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Abstract. The interferometric spatial overlap of two laterally offset focal field
distributions of a high numerical aperture lens in combination with confocal detection
lead to improved resolution in confocal imaging. Experimental data of the achieved
signal, the point spread autocorrelation function (PSAF), are presented for both the
lateral and axial directions. Numerical simulations of lateral PSAF imaging of selected
fluorescent objects show an increased resolution of up to 30% with moderate ringing,
obtainable also in the presence of moderate spherical aberrations.
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1. Introduction illumination PSF (e.g. [12, 13]) have been proposed for an
extra improvement of the resolution. Basically, all these
Over the last couple of years several approaches havetechniques rely on some sort of non-linear excitation and/or
been developed to increase the lateral and axial resolutiondetection scheme that changes the effective shape of the
of the light microscope. The confocal microscope [1- PSF to provide an increase in resolution.
3] provides optical sectioning power thus permitting the In this paper we present some recent experimental
separate recording of optical slices of an object and and theoretical results on the point spread autocorrelation
the subsequent reconstruction of a full three-dimensional function (PSAF) technique [14-16], which can be used
image. It also provides an increased lateral resolution. for obtaining an increase in resolution over confocal, for
Further improvement of the axial (and lateral) resolution both the lateral and axial directions. The technique—which
is obtained through an increase of the effective numerical relies on the detection of the fluorescence generated by
aperture (NA) of the microscope by using two microscope the cross-product of two illuminating amplitude PSFs—
objectives from opposite sides. This so-called 4Pi- is inherently robust because it uses a common path
microscopy [4, 5] has the additional advantage that an interference arrangement. Also, no special specimen
almost spherical point spread function (PSF) is generated,preparation is required, nor are there any restrictions on
which is helpful in restoration schemes [6] for further the fluorescing dyes which can be used. These aspects
processing of the image data. A semi-spherical PSF is alsoallow for a relatively straightforward incorporation of the
obtained in ‘theta’ microscopy [7], where the illumination technique in a standard confocal microscope.
and detection pathway cross at a certain angle. In this  Shortly after the first publication of the PSAF technique
manner an increased axial resolution is obtained, albeit for [14], Vaez-Iravaniet al published a conceptually similar
low NAs due to mechanical constraints of commercially method for resolution improvement in scanning microscopy
available microscope objectives. [17]. Their approach is based on the generation of a beat
All these techniques may be combined with two- frequency in the overlap region of two spatially shifted
photon excitation [4, 8-11] to profit from an increased focal spots. The two methods, which have been developed
depth of penetration and reduced out-of-focus bleaching. almost simultaneously in two different laboratories, will be
Recently, several advanced schemes to modify the effectivecompared in section 4.
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This paper is organized as follows. In section 2
the principle of the PSAF technigue is explained and
experimental results are presented of the measuremen
of the lateral and axial PSAF signals. In section 3 L
the possible improvement of the lateral resolution is
analysed theoretically for some example specimens. Also,
the influence of aberrations on the PSAF response is
investigated.  Section 4 concludes this paper with a
discussion of the results.

Reference

2. The PSAF technique

2.1. Principle of the technique
The PSAF technique is based on an interferometric super- I . ——_II
position of two laterally offset illumination distributions I %{ |

(PSFs) at the focal point of a high NA objective. The LVD > €

two illumination distributions can be shifted both laterally

and axially with respect to each other. Furthermore, the Ei 1. sch  of th . | Ll _

response is detected confocally, where the conjugate detect,d!gho; PR T > U Vatiable delay. Lref, Lob: lens

tion distribution can be positioned at a certain point in the |eference and object beam respectively; BD: beam dump: D:

specimen relative to the illumination distributions. dichroic mirror; O: microscope objective; S: sample; P: confocal
Imagine the complex focal field of a high NA objective pinhole.

to consist of two (complex) parts—a ‘reference’ field

and an ‘object’ fieldu,,;—o0f which the relative spatial A |aser beam is split into two parts—the reference and
position and phase can be controlled. If part of the radiation object beams—by a 50% beamsplitter (BS1). The object
is absorbed by an ObjeCt, described by the ObjeCt function beam passes a variable de'ay line (VD), before being
O(r), re-emitted as fluorescence and detected through arecombined with the reference beam on a second 50%
detection distribution characterized Hy.|* then the  peamsplitter (BS1). Changing the variable delay introduces
time-averaged and space integrated fluorescence signal i difference in optical path length between the two beams
given by: and hence influences the relative phase. The two beams
G(AT1, Ara, Ad) (parallel and collinear) are reflepted off a dichroic mirrpr
(D) and focused into a fluorescing sample (S) by a high
NA objective (O). The fluorescence is monitored in the
back-scattering direction, through the dichroic mirror and a
confocal pinhole (P), with a photodetector. A tilt of the
+opj (P + ATy, P + Aqb)|2 second beamsplitter induces a lateral shift of the object
Nttger (7 + A1) 2. (1) PSF Wi'th respect to the reference PSF. Additionally,. a
. translation of the lenses Lref and Lobj provides a relative
In equation (1), Ar; and Ar; denote the focal  ayia| shift of the illumination distributions with respect
shifts of the object illumination and the conjugate (4 each other and with respect to the conjugate confocal
detection distribution respectively, relative to the reference geection distribution. Note that in a first approximation the
illumination distribution, ¢o denotes an arbitrary phase g jllumination distributions are equal (apart from a spatial
offset andA¢ denotes a relative phase difference between ghift) whereas the detection distribution will in general be

the object and reference field. The PSAF technique is basedgifferent due to the Stokes shift between the excitation and
on detecting the difference signal between two relative gmjssion wavelength of the fluorescing dye.

phase conditions between the reference and object focal |n a straightforward implementation of the PSAF
field: technique—given by equations (1) and (2)—the variable
IpsaH(AT1, AT, AD) delay can either be driven sinusoidally, inducing a periodic

_ _ phase change of the object beam with respect to the

= G(Ary, ATz, Ad) = G(AT1, ATz, Ad,) ) reference beam, or alternate between two specific phase
where A® = A¢; — A¢,. It is the cross-product term  conditions, e.g. inducing a phase difference between
in equation (1) that provides the basis for an increase inthe two beams of either 0 orr. In these cases,
imaging resolution. either the amplitude of the fluorescence oscillations or the

A practical arrangement for obtaining the PSAF signal, difference in the fluorescence signals between the two phase
as described above, is shown schematically in figure 1.conditions can be measured.

= / dr O(T) . |ur€f(r7 ¢0)

180



Improved resolution in confocal imaging

2.2. Lateral and axial PSAF

It follows from a straightforward qualitative argument that ~ (2) [ INA =1.25
the PSAF signal depends on the shape of the underlying
intensity PSF. As is well known, there isma phase jump 0.8
at every node in the lateral direction of the complex PSF
in the focal plane. When the PSFs of the reference and
object beam coincide, the two fields will have an identical
spatial phase relation and the fluorescence generated by
the interfering fields will be strongly modulated when the
relative phase of the object beam is varied. However,
when the object PSF is shifted laterally with respect to the
reference PSF, some zones along the lateral coordinate will
have equal phase, while others will have opposite phase.
Hence, with a varying relative phase of the object beam 0 ) [ | | ,

yvlth rgspect to the reference, different zones will mterfere 215 -1 050 05 1 15 2
in a different manner. It can be shown [15], that for certain Lateral focal shift (unit A)

focal shifts the integrated fluorescence signal is independent
of the relative phase delay between the reference and objec
beam, yielding a PSAF signal equal to zero.

As an experimental demonstration of this effect, the
lateral and axial PSAF signals are shown in figure 2. Both
have been determined within the bulk of a fluorescing
solution (approximately 5um below the interface). The
specific experimental conditions of the two measurements
are slightly different and are described in detail elsewhere
[15, 16]. Clearly the PSAF signal is similar in shape to
the underlying PSF, including the sidelobe structure. The
positions of the nodes are found to be close, but not equal,
to the node positions in the generating PSF. The PSAF
signal shows a strong dependence on the intensity profile of
the illuminating beams across the aperture of the objective.
For example, the full width half maximum (FWHM) of
the experimental PSAF signal is plotted in figure 3, as a
function of the effective NA of the objective. Note that for
high NA the lateral FWHM is smaller than the axial FWHM
by a factor of approximately three. Also, the axial FWHM L I | L |
increases rapidly (square dependence) with decreasing NA, -4 -2 0 2 4 6
whereas the lateral FWHM increases almost linearly with Axial focal shift (unit A)
decreasing NA.

These results show the potential of the PSAF technique
for the determination and optimization of the illumination Figure 2. Measurement of the PSAF signal. In both cases the

i ; At ; sample consisted of a 10-3 M solution of Rhodamine 6G in
conditions of high NA objectives or more complex optical water contained in a microslide (Vitro Dynamics, NJ). (a)

SySte_m_S' The techr?lque only requw_es a S'mp'¢ SampleLateraI PSAF signal. A three-element compound objective

consisting of a solution of a fluorescing dye. Since the (Leitz: Oil, Plan 100, NA= 1.25) was used, without confocal

interferometric arrangement is basically common path, the detection. (b) Axial PSAF signal. A Leitz 63/1.3-0.6 oil

technique is inherently robust. objective was used, with a 1@m confocal pinhole to realize a
conjugate detection distribution positioned midway between the
reference and object illumination PSFs.
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3. Improvement of resolution in PSAF imaging

With a slight modification of the technique, the PSAF signal of approximately 30% . In this section we will theoretically
can also be used for the imaging of structured fluorescentinvestigate the resolution improvement by PSAF imaging
distributions that are present in labelled biological objects, in the lateral direction. Furthermore, we will show that the
for instance. It has been demonstrated [16] that an same principle of resolution improvement holds for the case
improved axial resolution over confocal microscopy can be of imaging with PSFs which suffer from moderate spherical
realized by PSAF imaging with a resolution improvement aberration.
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Figure 3. FWHM of the experimental lateral and axial PSAF
signals as a function of the effective NA of the objective. The
experimental conditions are the same as described in figure 2.

Object &

3.1. Theoretical model - Reference

. . , - == Detection
The modelling of the PSAF signal response to a fluorescing

object is based on a calculation of the (complex) PSF of a

high NA lens. In our calculations we have used a numerical

evaluation of the first Rayleigh—-Sommerfeld integral of : 4

scalar diffraction theory [18, 19]. The shift invariance Relative position 0

approximation is used to incorporate the lateral focal shift of layers X

of the object beam with respect to the reference beam. The

relatively small focal shifts and the high quality flat field of

modern microscope objectives justify this approximation. Figure 4. Schematic layout for modelling the PSAF response to

For simplicity, we have considered the confocal detection two fluorescing objects. (a) One-sided fluorescing step. (b) Two

PSF equal to that of the iIIuminatiom,Q_f = Uppj = Uder, th_in ﬂuorescen_t Iayers_. The object illumination PSF is shifted

see equation (1)), thereby neglecting the shift in wavelength With a focal shiftAx with respect to the reference. The

between excitation and emission. However, this only conjugate confocal de_tect_lon d_|str_|but_|0n is positioned midway

. L ; ’ between the two illuminating distributions.

yields a response which is slightly steeper than the actual

response, but does not influence the basic principle of

resolution increase through PSAF imaging. In the following Two example objects have been used in the calculations: a

calculations the conjugate confocal detection distribution Single sided fluorescing step object and two thin fluorescing

is positioned midway between the reference and object layers. Figure 4 shows a schematic of the model systems.

illumination distribution Ar, = %Arl, see equation (1)). The PSAF response for a certain focal shift is calculated
It follows from equation (2) that the PSAF signal can from an evaluation of equation (3) as a function of the

be determined in a number of ways, depending on the object position. This process is then repeated for a number

actual phase difference interval taken. For the calculations of focal shifts.

presented here, the PSAF signal is defined as the difference

between maximum intensity and the minimum intensity 3o psafF imaging of example fluorescing objects

generated for phase delays of the object beam relative to

the reference beam between 0 and 2 When considering imaging with the PSAF signal it is

essential to realize that there is in fact not a unique

Tesar(AT) ‘PSAF’ image, but rather a ‘family’ of PSAF images,
= Max(G(Ar, Ag): A¢ € [0, 27]) with each image collected at a certain focal shift,
—Min(G(Ar, Ag); A¢ €0, 2r]). 3) Ar = (Az, Ay, Az), between the two generating field
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distributions. The possible degree of improvement in
resolution using PSAF imaging depends sensitively on the
PSAF focal shift used, and also requires confocal detection.
In these model calculations we confine ourselves to the
lateral caseAr = Ax (with lateral referring to the- or y-

axis and axial referring to the-axis). The PSAF response
is determined as a function of the object position along the
x-axis. In figure 5(a) the family of PSAF responses to a
single sided fluorescing step, defined by:

1
0

if x>0

if x <0 ()

Okx) = {

is shown for a number of lateral focal shifts. The optical
axis is located atx = 0, y = 0) and the confocal detection
distribution is centred atx = 0,y = 0,z = 0). The
PSAF response for the shift valuex = 0O is identical

to the normal confocal response with a field distribution
described by the underlying intensity PSF and can thus
serve as a reference for comparing PSAF imaging with
regular confocal imaging. As a rule of thumb, the distance
between the 25% and 75% amplitude level of the response
is comparable to the FWHM of the underlying PSF [20].
This distance—or steepness—is plotted in figure 5(b) as
a function of the lateral focal shift. Note that fdxx =

0 the PSAF response is equivalent to the conventional
confocal fluorescence response. Clearly the steepness of th
response increases with increasing focal shift, accompaniec
by moderate ringing of the response (figure 5(a)).

An effective way to illustrate the improved resolution
capabilities of the PSAF imaging technique is to calculate
the minimum distance at which two thin fluorescent layers
can be resolved. According to the Rayleigh criterion
an intensity drop of 20% between the imaged layers is
required. In figure 6 this relative drop in intensity is plotted
as a function of the distance between the two layers for
several focal shifts between the reference and object beam
In this case the fluorescent object function is given by:

1
0

if x = i

otherwise

0(x) = { (5)

whered is the distance between the two layers, each with
a thicknessx which is much smaller than the lateral width
of the PSF. Again, the case &fx = 0 is equivalent to
conventional confocal imaging. Judging from the PSAF
response at a focal shift ohx = 0.7x, an increase in
resolution of approximately 30% can be realized, with
moderate ringing. The presence of ringing will not interfere
with the possibility of discrimination in a simple two
layer system. It may however introduce an element of
uncertainty, increasingly so for more pronounced ringing,
in the interpretation of fine structure in structurally more
complex objects.

Improved resolution in confocal imaging
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Figure 5. (a) Family of theoretical PSAF responses to a
fluorescent lateral step for different values of the lateral focal
shift Ax (in unit wavelength) between the reference and object
beam. The signals are calculated for an objective with a
semi-aperture angle of 60(b) The steepness—expressed as the
distance between the 25% and 75% amplitude level—of the
lateral PSAF response to a fluorescing step object as a function
of the focal shift between the reference and object PSF.

3.3. PSAF imaging in the presence of spherical
aberration

Several types of aberration may affect the PSF of a high
NA lens. Of these, spherical aberration is possibly the
most common in practical microscopy, resulting from either
improper illumination of the objective or from a mismatch

in the refractive index of the specimen [21-25]. To analyse
the effect of this type of aberration on the PSAF imaging
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Figure 6. Relative depth of the dip in the PSAF response to two
thin fluorescent layers as a function of the distadcén unit
wavelength, between them, for different values of the focal shift
Ax between the reference and object beam. The relative dip size
is expressed as the difference between the response value at the
maximum and at the dip, divided by the response value at the
maximum in the PSAF response. The signals are calculated for
an objective with a semi-aperture angle of 60

principle, we calculated PSAF step responses based on ¢
moderately aberrated PSF, where a spherical aberratior
of three wavelengths for the marginal ray was assumed
in the scalar diffraction calculation. The results of these

calculations are plotted in figure 7. Due to the aberrated
PSF the steepness of the lateral PSAF response to a singl
sided fluorescing edge decreased by approximately 20%.
Introducing a focal shift between the reference and the
object beam again results in an increase of the steepnes:
of the response. A comparison of figures 5(b) and 7(b)

demonstrates that the presence of spherical aberration doe
not influence the relative improvement in resolution, even
if the overall steepness of the response is reduced by th
aberrations.

4. Discussion

In our numerical simulation of lateral PSAF imaging we
have found that for certain types of objects, improved
imaging can be expected with an increase in resolution
of up to 30% with limited artefacts due to ringing. A

0.8
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Eigure 7. PSAF response calculated for generating PSFs which
have moderate spherical aberration of three unit wavelengths for
the marginal ray. (a) Family of theoretical PSAF responses to a

Sluorescent lateral step for different values of the lateral focal

shift Ax (in unit wavelength) between the reference and object
beam. The signals are calculated for an objective with a
semi-aperture angle of 60. (b) The steepness—expressed as the
distance between the 25% and 75% amplitude level—of the
lateral PSAF response to a fluorescing step object as a function
of the focal shift between the reference and object PSF.

step object [16]. The improved imaging capabilities of
the PSAF technigue—as numerically simulated for the

comparable increase in resolution for axial PSAF imaging lateral case—also apply to the case of imaging with
is predicted by our numerical simulations (data not shown). PSFs that show moderate spherical aberrations. Further
This theoretical prediction is confirmed by our recent improvement of the theoretical model, such as including
experimental results which showed an increased steepnesshe vectorial properties of the field, is required to enable
of the PSAF response to an axial one-sided fluorescenta full quantitative comparison of the theorical predictions
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Improved resolution in confocal imaging

and the experimental results. The Vaez-lravani technique, on the other hand, provides

The presented results can be seen as a first step towarda sensitive measurement of the anisotropy of the sample.
a wider investigation on the potential of the use of laterally Highly isotropic samples will, however, average out the
and axially shifted PSAF signals for obtaining structural AC modulation and hence reduce the signal. Also, the
information at higher spatial frequencies than available in required definition of polarization may reduce the attainable
regular confocal microscopy. As each point in space can modulation depth in high-NA systems.
be interrogated at a number of PSAF conditions, each  In summary, we have presented PSAF imaging,
chosen with a spatial shift to optimize the response to a an approach towards improved resolution based on the
particular spatial frequency, it may well be that in this interaction of two illuminating distributions combined
manner imaging can be realized with a zero-free extendedwith confocal detection. In contrast to 4Pi-imaging, the
spatial frequency transfer function. Whether this indeed beams are delivered to the specimen in a common path
turns out to be possible awaits further analysis, but given the arrangement, therefore offering a possibly more realistic
presented results we think that this expectation will at least and robust configuration with respect to propagation
be realistic for spatial objects of limited extent, i.e. with c¢onditions for achieving improved image quality in optical
dimensions on the order of a few times the half width of microscopy.
the focal distribution. Such selected sampling of the spatial
frequencies at specific PSAF shifts offers good possibilities
for further improved resolution in combination with proper
deconvolution techniques even in the presence of ‘zeros’ in
the effective transfer function [6, 26].

The PSAF technique is conceptually similar to
the ‘frequency-domain field confinement’ technique, as
developed almost simultaneously by Vaez-lravaial
[17]. In this method the object and the reference beam, References
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