acquisition devices for this type of microscopy (Hiraoka et al., 1988;
Aikens et al., 1989). It has also been shown that a type I scanning
microscope, in which only a single aperture is used, is equivalent
to the WF arrangement (Sheppard and Choudhury, 1977). In
theory, opening the detector aperture of a confocal laser scanning

FIGURE 23.3. The PSFs shown in Figure 23.2 have
been fitted by 3D cubic splines and cylindrically averaged. In each case a central x,z section is shown. The
square root of the intensity is shown, and false gray level
contouring has been used. The direction of the optical
axis is vertical. The divergent cones are clearly seen in
the WF data, but much reduced in the confocal data. (A)
widefield PSF, (B–D) confocal PSFs with different
detector apertures; (B) 4.3 Airy units, (C) 2.5 Airy units,
(D) 0.7 Airy units. The optical axis is vertical, the radial
axis is horizontal.
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microscope (CLSM) infinitely wide should produce the same
imaging as WF optics. In practice, it is not possible to have a large
enough effective detector aperture to obtain WF behavior; if this
were possible, the comparison between WF and confocal imaging
for a given instrument would be much easier. Currently, only the
non-descanned detectors, commonly found on single-beam multiphoton excitation fluorescent microscopes, closely mimic the
optics of an infinite detector diameter.
The form of the widefield PSF, in particular, the diverging
cones of subsidiary maxima either side of the focal plane, shows
why the out-of-focus components of the image extend a long way
either side of the focal plane; each point in the specimen is replaced
in the image by a suitably weighted copy of the PSF.
The degradation of the image can also be understood by considering the OTF, which is the FT of the PSF. The spatial frequency
components of the specimen, that is, the specimen Fourier transform components, are multiplied by the OTF to give the spatial frequencies transferred to the image. For example, where the OTF is
small at high spatial frequencies, the components of the specimen
that correspond to these frequencies are greatly attenuated in the
image. The widefield OTF has the form of a torus with a “missing
cone,” which corresponds to the attenuation of low spatial frequencies along the direction of the optical axis, and represents the
lack of resolution in this direction, that is, closely spaced, horizontal, planar features in this direction are not resolved.
Figure 23.4(A) shows a central section through the OTF
derived from the widefield PSF shown in Figures 23.2(A) and
23.3(A). The optical axis is vertical, and the full 3D OTF is the
torus produced by rotating the function shown about this axis.
Deconvolution seeks to reverse this attenuation and to restore as
far as possible the image spatial frequency components to their true
values. This has the effect of removing the out-of-focus contamination of the focal plane, giving truer focal sections, and also
restoring the in-plane high frequency attenuation suggested by the
form of the OTF. In addition, deconvolution strongly suppresses
any details that have spatial frequencies outside the OTF and that
may have arisen because of the effects of Poisson noise on the
intensity measurements in individual pixels.
In an ideal confocal microscope, light from a small illuminated
aperture is focused to a diffraction-limited spot in the specimen,
in effect producing a light distribution equivalent to the widefield
PSF. However, it should be noted that the focused spot from a laser
beam is not identical to the focused spot from a conventional light
source because of the Gaussian intensity profile of the laser source
(Self, 1983; Chapter 5, this volume). The light emerging from the
specimen is then spatially filtered through a second aperture — the
detector aperture or pinhole — that is also in a plane conjugate to
the focal plane and to the illuminating aperture. The effect of this
is to apply the PSF twice; thus the combined, confocal PSF is the
square of the widefield PSF. This reduces the intensity of the subsidiary maxima very considerably, particularly away from the
plane of focus. Therefore, the out-of-focus flare is substantially
reduced, and the images are much cleaner optical sections. Figure
23.2(B) shows confocal bead data and Figure 23.3(B–D) shows
confocal PSFs for the same objective as Figures 23.2(A) and
23.3(A), measured using three different settings of the detector
aperture (4.3, 2.5 and 0.7 Airy units respectively; see Shaw and
Rawlins, 1991b). The rejection of the light from the out-of-focus
rings is seen clearly by comparison with the widefield PSF [but
note that the confocal data in Fig. 23.2(B) is noisier than the WF
data, complicating the comparison]. The difference is also clearly
seen in the OTFs (Fig. 23.4). The “missing cone” is largely filled
in, although in-plane high frequency attenuation is still apparent,
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FIGURE 23.4. Central sections through the WF (A) and confocal (B–D) OTFs
derived from the PSFs shown in Figure 23.3. The optical axis is vertical, the
radial axis horizontal. The 3D OTFs are the solids of revolution about the
optical axis. In the WF case this gives a torus; in the confocal case, an approximate ellipsoid, the size of which varies inversely with pinhole diameter.

and the resolution in the direction of the optical axis (vertical in
Fig. 23.4) is 3 to 4 times worse than the in-plane resolution even
with the smallest pinhole setting.
In principle, the ideal confocal PSF shows a narrower peak in
the focal plane, and so should give slightly better in-plane resolution. However, the increase in in-plane resolution requires a very
small detector aperture and the consequent loss of light makes it
difficult to obtain good images from even the brightest fluorescent
biological specimens. In practical biological confocal microscopes, the detector aperture is generally adjustable. The larger it
is made, the more light is detected, but the more the imaging tends
towards WF optics. On the other hand, opening the aperture a little
way greatly increases the detected light and reduces the in-plane
resolution virtually to the WF case but still maintains muchimproved optical sectioning. For given assumptions about the
thickness and fluorochrome distribution in a sample, it is possible
to show that there is an optimum size that maximizes the signal to
noise ratio (S/N) obtained. (See Sandison et al., 1993; and Chapters 2 and 22, this volume.) The resolution implied by a PSF may
be quantified by measuring the peak width at half-maximum peak
height (FWHM), either in-plane (dxy) or along the optical axis (dz).
For the confocal PSF shown in Figure 23.4(D), dxy = 0.23 mm, and
dz = 0.8 mm. These values agree reasonably well with theory and
other measurements.
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Limits to Linearity and Shift Invariance
We need to bear in mind that deconvolution procedures are critically dependent on the assumptions of linearity and shift invariance. It is difficult to measure the extent to which linearity is
obeyed in a real imaging experiment. The most obvious reason that
might cause deviation from linearity in fluorescence microscopy
would be strong absorption effects; the image seen for a given
point might then depend on the way the incident beam interacted
with other parts of the specimen. Departures from shift invariance
are much easier to assess. They may arise across a field of view in
a microscope because of lack of flatness of field, or other image
plane aberrations. An example of a large field of view in a confocal microscope showing different bead images at different x,y positions (i.e., different PSFs at different positions) is shown in Figure
23.5. The PSF also often changes with depth within a biological
specimen. High NA objectives are usually designed to image specimens through exactly the correct thickness of coverglass, as mentioned above. However, in many 3D biological specimens there is
an additional layer of mounting medium between the coverglass
and the specimen, and this introduces some spherical aberration.
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The deeper into the specimen the image plane is, the thicker the
intervening layer, and the more the spherical aberration.
Departures from linearity would be difficult to deal with computationally, but departures from shift invariance are not so hard.
One simple approach, which has been used, is to divide the original 3D image into small blocks within which the PSF does not
vary appreciably, and then deconvolve each subimage with the
appropriate PSF, finally recombining the subimages. A more
elegant solution would be to determine the PSF as a function of
x,y and z, and use this function to determine the degraded image
in a restoration algorithm. However, as the degraded image would
no longer be a simple convolution, and it could not be calculated
by the efficient Fourier transform methods, the computational cost
would be very high.

DECONVOLUTION
Convolution of the object with the PSF is a simple mathematical
transformation that is reversible in principle — a procedure called
deconvolution. This is particularly clear in the formulation in terms

FIGURE 23.5. Confocal image of a field of beads. The focal plane has been set away from the central, in-focus, section to show some of the out-of-focus parts
of the PSF. The lack of shift invariance is evident in this image, as the defocused bead structure is different in different parts of the field of view. The insets
show enlargements from different parts of the field. The image is also dimmer in the cental area due to field curvature. (Objective used was Leitz Planapo, NA
1.4, oil immersion.)
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of FTs (Eq. 8). Because the image transform is simply the object
transform multiplied by the OTF, it should be possible to recover
the desired object transform by dividing the image transform pointby-point by the OTF.
G(S) = F (S)O(S) ﬁ F (S) = G(S) O(S)

(9)

The undegraded object would then be obtained by an inverse FT
of the result. Unfortunately, this simple approach is made impossible by the inevitable presence of noise in any real image. There
are regions where the OTF becomes very small or zero (see Fig.
23.4); however these regions of the image transforms still have a
noise component. Thus, dividing by the very small OTF values
will boost the noise component of the data to a level where it dominates the final reconstruction, rendering it meaningless.
The problem of restoring noisy data is one common 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 — both
physically reasonable requirements. A simple way to visualize this
is to consider fitting a curve to some noisy data points. If the fitted
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, the curve may not pass
exactly through any point, but will be near them all, and therefore
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 reconstructed image. However, their power and the
rapidly increasing speed and decreasing cost of computers make
them the most attractive option for 3D digital image deconvolution. There are many different methods for this type of restoration,
differing in their degrees of rigor and their computing requirements. The various deconvolution methods are discussed in more
detail in Chapters 24 and 25. The examples shown here are all calculated by the constrained, iterative method developed by Jansson
and others (Jansson et al., 1970; Agard and Sedat, 1983; Agard
et al., 1989; Shaw, 1993). We believe that the Jansson method
represents a good compromise between rigor and computational
efficiency.

PRACTICAL DIFFERENCES
A few practical differences relating to the implementation of WF
or confocal imaging should be mentioned.

Temporal Resolution
With a single-beam confocal microscope, each focal section generally requires image averaging to obtain an acceptable S/N, and
this may take several seconds. Some confocal microscopes are
capable of scanning at video rates or faster, but the image quality
is then limited by amount of the light measured during each scan.
If the specimens are very bright, good time resolution is possible,
but in many (perhaps most) biological applications, the faster scan
rate will simply mean that more frames must be accumulated and
averaged. Higher speed is possible in disk-scanning confocals in
which the maximum possible data rate is increased by the use of
hundreds of beams striking the specimen simultaneously, as discussed below.

However, even the slower scan-rate CLSMs are capable of
very good time resolution in some respects; the scanning beam
only passes over each pixel for a very short time and therefore
takes a frozen snapshot of that pixel. It is possible to scan a very
small area or a single line, and to obtain very good temporal resolution from the restricted set of pixels. A single CCD image from
a typical biological specimen may require only a fraction of a
second to record and a little longer for image readout, but deconvolution is much more time consuming on current computers, and
may take seconds or even hours depending on the data-set size.
CCD imaging thus has reasonably good time-resolution for recording images, but it takes much longer to produce deconvolved focal
sections. In either case specimen motion during data collection will
produce artifacts. As WF deconvolution can only obtain optical
section data by first collecting and then processing a complete 3D
data stack, confocal clearly is faster when information about only
a single optical section is needed.

Combination of CCD and Confocal Imaging
A fundamental difference between CCD capture of WF images and
imaging by a conventional spot-scanning confocal microscope is
that the image is scanned one pixel at a time by the confocal microscope, whereas all the pixels for the whole WF image are recorded
simultaneously by the CCD detector. The CLSM could be regarded
as a serial device, whereas the CCD-WF microscope is a parallel
device. If, for the sake of argument, the image contains 106 pixels,
then to excite the specimen with the same number of photons in
the CLSM will require each pixel to be illuminated with 106 higher
light intensity, although for 10-6 as long, compared to the continuous illumination in WF. This may be impossible in practice,
because the excited state of the fluorochrome molecules present in
the focused laser spot may become saturated. Even at lower light
levels, the photodamage related to producing a fixed number of
excitations using the high instantaneous intensity of laser light may
be more than that produced by the much lower, sustained illumination of the WF microscope (see Chapter 39, this volume). The
only solution with a single-beam CLSM may be to reduce the illuminating intensity, and either scan for correspondingly longer
times, or accept a noisier image.
A solution that combines parallel image detection with confocal imaging is to scan the specimen with an array of light spots,
instead of the single spot used in most CLSMs (see Chapter 10,
this volume). One of the first confocal microscopes, designed by
Petran and colleagues (1968) used this principle. The excitation
light passed through a Nipkow disk, which contained thousands of
pinholes in a spiral pattern, and the emitted light was passed back
through the same disc to produce confocal optics. The disc was
spun so that the spiral pinholes scanned the entire specimen. In its
original design, this microscope had extremely low sensitivity
because the pinholes occupied only a very small proportion of
the area of the disk, and so most of the excitation light was lost.
Yokogawa introduced a radical improvement in the design by
adding a microlens above each pinhole, increasing the illumination efficiency by more than an order of magnitude. The Yokogawa
spinning disk can be combined with image detection using a CCD
camera to produce a very sensitive confocal microscope, and
instruments of this design are now made by a number of companies. Initial results suggest that this type of instrument may be
much better than single-beam CLSMs for low light level and livecell imaging, even though the confocal optics is not quite so good,
and the image contains somewhat more out-of-focus light. When
coupled with one of the new electron-multiplier CCDs (EM-
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CCDs) having quantum efficiency (QE) and noise specifications
very like those of the PMT, this combination can collect 10-plane
3D images fast enough for use in high content screening applications (see Chapter 46, this volume).

Integration of Fluorescence Intensity
It is sometimes important to obtain values for the total fluorescence
intensity from all or part of a specimen. For example, one may
wish to obtain a value for the DNA content of a cell by integrating the fluorescence emission from a DNA-binding stain. In the
WF case, this can be obtained from any single optical section
because the total integrated fluorescence is almost the same in each
optical section (as long as the NA is not too high). The partial confocality of the WF mode (Hiraoka et al., 1990) means that if a
small field aperture is used, the focus plane of the optical section
should be reasonably close to the center of the object of interest (a
few microns). In the confocal case, it is necessary to sum the contributions from each section of a focal series, and the section
spacing has to be comparable to or less than the confocal depth of
field (£1 mm with a 2 Airy pinhole). This means that WF imaging
is much more efficient for such measurements, providing that the
objects to be quantified do not overlap significantly, even when out
of focus.

RESOLUTION, SENSITIVITY, AND NOISE
Leaving aside the practical differences mentioned above, given a
fluorescent specimen, what is the optimal method to excite the fluorescence, and then to extract the maximum amount of useful
structural information from the resulting fluorescent light?

Fluorescence Excitation
Laser-scanning confocal and WF microscopy differ markedly in
the way the fluorochrome molecules in the specimen are excited
(see Table 23.1). In WF microscopy, each and every plane of the
specimen is evenly illuminated while its image is recorded. In a
scanning confocal microscope, the illuminating beam rapidly traverses the specimen, giving very high light intensity at the center
of the focal spot and rapidly decreasing intensity over a broad
region above and below this spot. The instantaneous light distribution in the CLSM is given approximately by the form of the widefield PSF (although the focused laser beam has a somewhat
different detailed distribution). As discussed above, at excitation
levels above ~1 mW the light intensity can easily saturate the fluorochromes at the center of the focal spot, and the need to avoid
this in turn limits the usable excitation intensity. When the laser
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light intensity is reduced enough to avoid saturation, the amount
of emitted light recorded is very small: 10 to 20 photons/pixel/1 s
scan in the stained areas of most fluorescent biological specimens.
Therefore, it is necessary to sum the light from many scans. Thus,
each part of the specimen is illuminated by a succession of highintensity pulses of light. The difference in behavior between
multiple short exposures of high-intensity light and continuous
exposure to much lower light levels may yield important differences in the lifetime of fluorochrome before fading or phototoxicity in living cells. To date, experiences vary with very sensitive
specimens such as living cells loaded with fluorescent labels. Some
investigators have used confocal imaging successfully on such
specimens (Zhang et al., 1990); others have found that the only
feasible method is low light level recording with WF optics
(Hiraoka et al., 1989), and others have used two-photon excitation
(Chapter 28, this volume). It is probable that the behavior of different types of cells and of different fluorochromes varies (see
Chapters 38 and 39, this volume).

Fluorescent Light Detection
The overall performance of any 3D light microscope depends
strongly on the capabilities of the photodetectors used. We consider here the relative photon detection efficiency and associated
measurement noise for the most usual detectors in WF microscopy
(and in the spinning disk CLSM) and in the single-beam CLSM.
See Chapter 12 for a more detailed discussion of image detection,
and Pawley (1994) for a detailed assessment of the sources of
noise. The best area/image detector for most epi-fluorescence
microscopy is a scientific grade, cooled CCD camera. This has
excellent geometrical and photometric linearity, a wide dynamic
range, and good photon detection efficiency. Possibly most important, the image can be accumulated on the chip for an arbitrarily
long time, which means that, as long as they do not move, specimens can be imaged with very low photon emission fluxes (Aikens
et al., 1989).
Rather than repeating a more general discussion well covered
in Chapter 12, we shall illustrate this by taking the CCD camera
in use in our laboratory as an example. This is a Photometrics
camera electrically cooled to about -40°C. The detective QE (in
effect, the proportion of photons reaching the faceplate of the CCD
camera that are converted to electrons in the charge wells) ranges
between 20% in the ultraviolet (UV) to 50% at 650 nm. The charge
is converted by a 12-bit A-D converter, giving a maximum value
of 4096, which, according to the manufacturer’s specifications for
the maximum amplifier gain setting, corresponds to about 6700
electrons in the CCD pixel or 13,400 photons reaching the CCD
faceplate, assuming the wavelength for maximum QE. The relay
optics are arranged to give a pixel spacing without binning of about

TABLE 23.1. Summary of Pros and Cons of 3D Microscopy Methods
Wide-Field Deconvolution
Effective detector QE.
Detector noise (rms e/pixel)
Peak signal (photons/pixel)
Acquisition time (s/frame)
Peak excitation intensity/mm2
Excitation wavelengths

60%–80% (CCD)
4–12
>30,000
Depends on CCD
readout (>0.05)
10 nW
Hg arc 350–650 nm

Single Spot Confocal

Scanning-Disk Confocal

3%–12% (PMT)
<1
20–100
0.2–10

60%–80% (CCD)
4–12 (<1 for EM-CCD)
~5000
Depends on CCD
readout (>0.05)
1 mW
Available laser lines

1 mW
Available laser lines

Two-Photon
3%–12% (PMT)
<1
20–100
0.2–10
10 W
Ti:Sa 700–900 nm
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0.07 mm at the specimen, which is somewhat better than required
by the Nyquist criterion, assuming ~0.2 mm data. If specimen
fading or phototoxicity is not a problem, it is usual to collect for
a time that nearly fills the wells at the brightest points. Typically
for a bright specimen that is easily visible to the eye through the
microscope, this takes an exposure of a fraction of a second. Thus,
in CCD imaging, it is quite common to collect images with about
10,000 photons at the brightest pixels and many times this number
from the several pixels that cover the image of a point object.
However, this can be reduced substantially. The limit to sensitivity is determined by the system measurement noise and the
intrinsic photon (Poisson) shot noise. The sources of system noise
are primarily dark current and readout noise. The dark current in
our CCD is 0.33 electrons/min/pixel, which is negligible. The
readout noise is much larger — ±13 electrons root mean squared
(RMS). This means the Poisson noise, given by the square root of
the number of electrons, will be less than the readout noise in any
pixel having an image intensity of less than 169 electrons. The QE
cannot be improved much — a factor of 2 at most — but the
readout noise can be much lower. In many CCD cameras ±6 electrons (RMS) is typical, and slow-readout cameras optimized for
low-noise operation can have values down to ±3 electrons (RMS)
readout noise. This is comparable with the Poisson noise at a signal
level of about 9 electrons.
In the case of single-beam CLSM, the image detector is generally a photomultiplier (PMT; see Chapters 2 and 12, this volume).
It is much harder to estimate the light levels being measured
(photons/mm2), but they are probably substantially lower than in
CCD imaging. [This should not be confused with the photon fluxes
(photons/mm2/s), which are much higher, but each pixel only emits
the photons for a very short time.] It is common for the brightest
pixel intensity in a single scan of a CLSM to represent only 10
detected photons (Pawley and Smallcomb, 1992; Pawley, 1994).
One might integrate 30 scans for an image plane in a weak specimen, giving perhaps 300 detected photons and an associated
Poisson noise of about 17 photons. This is much larger than the
typical measurement noise in a PMT, which can be reduced to
extremely low levels, especially by photon counting (see Chapter
12, this volume). However, the QE for a PMT is worse than for a
cooled CCD; perhaps only 15% of the photons reaching the detector faceplate produce signal. In this case, the 300 detected photons
would represent 2000 photons going through the confocal pinhole.
Another way of comparing the two detection methods is to
consider the number of gray levels into which the recorded data
can be reliably placed. The conventional way to do this is to space
the gray levels by one standard deviation. Where the only source
of noise is Poisson noise, this gives N/ N or N levels for N
detected photons (see Chapter 4, this volume). Where other sources
of noise are present, the situation is more complicated. (See
Pawley, 1994, for a full discussion.) We can get an estimate by
assuming the additional noise is purely additive, random, and
signal independent (e.g., readout noise in the CCD). If we want an
image with 10 statistically significant gray levels, the brightest
pixel would require 100 electrons in the absence of readout noise.
This would require 200 photons reaching the camera faceplate
at 50% QE. For our CCD camera with 13 electrons/pixel
readout noise, 10 gray levels would require (10 + 13)2 = 529
electrons/pixel, or 1058 photons. If the CCD camera was equal to
the best available with 3 electrons/pixel readout noise, 10 gray
levels would require (10 + 3)2 = 169 electrons, or 338 photons. If
we had an optimally sensitive camera with 80% QE, then 211
photons would be enough for 10 gray levels. In the confocal case,
the PMT noise is less than 1 count, so 10 gray levels would require

(10 + 1)2 = 121 counts. However, because the QE of the PMT is
only about 15%, this would require 806 photons. The PMT multiplicative noise can be reduced to extremely low levels by photon
counting. Perhaps then 100 counts would be enough to define 10
gray levels, but with 15% efficiency, this would still require 666
photons.
Clearly, as long as we assume that we still need 10 gray levels,
low QE is a limitation in current single-beam confocal systems.
However, in the confocal approach, only in-focus photons are
counted and they represent the final data, while in the WF approach,
more gray levels need to be recorded because some may be lost
when the data is processed to remove out-of-focus light, and thus it
could be argued that a statistically less well-defined confocal image
would be sufficient for direct interpretation than would be required
for reliable WF deconvolution. Ultimately, there will probably not
be a great deal of difference in the effective QE possible with the
two detection technologies. The noise in the PMT is considerably
more complicated than this brief discussion would imply but ultimately it can be reduced below that attainable in conventional CCD
cameras. However, even if the detection can be made optimally efficient in both cases, for specimens where fluorochrome fading is not
a problem, it will be easier to record images with very low statistical noise with the CCD because, as a parallel device, it can accumulate data more rapidly than a single-beam CLSM. For this reason,
the combination of multiple-spot scanning, such as the spinning
disc, with CCD detection currently probably has the best mix of sensitivity and overall speed for confocal imaging.

Gain Register CCDs
As discussed above, CCD cameras suffer from relatively high
readout noise, compared with PMTs. Even with the slowest
readout rates, it becomes very difficult to reduce the readout noise
below about 3 electrons/pixel. This limits their usefulness at low
photon levels. A recent development in CCD technology significantly improves CCD detector performance at low light levels. The
new CCD chips, called gain register CCDs or EM-CCDs (for electron multiplier), incorporate an on-chip amplification register,
which amplifies the electrons in the charge wells by a small amount
every time the charge is moved from one well to the next during
the readout phase. By repeating this amplification hundreds of
times the accumulated charge packet can be amplified by very
large overall factors before digitization. In effect this means that
the charge can be increased to the extent that the readout noise
becomes negligible, and this makes the CCDs usable at extremely
low photon levels, and even in a photon-counting mode. The
penalty is that the effective QE is reduced by a factor of 2 by the
amplification noise. Dark current is also amplified, and so needs
to be reduced to very low levels by cooling. At high photon fluxes,
the gain can be reduced to 1, and the chips behave as conventional
CCD chips.
Cameras incorporating these new chips will probably be most
useful in applications where intensified CCDs or photon-counting
cameras have been used in the past because the EM-CCD overcomes many of the problems of these cameras. The EM-CCDs
probably do not have any advantages for most CCD WF imaging
when the image intensity is greater than ~100 photons/pixel.
However, they may well be ideal for spinning-disk confocal CCD
applications, where a single camera could cover the range from
photon-counting levels up to many thousands of photons/pixel.
The new CCD chips are at present manufactured by E2V (Enfield,
UK) and Texas Instruments (Houston, TX). All the major CCD
manufacturers now offer cameras using EM-CCD technology.
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Measuring the sensitivity of light detection systems is not
straightforward and requires specialized equipment not generally
available in a biological laboratory. Even with a CCD camera,
where the observed counts should be simply related to the incident
photons, we must rely on data supplied by the manufacturer to
make the conversion, and assume that the electronics is working
optimally. There are also sources of variability in the PMT and
associated electronics. It would be a great help to have standard
intensity specimens, in addition to resolution specimens, which
could be checked on a regular basis in any imaging laboratory (see
Chapters 2, and 36, this volume, for more discussion). It would
then be easy to determine whether the noise in the image of such
a specimen was at a level consistent with the quoted measurement
noise and Poisson statistics.

Out-of-Focus Light
The main effect of the confocal pinhole is to exclude most of the
out-of-focus light from measurement, and thus to produce cleaner
optical sections. Clearly, if the out-of-focus component is regarded
purely as unwanted noise, then it is better not to measure it; the
total number of photons measured, and thus the Poisson noise, are
increased without increasing the in-focus “signal.” Conversely, to
the extent that the out-of-focus light carries useful information, it
should be measured and computational deconvolution should be
used to process the information and obtain accurate focal sections.
The relative merits of the two approaches must depend on how
much useful information the out-of-focus light carries and the
characteristics of the noise associated with this light. The amount
of useful information contained in the out-of-focus light depends
on the specimen in question.
The respective OTFs for confocal and WF imaging provide an
alternative way to look at this problem (see Fig. 23.4). The toroidal
form of the WF-OTF means that image components at low spatial
frequencies away from the x,y-plane are highly attenuated — the
region of the “missing cone” — whereas the confocal OTF has an
appreciable value in these regions. Thus, it is the spatial frequencies that define the depth of field for large-scale structure that are
much better determined by the CLSM. There is much less difference between WF and confocal images in the higher spatial frequencies away from the focus plane. The difference in imaging
therefore depends on the importance in particular objects of the
contrast components in the missing cone region, and on how
the noise is distributed between the different spatial frequencies.
The noise, in turn, determines the ultimate accuracy to which the
missing and attenuated components can be restored.

Model Specimens
It is possible to devise specimens, real or imagined, which are far
better imaged by confocal optics. For example, a uniform, infinite,
flat layer of fluorescent dye has spatial frequency components only
in the z-direction. Because the integrated intensity at each plane of
the ideal widefield PSF is the same, this specimen would give
exactly the same light level no matter where the plane of focus was
and would therefore be completely unresolved by a WF microscope, while a confocal microscope would genuinely resolve this
specimen in z. It should be noted, however, that an actual WF
microscope would resolve such a specimen to a limited extent,
giving a very broad maximum to the light intensity at the relevant
focal plane. This is because the effective field aperture in the WF
optical system is not infinite, and so there is always some degree
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of “confocality.” Hiraoka and colleagues (1990) have measured
this effect experimentally and discussed it in some detail. This is
one reason why it is a good idea, in WF microscopy, to use the
field diaphragm of the epi-illumination system to limit the field of
illumination to the area of interest in the specimen and to collect
the PSF data using this same illumination.
On the other hand, the ability to image an “infinite plane” specimen is of little practical importance. A more interesting case is a
very thin specimen (comparable to or less than the depth of field)
containing structure of interest within the plane. In this case, the
WF image focused on the appropriate plane should be a true representation of the light emitted because there is no out-of-focus
structure to contaminate it. The confocal image should be identical, except that some of the light is excluded by the detector aperture, and the overall image resolution should be slightly increased.
Now consider collecting a through-focal series of this specimen by
WF microscopy. Several of the images will presumably contain
out-of-focus information well above the noise level, although the
high spatial frequencies will be attenuated according to the OTF.
Thus, to some extent, this set of images must be equivalent to multiple measurements of the specimen plane, and a reconstruction
scheme should be capable of using them to improve the statistical
reliability of the in-focus image.
Figure 23.6 shows some images from a real biological specimen (immunofluorescent labeling of a very thin plant cytoskeleton “footprint”) that attempts to model this situation. Three
confocal images taken from a through-focal series starting with the
in-focus image and spaced by 2 mm are shown in Figure 23.6(A).
An equivalent WF series of images of another footprint on the
same slide is shown in Figure 23.6(B). Given the specimen thickness (probably well under 1 mm), there should be no out-of-focus
light to contaminate the WF image. The in-focus WF image should
be little different from the confocal image. (A 63¥, NA 1.4 objective was used, and the pinhole was set at approximately 3 Airy disk
diameters.) There is surprisingly little difference between these
two focal series. This implies that relatively little of the out-offocus data is eliminated with a detector aperture of this size in a
specimen such as this, because it consists of thin fibers arranged
in a plane and produces large components at high, in-plane spatial
frequencies.

The Best Solution: Deconvolving Confocal Data
The main effect of the confocal optics should be to remove the
very low spatial frequency out-of-focus components. Conversely,
this means that with a detector aperture in this size range, there is
still residual degradation by the out-of-focus high frequency components from nearby planes in just the same way as for WF optics.
Unless a very small detector aperture can be used, confocal optics
do not provide a complete solution to this “high frequency out-offocus problem.” Because it is almost invariably impossible to use
such very small detector apertures, deconvolution offers a practicable way to improve the fidelity of the high spatial frequencies in
both WF and confocal 3D images. These considerations as well as
the practical examples given below suggest that it will often be
helpful, or even necessary, to apply deconvolution to confocal data
to obtain the best resolution of 3D structures. Furthermore, in
images where the pixel spacing is smaller than the Nyquist frequency, any spatial frequencies present in the image beyond the
Nyquist frequency should be removed before the image is displayed. This is because any such high spatial frequencies cannot
contain meaningful information, and may confuse interpretation of
the image.
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A

B

FIGURE 23.6. A series of confocal (A) and WF (B) optical sections of a plant cytoskeleton “footprint” fluorescently labeled with anti-tubulin. The specimen
thickness is less than 1 mm. The confocal detector aperture size was approximately 3 Airy units. The spacing between the optical sections was 2 mm. Field width,
37 mm. (Specimen courtesy of Dr. Clive Lloyd.)

As another way of looking at this aspect of the comparison
between WF and confocal imaging, consider again the respective
PSFs and OTFs (see Figs. 23.2–23.4). The confocal PSF has much
reduced subsidiary maxima (see Figs. 23.2 and 23.3), largely eliminating the low spatial frequency out-of-focus light. This corresponds to the missing cone region of the WF-OTF being “filled
in” in the confocal OTF. This reduction of the out-of-focus contribution is one effect of deconvolution on the WF data. However,
in addition to this, both WF and confocal OTFs imply an attenuation of higher spatial frequencies both in-plane and more markedly
in the z-direction. Deconvolution has the effect of compensating
for this attenuation, in effect sharpening the image.
For most specimens, it seems unlikely that the low spatial frequency out-of-focus light can be regarded as carrying much if any
useful information (i.e., any useful information that is present for
a given focal section is likely to be restricted to focal sections very
close in z: 1–2 mm). The net result of the light that is more out of
focus being present in WF images must be to increase at least the
Poisson noise associated with the measurement of a given in-focus
signal.
Although the previous example may seem somewhat atypical,
it has features in common with many real specimens. For example,
a specimen may consist of isolated regions of bright labeling that
are thin compared to the depth of field and that occur at significantly different depths. We might describe such a specimen as
“punctate” and an example might be fluorescent, in situ hybridized
chromosomes, which typically contain only a few bright spots at
or near the resolution limit and at various focal planes. Unless there

is a substantial real background originating from other focal
planes, widefield CCD imaging is likely to be better than confocal imaging for this type of specimen with currently available
equipment. There is relatively little out-of-focus light at low spatial
frequencies, so in these circumstances, the QE of the CCD camera
would probably override the disadvantage that it detects lowfrequency out-of-focus light. Similar considerations would apply
to punctate labeling at the membrane of a cell or organelle.
If, in addition to the thin plane of interest, the specimen had
uniform background intensity, B, throughout the rest of its volume,
the WF result would become worse as the specimen becomes
thicker, and confocal imaging would become better than WF
imaging. This is because the intensity from each additional slice
of the background is added in its entirety to all of the WF images.
Thus, the S/N decreases linearly with specimen thickness in the
WF case, whereas the background is excluded from the confocal
image, and the S/B is largely independent of specimen thickness.
Sandison and colleagues (1993) have calculated the effect on S/N
and signal contrast of the confocal out-of-focus light exclusion.
Sandison and colleagues (1993) and Inoué (1986) define contrast
as the S/B. Ignoring other sources of noise, the Poisson noise for
N counts is N and the S/N = N . In the presence of background,
N = S + B and S/N = S/ (S + B) . As B is increased for a given
signal, both the contrast, S/B, and the S/N decrease. There comes
a point when the in-focus signal, S, becomes lost in the Poisson
shot noise [ (S + B) ] produced by both in-focus and out-of-focus
light. According to this argument, in the WF case the background,
B, is increased, while the in-focus “signal” S remains the same.
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Sandison and colleagues have calculated for model specimens how
S, (S + B) , and B are affected by the size of the detector aperture, how confocal imaging compares with WF imaging, and how
to determine the detector aperture size which maximizes detected
S/N. This is also covered in Chapter 22.
The results of this type of analysis clearly depend on the
assumptions made about the distribution of fluorescent material in
the specimen; similar analyses need to be made for various different specimen geometries. Furthermore, the detector aperture size
that maximizes S/N will not in general give the maximum resolution; deconvolution can be used to improve this situation.

PRACTICAL COMPARISONS
We have undertaken some comparisons of CLSM and CCD
imaging of some of the specimens we are using in our work —
fluorescent in situ labeling of plant root tip tissue slices ~50 mm
in thickness (Shaw and Rawlins, 1991b; Highett et al., 1993a,b).
Deconvolution can be equally well applied to confocal data, using
the confocal OTF, to reverse as far as possible the attenuation
implied by these PSF measurements and to substantially reduce
Poisson noise. Figure 23.7 shows the confocal bead data used to
derive the confocal OTF both before [Fig. 23.7(A,C)] and after
[Fig. 23.7(B,D)] deconvolution.
In both data sets, deconvolution clearly sharpens the bead
image, particularly in z, and gives some confidence in applying the
procedure to 3D confocal data sets. In Figure 23.8(A–C), the same
portion of a specimen was imaged with three different settings of
the detector aperture (0.7, 2.5, and 4 Airy units; Shaw and Rawlins,
1991b). In each case, a 3D focal section stack of about 30 sections
separated by 0.2 mm was collected. A single equivalent section
from these data sets is shown in Figure 23.8. The increase in aperture size clearly degrades the resolution. This must be attributed
primarily to contamination of the optical sections with out-offocus light from nearby parts of the specimen that were too near
for the detector aperture to eliminate. In each case, the data was
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deconvolved by the iterative Jansson method, using the appropriate PSF measured with the relevant aperture settings. The equivalent sections are shown after deconvolution in Figure 23.8(D–F).
The deconvolution has restored each image to an equivalent result.
Provided the image data has been measured with sufficient accuracy, deconvolution can restore the different degrees of image
degradation given by different sizes of detector aperture. Figure
23.8(G–L) shows enlargements of the small area boxed in Figure
23.8(A). These enlargements show the effect of the deconvolution
algorithm in reducing the noise in the images.
Whatever the relative merits of confocal and WF imaging, it
is clear that deconvolution can make good confocal data look even
better. Figure 23.9 shows another example of this from our work
(Beven et al., 1996). In this image deconvolution clearly resolves
the labeling of transcription sites within a plant nucleolus to show
that they are composed of many closely-packed foci.
Figure 23.10 shows a specimen imaged by both WF [Fig.
23.10(A)] and confocal [Fig. 23.10(C)] microscopy. The agreement between the deconvolved WF data [Fig. 23.10(B)] and the
raw confocal data [Fig. 23.10(C)] is remarkably good, and gives
confidence that either method will give satisfactory results. The
deconvolved WF data seems somewhat better than the confocal
data in both x,y and x,z sections. However, the deconvolution
applied to the confocal data gives the clearest image of all [Fig.
23.10(D)].
In Figure 23.11, the same data sets are resectioned parallel to
the optical axis (x,z) and lead to very similar conclusions. It should
be noted that diverging cones from very bright features are still
visible after deconvolution of the WF data [arrow in Fig. 23.11(B)].
This is because the PSF used in deconvolution is not exactly right
for the conditions under which the data set was collected. There is
clearly considerable spherical aberration, producing an asymmetrical PSF, possibly because the cell was deep within a tissue slice.
Obtaining accurate PSFs for a given specimen is often a substantial problem. The ideal solution would be to determine the PSF
from the data set itself before deconvolution or perhaps to use
“blind” deconvolution as described in Chapter 24.

A

B

C

D

FIGURE 23.7. Deconvolution of confocal bead data. (A) x,y sections before deconvolution. (B) x,y sections after deconvolution. (C) x,z sections before deconvolution. (D) x,z sections after deconvolution. (Reproduced from Shaw and Rawlins, 1991b, J. Microsc. 163:151–165.)
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FIGURE 23.8. Single equivalent sections from confocal data sets collected with different detector aperture settings before and after deconvolution with the
appropriate OTF. (The specimen was a pea root tissue slice labeled by fluorescence in situ hybridization with a probe to the rDNA.) (A–C) Unprocessed confocal data. (A) Detector aperture, 0.7 Airy units. (B) Detector aperture, 2.5 Airy units. (C) Detector aperture, 4.3 Airy units. (D–F) Equivalent sections to (A–E)
after deconvolution. Although the image degradation due to increasing the detector aperture is clear, the reconstructed results are all very similar to each other.
(G–L) Enlargements of the equivalent areas from (A–F) to the boxed area in (A), showing the effect of deconvolution on the noise in the image. Field width,
12.3 mm. (Reproduced from Shaw and Rawlins, 1991b, J. Microsc. 163:151–165.)
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FIGURE 23.9. Stereo projections of a confocal data set
before (A) and after (B) deconvolution. The data is from a
pea root slice labeled by fluorescence in situ hybridization
with a probe to the external transcribed spacer of the ribosomal RNA transcript, which marks the transcription sites
within the nucleolus. Deconvolution clearly shows these
sites as closely-packed foci within a subregion of the nucleolus, each of which corresponds to an active gene copy. Bar
= 2 mm.
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FIGURE 23.10. Comparison of WF and confocal images from the same specimen (a nucleolus from a pea root tissue slice labeled by fluorescence in situ
hybridization with probe to the rDNA.) (A) Four consecutive optical sections from a 3D data set imaged by WF microscopy. Data collected on a cooled CCD
camera, using Leitz 63¥, 1.4 NA objective. (B) Equivalent sections from the same data set as in (A) after deconvolution. The background flare is eliminated and
the contrast of the fine image detail is greatly improved. (C) Equivalent confocal sections from the same specimen. The same objective was used and the confocal detector aperture was set to 2.5 Airy units. The images are remarkably similar to the deconvolved WF ones, although the contrast of the fine detail is
perhaps a little worse. (D) Equivalent sections from the same data set as (C) after deconvolution. The clarity of the fine detail is clearly best in this data. (E–H)
Enlargements of the equivalent areas to the area boxed in (A). Spacing between sections is 0.25 mm. Field width, 8 mm.
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FIGURE 23.11. The same data as in Figure 23.8 in the same order, resectioned to show x,z sections. Although the poor z-resolution compared to the in-plane
resolution is very apparent, the comparison between the four data sets leads to the same conclusions as Figure 23.8; the deconvolved WF and unprocessed confocal data are fairly similar, whereas deconvolution of the confocal data gives the best result. Note also the residual out-of-focus cone around the bright feature
remaining after deconvolution of the WF data. This is due to a mismatch between the actual PSF and the PSF used for the deconvolution, probably because the
data was recorded deep inside a tissue slice, and spherical aberration caused the PSF to be asymmetric at this depth. Spacing between sections is 0.25 mm. Field
width, 8 mm.

CONCLUSION
Speed, convenience, and ease of use have until recently favored
confocal microscopy over WF/deconvolution approaches.
However, widefield CCD microscopes and associated operation
and deconvolution software are now much more user friendly, and
limitations in computer power for deconvolution much less of a
problem. This has led to much more widespread use of widefield
CCD/deconvolution imaging. Aside from these considerations,
various factors are important in assessing the relative image quality
achievable by the two methods.

•

• Effective QE is currently better with a cooled CCD camera
•

than with either the PMTs used in most single-beam CLSMs
or the EM-CCDs likely be used with disk scanners.
Low spatial frequency, out-of-focus light or flare, corresponding to the missing cone region in the widefield OTF is largely
eliminated with confocal microscopy using even a relatively
large detector aperture. Other things being equal, it should
always be preferable to eliminate this light because it can
almost never be considered to contain useful information and

•
•

its inclusion will increase Poisson noise, decreasing the signal
contrast and hence the S/N of the data. In some cases, particularly with thick specimens, the low frequency out-of-focus
light can completely swamp the in-focus signal, and confocal
microscopy then has an overwhelming advantage. However,
deconvolution of WF data does a good job of removing moderate levels of out-of-focus flare.
Attenuation of higher spatial frequencies is approximately the
same with either WF or confocal imaging unless a very small
confocal detector aperture can be used. This is almost invariably impossible with the signal levels encountered in biological microscopy. This high frequency attenuation can be
corrected by deconvolution of WF data and means that deconvolved WF data may often show higher effective resolution
than unprocessed confocal data.
However, a genuine comparison should also include deconvolution of the confocal data, and in the cases we have shown,
deconvolved confocal data shows even better resolution than
deconvolved WF data.
Spinning-disk confocal microscopy combined with CCD
image detection in many ways gives the best of both
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approaches. The confocal optics eliminates much of the outof-focus light, and its associated noise, and the CCD camera
provides sensitive and accurate image detection. Parallel
imaging at correspondingly lower peak light levels seems to
have definite advantages, particularly for live cells and photosensitive specimens. Subsequent deconvolution should have
the effect of increasing the clarity of the image, as it does with
data from a single-beam instrument. This situation can be
expected to improve with the widespread use of EM-CCDs.

SUMMARY

• The relative merits of confocal and WF microscopy depend on
•
•

•

the amount and spatial frequency spectrum of the out-of-focus
light.
The amount of out-of-focus light depends on the specimen, the
depth distribution of the significant fluorescent intensity, the
level of generally-distributed non-specific background, and
the thickness of the specimen.
For very thin specimens, or specimens with high fluorescent
intensities restricted to thin shells within thick specimens of
low background intensity, there is little out-of-focus light to be
excluded. In these cases, the CCD cameras in use in WF
imaging give better QE and therefore statistically betterdefined images for a given dose of illuminating photons.
Image deconvolution should be applied to confocal images as
well as to WF images if the highest resolution is needed and
to remove image noise.
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