Journal of Microscopy, Vol. 175, Pt 2. August 1994, pp. 162-165.
Received 1 February 1994; accepted 22 May 1994

Fluorescence saturation in confocal microscopy
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Summary

_ The effects of fluorescence saturation on imaging in confocal
microscopy have been studied. To include saturation it was
necessary to deviate from the widely assumed linear relation-
ship between the fluorescence and the illumination intensity.
The lateral response for a point-like object, as well as the optical
sectioning power, decreases depending on the degree of
saturation. For very high illumination intensities the response
for a saturated point object approached that of a conventional
fluorescence microscope in which the fluorescence was not
saturated. The decrease in the axial confocal response has been
confirmed qualitatively by experiment.

Introduction

In the imaging theory of confocal fluorescence microscopy.
the fluorescence is widely regarded as a linear process, i.e.
the emitted fluorescence intensity is linearly dependent on
the illumination intensity:

: Iﬂu x Ii (1)
and thus this model does not include any non-linear effects.
such as saturation of the fluorophore or photobleaching.
The earlier work of Wells et al. (1990) showed that
saturation can occur very easily in laser scanning
microscopes: typically 1 mW of radiant power in the focal
area of a high NA objective can saturate the fluorophore.
This inspired us to look, in more detail, at the effects of
fluorescence saturation on imaging in confocal microscopy.
We confined ourselves to the effects of fluorescence
saturation and did not look at any effects due to
photobleaching. The confocal set-up considered in this
paper has an ideal point source and detector. To find an
expression for the fluorescence intensity as a function of the
illumination intensity we closely followed the approach of
Van den Engh & Farmer (1992).

Saturation of fluorescence

When a molecule is illuminated not all the light, but only
the fraction that hits its absorption cross-section o, will be
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absorbed and lead to excitation. The rate of absorption R,,
in photons per second per molecule, is given by

Ka =0l (2)

where [, is the illumination intensity (photons m~%s71).
After absorption of a photon the molecule very quickly
relaxes to the lowest vibrational level of S; (Fig. 1). This
internal conversion typically occurs in 107'%s, and is
complete prior to fluorescence emission. A return to the
ground state can then take place either through radiative
(fluorescence) or through non-radiative decay with decay
rates of &, and k., respectively, so that the decay rate of the
excited state is k. = (K + Kqr). The average lifetime of the
excited state S; now is defined as 7, = 1/K. (Lakowicz,
1983). Saturation occurs when the rate of absorption is
equal to the decay rate of the excited state x.. The
illumination intensity at which saturation occurs. I
(photons m~2s7!), using Eq. (2) can be defined as

L= ne/g' (3)

Assuming some typical values for o= 107°m? and
. = 10ns, we find that saturation occurs at the intensity
L[=4x 10°Wm™2, . when converted to  watts
(A = 488 nm). This kind of intensity in the object can
already be achieved by focusing a laser beam of only
0-8mW to a diffraction-limited spot with a diameter of
approximately A = 488 nm.

When the molecule is in the excited state it cannot
absorb another photon, which means that in effect o = 0
for an average time 7,. Once the molecule has relaxed to its
ground state it becomes receptive to excitation again, but
has to wait for an average time 7, (given by 7, = 1 /Ka) for
the arrival of the next photon. Therefore, there is a
probability. P,, smaller than unity for a photon to be
absorbed and to result in the excitation of the molecule.
which can be written following Van den Engh & Farmer
(1992) as’ :

p, =2 (4)

’
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Internal conversion: 10~12s.
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Fig. 1. Jablonski diagram. Absorption,excitation can take place in
10~ s. The rates at which the molecule relaxes to the ground
state through fluorescence and non-radiative decay are x, and
Kqr. TESpECtively.

assuming that the photons arrive at random over the time
interval 7, + 7. Combining Egs. (2), (3) and (4) yields
4

L+

P,= (5 )
The amount of light absorbed by the molecule will be
proportional to the product of the illumination intensity I;
and the probability for absorption. Hence,

Ly = [j——. (6)

Iﬂu=Q’[ex=':?"Iex (7)

where Q is the efficiency of the fluorescence. defined as the
quotient of the lifetime of the excited state and the
fluorescence lifetime, which in the case of fluorescent

~ decay is given by 7y, = 1/,. In an elegantly devised flow
cytometry experiment Van den Engh & Farmer (1992)
found a good agreement with Eq. (6). Now that we have
derived an expression for the fluorescence intensity. we will
discuss its consequences for imaging in the confocal
microscope.

Confocal imaging under saturation conditions

In the case of a point object, the confocal response can be
written as the product of the detection sensitivity distribu-
tion. equal to the illumination distribution- L(u.v) in
confocal imaging, and the fluorescence intensity distribu-
tion (Brakenhoff et al.. 1979): hence.

Li(u.v) - I
Li(u.v)+ 1

[(u.v) = (4, v) » I (w. v) x Li{u.v) (8)

We have introduced the dimensionless optical coordinates u
and v defined as

u=kesin>Q v=k(x* -y )?sinQ (9)
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where Q denotes the angular semi-aperture and k = 27/,
We calculated the illumination distribution. I;(u.v) using
the vectorial diffraction theory presented by Richards &
Wolf (1959). The illumination intensity is defined as
Ii(u.v) = E(u,v) - E*(u,v), where E is the electric feld
vector for circular polarization and E° its complex
conjugate. The optical coordinates are in agreement with
those used by Richards & Wolf (1959).

Usually the imaging properties of the confocal fluores-
cence microscope are calculated assuming that the emission
intensity is a linear function of the illumination intensity.
This is when I; < I, a situation we shall refer to as ‘linear
fluorescence’ later. When this approximation is applied to
Eq. (8). it is found that

I(u.v) x IF(u,v). (10)

When, however, I, > I,, a condition we shall refer to as
‘complete saturation’, the emission intensity asymptoticaily
approaches I, (as we saw before), so that the confocal
response of the point-like object becomes

I(u,v) x LI;(u, v) (11)

which is equivalent to that of the point response in the
conventional linear fluorescence microscope. This means
that the image of a completely saturated object in the
confocal microscope would be equivalent to its linear
fluorescent image in the conventional microscope. We
therefore expect that the response for ‘partly’ saturated
point objects will be somewhere in between the linear
confocal and the linear conventional point response. Results
for the in-focus lateral point responses for various ratios of [;
and I, are plotted in Fig. 2(a). In the case where
I,(0,0) = I, so that 7, = 7, for the peak intensity, the ull
with at half maximum (FWHM) of the response has
increased by approximately 18% compared with the linear
confocal fluorescence response. Furthermore, when
1;(0,0) = 100 I, the response approaches that of the linear
conventonal fluorescence microscope.

A property of far more importance in practice is the
optical sectioning power, I(u). defined as the response for
homogeneously fluorescent. infinitely thin. plane objects
orientated perpendicular to the optical axis. I(u) can
generally be obtained from the 3-D Fourier transform of
the point response. I(f,, f,). through

I(u) = 37HI( S £)lr=o0l (12)

where f, and f, are the spatial frequencies corresponding to
the u and v coordinates and 3" is the 3-D inverse Fourier
transformation. We calculated the optical sectioning power
for the ratios of I; and I, we used for the lateral point
responses. The results. I(u), are plotted in Fig. 2(b). The

_ sectioning power. as expressed by the FWHM. has increased

by approximately 16% when [;(0.0)=1I,. A further
decrease in the optical sectioning power is seen when the
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illumination intensity increases. As we have seen before,
the confocal response of a completely saturated point object
is equivalent to the linear conventional point response.
Since a conventional fluorescence microscope has no
optical sectioning power. no optical sectioning power for
completely saturated plane objects in a confocal microscope
can be expected.
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Experiment : S

We have measured, in a qualitative way, the responses of a
homogenously fluorescent half space using our stage
scanning confocal lmcroscope. with a diffraction-limited

illumination spot and a square detection pinhole with sides

of approximately 200 nm in object space (Brakenhoff et al., _
1985; Van der Voort et al., 1985). The object was a bath of
a 10™° M rhodamine 6G solution in water (a concentration
below the quenching limit; Pringsheim, 1949). To exclude
photobleaching as one of the mechanisms for the
deterioration in the resolution we acquired the three
images in a low, high, low excitation intensity sequence
Py, P,, P3, with P; =P;~0-3mW and P, ~ 11 mW.

The theoretical responses of fluorescent half spaces can be
found by the integration of I(u) with respect to u, so that
with increasing illumination intensity we expect a decrease
in the slope of the depth response. For rhodamine 6G the
cross-section for absorption is typically a = 3 x 1072° m?,
while ., which is dependent on the environment (like pH),
in this case is estimated to be 4ns. We further have
assumed that rhodamine is a high efficiency dye so that
T. & Ty, From these data we estimated the laser power for
which saturation occurs at approximately 0-7mW
(NA=1-3,) = 530-9nm). For real quantitative work this
may be a hazardous assumption, but it will do in this
qualitative experiment, which is intended to show the effect
of saturation on the axial confocal imaging properties. We
measured the responses for an estimated power in the focus

eral degrees of saturation R = I(0,0)/I,.

of approximately 0-3mW and 11 mW, so that we were
below and well above saturation. Images were obtained on
a 64 x 64 x 63 3-D raster. The normalized data plotted in
Fig. 3 show the average pixel value in a 64 x 64 image
plane as a function of the = coordinate of the plane. From
Fig. 3 a decrease of the slope of the response can be observed
at high illumination intensity. At low illumination
intensities the distance between the 85% and 15% points
is approximately 0-75um. while at high illumination
intensity this distance has become approximately 2-5 um.

Discussion . ‘ .
We have seen that the resolution of the confocal microscope '
decreases when the fluorescence process is saturated due to
excessive illumination intensities. For optimal resolution the
illumination peak intensity Ij;(0,0) should be well below
the saturation intensity I,, as determined by the fluorophore
that resides in the excited state for the Iongest time. The use
of relatively low illumination intensities will, in practice.
lead to weak fluorescence intensities. Consequently, in order
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Fig. 3. Depth response of a rhodamine 6G 10~°u solution in
water. Ay =5309nm, Ay > 590nm, P; =P; = 0-3mW,
P, =~ 11mW. (Confocal microscope: square detection pinhole
with sides of 200nm in object space, oil-immersion objective:
100 x /1-3.)
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to obtain a reasonable signal-to-noise ratio in the image.
long integration times per voxel and therefore long image-
acquisition times result. For efficient detection at such low
light levels. photon-counting techniques or the use of cooled
CCDs (with their inherent temporal integration capability)
may be considered. In practice, for high-resolution imaging,
fast image acquisition at too high illumination intensities is
not desirable and it may well be that a relatively slow,
object scanning confocal microscope with stationary optics
(which in principle has superior imaging properties over
beam scanning microscopes) will be the best choice. For
real-time applications it may be desirable to work with I;
larger than I, so that more emission photons can be
acquired per unit of time. Speed can be obtained with loss of
resolution. which can be kept moderate as long as the
illumination intensity does not become excessive. Alterna-
tively, to attain higher imaging rates while still avoiding
saturation we can use scanning schemes with slit
illumination and detection (Brakenhoff & Visscher, 1992);
such systems are commercially available today. However, in
slit scanning systems speed is obtained at the cost of
resolution.

When imaging specimens that contain more than one type
of dye, we have to be careful to work well under the saturation
intensity as defined by the fluorophore with the longest
excited state lifetime. Otherwise, it is possible to have com-
pletely different (linear and non-linear) imaging properties
throughout the specimen depending on which dye is present
at a certain object point. In principle. a space-invariant point
spread function of the microscope can no longer be defined.

In what way does the occurrence of saturation affect
quantitative measurements of, for instance, DNA contents
or of the concentration of specific dyes? In principle, the
fluorescent signal stays linear with the fluorophore
concentration, even when the linearity with the illumi-
nation intensity is lost. Although we have to be careful
when interpreting the acquired data. an intensity drop or
rise at a specific point in the object might result not only
from a decreased or increased dye concentration but also
from a change of the fluorescence lifetime, or lifetime of the

excited state due to.environmental parameters (pH). This-

interpretation question is not specific to the case of
fluorescence saturation but also occurs. when there is still
a linear relationship between illumination and fluorescence
intensity (see Eq. 7). The occurrence of saturation makes
the interpretation even more difficult.

The difference in saturation behaviour throughout the
specimen may also be used as a contrast parameter for
imaging. By taking the ratio of two images obtained at low
and high illumination intensities. these differences should
become clear. This kind of imaging may be useful for the
identification of certain fluorescent components in the
object. in a qualitative way. In principle. we should be
able to determine the lifetime of the excited state in a
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carefully performed quantitative experiment by measuring
the confocal response at different illumination intensities.
However, quantitative interpretation of the data is expected
to be difficult due to interfering photo destructive processes.
especially at high intensities.

Conclusion

We have discussed the effects of fluorescence saturation on
confocal imaging. We have shown that saturation of the
fluorescent probe results in a decrease in the lateral
resolution and in the optical sectioning power. Never-
theless, the imaging properties in the confocal microscope.
in the worst case, become equal to those in a linear
conventional microscope. Because saturation is related to
the lifetime of the excited state, which is an object or object—
environment-dependent parameter, the imaging properties
can vary on a voxel by voxel basis. This means that the
characterization of the microscope with a space-invariant
point spread function is no longer possible. For quantitative
fluorescence imaging, it will be necessary, in practice, to tune
the illumination intensity well below the saturation intensity,
as determined by the longest lifetime in the specimen.

Acknowledgment

This work is supported by the Dutch Technical Foundation
under grant no. ANS90.1917.

References

Brakenhoff. G.J., Blom. P. & Barends, P. (1979) Confocal scanning
light microscopy with high aperture immersion lenses. . .
Microsc. 117, 219-232.

Brakenhoff, G.J., Van der Voort, HT.M., Van Spronsen, E.A..
Linnemans. W.A.M. & Nanninga, N. (1985) Three-dimensional
chromatin distribution in neuroblastoma nuclei shown by
confocal scanning laser microscopy. Nature, 317, 748-749.

Brakenhoff. G.J. & Visscher, K. (1992) Confocal imaging with
bilateral scanning and array detectors. J. Microsc. 165, 139-146.

Lakowicz. J.R. (1983) Principles of Fluorescence Spectroscopy.
Plenum Press, New York. :

Pringsheim, P. (1949) Fluorescence and Phosphorescence. Inter-
science Publishers Inc.. New York.

Richards, B. & Wolf, E. (1959) Electromagnetic diffraction in
optical systems. II. Structure of the image field in aplanatic
systems. Proc. Roy. Soc. 253, 358-379.

Van den Engh. G. & Farmer. C. {1992) Photo-bleaching and
photon saturation in flow cytometry. Cytometry, 13, 669-677.

Van der Voort. H.T.M.. Brakenhoff. G.J].. Valkenburg, J.A.C. &
Nanninga. N. (1985) Design and use of computer controlled
confocal microscope for biological applications. Scanning, 7, 66-738.

Wells, K.S.. Sandison. D.R.. Strickler. J. & Webb. W.W. (1990)
Handbook of Biological Confocal Microscopy, pp. 27-39. Plenum
Press, New York.

e e e



