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Three-dimensional super-resolution with a 4Pi-confocal microscope using
image restoration
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The combination of two-photon excitation 4Pi-confocal fluorescence microscopy with image
restoration leads to a fundamental improvement of three-dimensional resolution in the imaging of
transparent, fluorescent specimens. The improvement is exemplified by randomly dispersed
fluorescent beads and with actin filaments in a mouse fibroblast cell. For an illumination wavelength
of 810 nm, we obtained lateral and axial full-width at half-maxima of point-like objects of 120–140
nm, and 70–100 nm, respectively. Fluorescent beads that are 150 nm apart are imaged with an
intensity dip of ;25%. This amounts to a;sixfold improvement of the axial resolution over
standard two-photon confocal microscopy. In the cell, the 3D-images reveal details otherwise not
resolvable with focused light. ©1998 American Institute of Physics.@S0021-8979~98!00920-7#
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I. INTRODUCTION

Abbe’s work on image formation revealed the limitin
role of diffraction on the resolving power of a focusing lig
microscope.1 His insight initiated radically different ap
proaches such as electron and scanning tip microsc
which have either abandoned the use of light or the idea
focusing.

The principle of the scanning tip has also been succ
fully applied to light microscopy where it is referred to a
near-field scanning optical microscopy.2,3 Near-field optical
microscopy overcomes the diffraction by confining t
specimen–light interaction to a tiny area that is defin
solely by the dimensions of the tip. This principle is app
cable if the tip is placed at subwavelength proximity to t
specimen. The resolution reported for these systems ra
from 150 nm down to remarkable values of a fe
nanometers.4–6

In spite of the outstanding merits of electron and sc
ning tip microscopes, they must be regarded as only a pa
remedy for limited optical resolution. Electron microsco
for example, requires vacuum and an elaborate speci
preparation.7 Scanning tip imaging also depends on the p
formance of the tips so that tip manufacture is a major c
cern in this field of research.

While scanning tip methods have proven invaluable
surface physics and chemistry, one notices that they h
been scarcely applied to biological imaging. This is larg
due to the surface interaction. Investigations of thicker sp
mens, such as human cells, inevitably require a destruc
sample preparation. In biological microscopy, however, i
usually more important to image the interior of cells, or ev
live cells, rather than cell surfaces. So far, this has b

a!Author to whom correspondence should be addressed; electronic
shell@gwdg.de
4030021-8979/98/84(8)/4033/10/$15.00
py
of

s-

d

es

-
ial

en
-
-

r
ve
y
i-
ve
s
n
n

satisfactorily achieved only with far-field light microscop
The versatility of far-field light microscopy has also be
supported by continuous progress in dye photochemistry
photophysics which has made it possible to label prote
DNA, and other cell organelles with nontoxic fluoresce
markers. Highly specific fluorescence imaging of the str
ture and function of fixed and live cells has become a st
dard method in molecular biology. In fact, about 80% of
imaging applications in biology are based on fluorescen8

It can be seen that electron and scanning tip microsco
have not replaced the light microscope as the most pop
tool in the biological sciences.

The continuing popularity of the light microscope h
triggered a series of inventions, the most successful of wh
is the scanning confocal microscope.9–11 In contrast to the
regular light microscope, the confocal microscope employ
point-like illumination and detection arrangement. Therefo
the point-spread function~PSF! of a confocal fluorescence
microscope is determined by the product of two almost id
tical intensity PSFs, namely the focal 3D-intensity diffra
tion pattern of the illumination light and a similar one a
counting for imaging into the detection pinhole.10 For
circularly polarized illumination, both differ only by the
wavelength accounting for the Stokes shift of the dy
Hence, as a good approximation the effective PSF of a c
focal microscopes is given by the square of the focal illum
nation intensity distribution in the objective lens so that, in
simplistic photon picture, only photons from the closest
cinity of the diffraction limited spot contribute to the signa
In a confocal microscope, the effective focus acts as a th
dimensional probe which can be scanned through a trans
ent specimen. Therefore, confocal fluorescence microsc
readily produces~3D-! images of transparent specimens su
as cells.
il:
3 © 1998 American Institute of Physics
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A quadratic effective PSF can also be achieved by ex
ing the dye through nonresonant two-photon absorption.12,13

In this case, one is able to obtain similar 3D-imaging ca
bilities using only excitation. An important benefit of two
photon excitation microscopy is the accessibility of UV flu
rophores without requiring UV-optical components. T
viability of multiphoton excitation microscopy is catalyze
by the high local intensities achieved in a high aperture
croscope. Recently, even three-photon excitation microsc
has been demonstrated14 and applied to the imaging of bio
logical specimens and even live cells.15,16 When considering
the effect of multiphoton excitation on the resolution one h
to bear in mind that two- or three-photon excitation usua
calls for a doubled or tripled excitation wavelength resulti
in a spatially enlarged focus. The nonlinearity of the exci
tion is not able to fully compensate for this effect, so th
practical multiphoton images are generally poorer in reso
tion than their confocal single-photon counterparts.17

The advantages of focusing over near-field optics p
vided a great incentive for us to readdress the resolu
issue in the far field.18,19 The advent of 3D imaging throug
confocal and two-photon excitation microscopy in the eig
ies and early nineties, highlighted the obvious fact that i
transparent three-dimensional object, the resolution i
three-dimensional problem. Even for the highest numer
apertures, the resolution along the optic axis is about 3
times poorer than its focal plane counterpart.20 In standard
confocal and multiphoton microscopes, typical resolution
of the order of 150–300 nm in lateral and of 500–1000
in axial direction.21

An approach that allows increased axial resolution
standing-wave microscopy. This uses flat counterpropaga
coherent beams to produce a flat standing wave pattern in
focal region of the lens. This is achieved technically eith
by placing a mirror in the focal region of the lens from whic
the wave fronts bounce back into the focal region, or
using two objective lenses with flat-wave illumination.22 The
unfocused wave fronts produce a periodic pattern of
standing waves in the excitation field that is useful for d
criminating objects closer thanl/2. However, they do no
allow for 3D imaging since they require the objects to be t
of the order ofl/2 to avoid ambiguities in the periodic stan
ing wave pattern. Another endeavor for increasing axial re
lution is confocal theta microscopy.23,24 This system uses
two orthogonal low aperture lenses and is able to prov
approximate isotropic 3D resolution. The drawback of t
approach is that the resulting focal 3D volume is genera
larger than that of a high aperture lens, as the lateral res
tion is poorer than in a high aperture confocal arrangem

In previous articles, we pointed out the potential of co
bining image restoration and confocal microscopy for
creasing the resolution in far-field light microscopy.25 In this
article, we follow the approach of synergistically combin
two-photon excitation 4Pi-confocal microscopy18,19,26 with
image restoration.27–29We provide further evidence that th
method is capable of achieving three-dimensional resolu
of the order of 100 nm. We shall begin with a review of t
concept of 4Pi-confocal microscopy and the restoration
proaches. In Sec. IV we shall display 3D images of test
t-
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jects as well as of parts of the filamentous actin in the c
cytoskeleton of a mouse fibroblast cell, and compare
resolution and imaging performance of two-photon confoc
4Pi-confocal and restored 4Pi-confocal microscopes.

II. THE CONCEPT OF 4Pi-CONFOCAL MICROSCOPY

The primary goal of 4Pi-confocal microscopy is the i
crease of far-field resolution in the axial direction. For th
purpose, the 4Pi-confocal microscope uses two opposing
jective lenses of high numerical aperture with which t
same object point is coherently illuminated and/
observed.18,19 The two spherical wave fronts add up to
single wave front so that the total aperture angle is doub
This is accomplished either for illumination, or detection,
simultaneously for both. With two objective lenses it is n
possible to obtain a complete solid angle of 4p. The acronym
4Pi, however, is a reminder of the basic idea behind
concept.

Figure 1 sketches the 4Pi-confocal microscope for
case of coherent illumination through both objective lens
the collection is accomplished through a single lens. T
imaging mode is technically the simplest version of 4P
confocal microscopy and is referred to as 4Pi-confocal
croscopy of type A. The light source is, preferably, a las
whose beam is split into two coherent partial beams. T
focal intensity distribution of a 4Pi-illumination PSF is ca
culated by the coherent summation of the two focal elec
fields of the two opposing lenses. We begin with the cal
lation of the 4Pi-confocal PSF. Following Richards a
Wolf,30 the electric field in the focal region of a lens is give
by

E~u,n,w!5~ex ,ey ,ez!

52 i @ I 01I 2 cos~2w!,I 2 sin~2w!,22i I 1 cosw#,

~1!

with I 0,1,25I 0,1,2(u,v) being integrals over the lens apertu
defined in Ref. 30. The integralsI 1,2 consider the high angle
effects as required when precisely calculating the focu
field of a high aperture system. The parametersu andv are
optical units defined asu5(2p/l)nz sin2 a, and v
5(2p/l)nr sina. The anglew is between the direction o
vibration of the incident electric field and the direction
observation. The anglea denotes the semiaperture angle a

FIG. 1. Scheme of the 4Pi-confocal microscope of type A.
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l is the wavelength.J0,1,2 are Bessel functions of the firs
kind. The focal intensity for a single lens is given by th
modulus square of the electric field,

h~u,n,w!5uE~u,n,w!u2

5uI 0u21uI 2u214uI 1u2 cos2 w

12 Re$I 0I 2* %cos 2w ~2!

with Re denoting the real part. For randomly or circula
polarized light, the dependence onw vanishes and the nor
malized PSF is reduced to

h~u,n!5uI 0u212uI 1u21uI 2u2. ~3!

For low apertures, Eq.~3! becomesh(u50,v)>uI 0u2 which
is the Airy intensity distribution that is commonly used
describe the classical resolution limit in the focal plane30

The 4Pi-illumination PSF is readily calculated by adding t
electric fields.19 Constructive interference in the geometr
focus yields

h4Pi~u,n,w!5uE1~u,n,w!1E2~2u,n,w!u2, ~4!

whereE1 andE2 are the fields from the two lenses. Furth
evaluation results in

h4Pi~u,n,w!5const~Re$I 0%
21Re$I 2%

2

12 Re$I 0%Re$I 2%cos 2w

14 Re$I 1%
2 cos2 w!. ~5!

For random polarization, we obtain

h4Pi~u,n!5const~Re$I 0%
212 Re$I 1%

21Re$I 2%
2!. ~6!

Equation~6! is the 4Pi-illumination PSF describing th
intensity of the excitation light. It is the counterpart of E
~3! in the single lens case. The numerical computation
h4Pi(u,v) renders a main maximum and axial lobes,19 the
height and number of which are a function of the semiap
ture angleamax. The height of the lobes decreases with
creasingamax; for a complete spherical wavefront of 4p, the
lobes vanish. It is desirable to have the highest possible
erture however this is limited by manufacturing constrain
At present the largest aperture possible is obtained using
immersion lenses having a semiaperture angle ofamax

>3/8p. For constructively interfering wavefronts andamax

>3/8p, the 4Pi-confocal PSF results in a main maximu
and an axial lobe of;60% above and below the foca
plane.19 The main maximum of the 4Pi-illumination PS
@Eq. ~6!# is about four times narrower than its single le
counterpart@Eq. ~3!#, thus promising a fundamentally in
creased axial resolution. The lobes compromise the bene
the narrow main maximum and need to be suppresse
avoid ambiguous imaging along the optic axis.

Figure 2 shows a comparison of the~a! confocal PSF
with the~b! 4Pi-confocal PSF as surface intensity plots alo
the optic axis. The PSFs have been measured by scann
scattering gold particle of 50 nm diameter through the fo
of the microscopes.31 We used a wavelength of 633 nm a
emitted by a HeNe laser. The numerical aperture of
f
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lenses was 1.4 oil immersion. In the 4Pi-confocal case,
can clearly recognize the pronounced main maximum
the axial lobes.

A further increase of the semiaperture angle is desira
but is hampered by technical challenges in lens manufac
ing. Hence, the problem of the lobes must be addressed
ferently. A useful approach is the multiphoton excitation
the dye in conjunction with confocal detection through
pinhole. Multiphoton excitation reduces the contribution
the secondary maxima because of the higher order de
dence of the excitation on the illumination intensity. The u
of a confocal pinhole suppresses the lobes as it reduces
probability of out-of-focus fluorescence photons being d
tected and therefore also contributions from axial lobes.
confocal detection through a single lens~Fig. 1! the detection
process is described by a single lens PSF@Eq. ~3!# calculated
for the fluorescence wavelength. Thus, the point-spread fu
tion of a two-photon confocal fluorescence 4Pi-confocal m
croscope is given by

hconf
4Pi ~u,n!5uhill

4Pi~u/2,n/2!u2hdet~u,n!. ~7!

In fact, the combination of two-photon excitation an
confocal detection is particularly advantageous32 as the
double excitation wavelength also doubles the distance
tween the maximum and the axial lobes. As a result,
lobes are at twice the distance from the focal plane so
the confocal detection efficiently reduces the height of
lobes. In theory, one could suppress the lobes well be
10%. In practice, however, for a two-photon excitatio
wavelength at about 800 nm and a medium detection wa

FIG. 2. Intensity surface plots of the PSF of the~a! 4Pi-confocal,~b! con-
focal, and the~d! point-deconvolved 4 Pi-confocal microscope as det
mined with light scattering beads. The plot in~c! represents the lobe func
tion, I (z). The arrangement of the figures symbolizes the fact that the
PSF can be approximated by the convolution of the peak function of~d!
with the lobe function of~c!. The comparison between~b! and~d! reveals a
4.5-fold improvement of the axial resolution in 4Pi-confocal microsco
over regular confocal microscopy.
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length of about 580 nm, the refractive index mismatch
tween the sample and the immersion medium render lobe
the range of 25%–40%.33,34

The incompleteness of lobe suppression is not neces
ily a major obstacle for 4Pi imaging, since the lobes can a
be removed computationally. Provided they are well bel
50% one can apply a fast deconvolution algorithm.34 This
can be understood on the basis that, as a good approx
tion, the axial profile of the 4Pi-confocal PSF is a convo
tion of two functions: the peak intensity function
uhpeak(u,v)u2 describing a single interference maximum@Fig.
2~d!#, and the lobe function,l (u) representing the location
and the height of the~three! peaks@Fig. 2~c!#. The approxi-
mation holds as long as the relative height of the lobes d
not depend on the lateral position within the PSF. In case
a two-photon 4Pi-confocal PSF with excitation at 810 n
and detection at 580 nm which is close to our experime
conditions, the relative height of the lobes on the optical a
is 19.9%. At a lateral position where the PSF atz50 has
dropped to 50%, the lobes are at about 21.9% and they r
29.6% at a lateral position where the PSF atz50 has
dropped to 10%. The absolute error introduced by this de
tion from the approximated shape is about 1%.

The lobe function is actually the sum of weightedd dis-
tributions representing the main maximum and the lob
The inverse functionl 8(u) of the lobe function can be
readily expressed as 3–5 weightedd distributions with
changing sign~Fig. 3!. In theory, the inverse filter consists o
more peaks but for lobes smaller than 30% they are ne
gible with respect to the noise that is usually present in a
image. This simple inverse filter allows for a rapid on-lin
deconvolution.34 After the point deconvolution, the effectiv
PSF of the 4Pi microscope is a single peak that is about
times narrower than that of a single lens high aperture
croscope@Figs. 2~d! and 3#. The narrower main maximum o
the 4Pi-confocal microscope accounts for an axial resolu
improvement by a factor of four in far-field fluorescence m
croscopy.

III. RESOLUTION IMPROVEMENT THROUGH IMAGE
RESTORATION

In fluorescence imaging, the phase of the excitation li
is lost upon absorption, so that the imageg(r 8) is given by
the three-dimensional convolution20,27of the PSF,h(r ), with
the unknown object function,f (r ). The latter represents th
fluorochrome distribution of the specimen in the obje
space:

g~r 8!5h~r ! ^ f ~r !. ~8!

Here, we express the PSF@Eqs.~3! and ~6!# in spatial coor-
dinatesr5(x,y,z) and as a scalar function that is ideal

FIG. 3. Point deconvolution for axial lobe removal.
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translation invariant in the object volume. With a noise-fr
image and a perfectly known PSF one could, in princip
use direct deconvolution, i.e., inverse filtering, to recover
distribution of the fluorophore in the object with a spat
frequency content up to the bandlimit of the microscope.

Unfortunately, this approach is hardly applicable. T
limited signal to noise ratio~SNR!, the limited knowledge of
the real PSF of the microscope and the bandlimited chara
of the PSF renders a direct deconvolution unfeasible. Stil
is possible to significantly improve the resolution by nonli
ear deconvolution algorithms.28,35 In fact, these algorithms
do not deconvolve the image directly but in an iterative ma
ner. During iterations the match between the measured im
and a synthetic image of the current object estimate is s
by step improved. The synthetic image is computed by c
volving the object estimate with a previously measured P
Such iterative nonlinear restoration techniques allow rec
struction of spatial frequencies which were lost in the ima
ing process, e.g., the ‘‘missing cone’’ spatial frequencies o
wide field microscope. We emphasize here that due to
nonlinear character the efficiency of spatial frequency rec
struction is highly object dependent.

In spite of being well-established in microscopy, res
ration algorithms have only recently succeeded in sign
cantly improving the resolution.28,36 This is due to aug-
mented computational speed of current computers wh
now enables the application of stable algorithms to mean
ful 3D data sets. In particular, the combination of high se
sitivity detection with piezoelectric stage scanning micro
copy has made possible an increase of resolution by 1.5
3 in lateral and axial direction,37 respectively, as demon
strated by imagingF-actin fibers in mouse fibroblast cells.

When applying restoration techniques one has to take
effect of noise into account. At signal levels of about 0–2
counted photons per pixel, the noise generally obeys a P
son distribution. The presence of noise can be modeled

m~r 8!5N@g~r 8!#, ~9!

wherem(r 8) is the recorded image. The functionN accounts
for the noise in the signal.38 The restoration procedure com
putes a newestimateof the object function for each iterativ
step. The criterion used in matching the synthetic image
the object estimate with the recorded image largely de
mines the outcome of the restoration. The choice of this
terion, or the distance measure, is based ona priori known
properties of the object function and the imaging. One of
a priori known properties is that the object function cann
be negative since it represents a distribution of fluoropho
For non-negative object functions, theI-divergence distance
measure

I ~aib!5a ln@a/b#2~a2b! ~10!

is the only possible measure that is consistent with a limi
set of plausible axioms.39 The functionsa andb denote the
functions to be compared. It has also been shown that m
mizing the I divergence is equivalent to maximizing th
logarithmic likelihood,l, of the estimatef 8 given the mea-
sured imagem(r 8):



n
a-
he
e
c

-
c

o
pe

as
s
on

e
e
e

y-

7
s
th
n
d
nc
a

e
n
t

ta

4
nf

te

as

te
10

rter
t.
D-

first
e
y
a

to
ng

to
ral

time
ted.
n-

al
l
d
to
een

hes.

res-
en is

fo-

4037J. Appl. Phys., Vol. 84, No. 8, 15 October 1998 Schrader, Hell, and van der Voort
l ~ f 8!52E
R8

g8~r 8!dr 81E
R8

ln@g8~r 8!#m~r 8!dr 8,

~11!

R8 represents the image space andg8(r 8) the imaged
estimate.40 The functionf 8 which maximizes the logarithmic
likelihood is found with the expectation–maximization~EM!
algorithm.

f 8k11~r !5 f 8k~x!E
r8
F h~r2r 8!

* rh~r 82r ! f 8k~r !1BGm~r 8!dr 8

~12!

in which B is the average of a homogeneous backgrou
The solution found by the EM-maximum likelihood estim
tion ~MLE! algorithm is regularized through the use of t
method of Gaussian sieves.41 In the results shown, a siev
with a sigma of 0.2 sample interval was applied after ea
fifth iteration of the EM-MLE algorithm. This sieve effec
tively prevents construction of out-of-band spatial frequen
components. Subsequently, theI divergence of the imaged
estimate and the recorded image was computed and c
pared to the previous value. The iterations were stop
when the relative change of theI divergence dropped below
0.01%. The EM-MLE algorithm was chosen since it w
found that for low light levels the EM-MLE method offer
superior performance over the widely used iterative c
strained Tikhonov–Miller methods.38 The application of res-
toration algorithms in 4Pi-confocal microscopy is attractiv
as the 4Pi-confocal microscope offers a four fold improv
axial bandwidth in the optical transfer function of th
microscope.42

IV. RESULTS

We built a 4Pi-confocal microscope of type A emplo
ing a mode-locked Ti:sapphire laser~Mira 900F, Coherent
Inc.! in order to enable efficient two-photon excitation~Fig.
1!. The laser emits 150 fs pulses at a repetition rate of
MHz. The pulses are spread to about 250 fs in the focu
the objective lens as a result of the dispersion in
microscope.43 Nevertheless, efficient two-photon excitatio
of rhodamine and rhodamine derivatives can be performe
a wavelength ranging from 750 to 860 nm. The fluoresce
wavelength is largely between 550 and 630 nm and w
separated through the dichroic beamsplitter and 2 mm
blue glass~Schott, BG39!. The latter suppresses the las
light by about 10 orders of magnitude which was sufficie
to completely suppress the contribution of the laser light
the background. Our experiments were performed with s
dard objective lenses~Leica 100x, Planapochromat!; the
lenses were not preselected by the manufacturer. The
confocal microscope can be transformed to a regular co
cal microscope by blocking one of the lenses.

First, we carried out experiments with fluorescence la
beads~Molecular Probes, Eugene, Oregon!. The beads were
110 nm in diameter and were mounted in Aquatex~Merck,
Darmstadt!, which after a drying period of 3 to 4 weeks, h
an index of refraction close to that of oil or glass~1.5!. The
excitation wavelength was 760 nm. The average laser in
sity was typically 1 to 2 mW. The detection pinhole was
d.
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mm in size, which in our case, amounted to about one qua
of the back projected Airy disk of the fluorescence ligh
Imaging was performed by scanning the sample with a 3
piezo stage featuring a scanning precision of 10 nm~Nano-
block, Melles Griot, Cambridge, UK!. This precision was
ensured by operating the stage in a closed loop. The
objective lens~L1! is fixed. The detection pinhole can b
aligned with respect to the focus of the objective L1 b
maximizing the two-photon fluorescence signal of
rhodamine sea. The focus of the second lens~L2! was ad-
justed with 10 nm precision piezoelectrically with respect
that of L1. The alignment can be carried out while observi
the fluorescence signal of an axially scanned bead. Due
the interference the signal height is very sensitive to late
and axial displacements of the second lens. At the same
the phase of the interference can be observed and adjus

We typically recorded 3D-data stacks. The stacks co
sisted ofXZ images, equidistant in theY direction. Figure 4
~left column! shows three single lens two-photon confoc
axial images~XZ! from a typical 3D-image stack. The pixe
size was 36 nm inX and 25 nm inZ. The data stack consiste
of ten XZ images. Three of them are shown in Fig. 4
illustrate the 3D structure in the object. The distance betw
the layers was 180 nm~Y direction!. In the two-photon con-
focal image, the beads were imaged as elongated patc

FIG. 4. Comparison of~two-photon! confocal, 4Pi-confocal, and 4Pi-
confocal restored axial images of randomly dispersed subresolution fluo
cence beads. To allow a direct comparison, the same site of the specim
imaged. For each imaging mode, threeXZ layers are shown~top to bottom!.
The layers are separated by 180 nm in theY direction. The comparison
reveals a fundamental improvement of resolution in three-dimensional
cusing light microscopy in the restored 4Pi-confocal case~see arrows!.
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The elongation stems from the fact that the axial resolutio
about 3 to 4 times poorer than the resolution in the fo
plane. As the beads have a diameter of about 110 nm
bead image function is very close to the experimental PS
the microscope. The arrows indicate a place in the sam
where two beads are obviously not separated.

The center panel shows the corresponding three laye
the two-photon 4Pi-confocal 3D-data stack, after the po
deconvolution. The 4Pi recording was performed at the sa
place in the sample with similar recording conditions, exc
for the doubled illumination power resulting from the simu
taneous illumination through both lenses. This resulted a
in an increased signal to noise ratio in the 4Pi case.
relative phase of the two interfering spherical wave fro
was adjusted prior to the imaging, by monitoring the ax
response of a single isolated bead. From the single bead
age we were also able to establish the width of the m
maximum of the 4Pi-PSF and the height of the lobes.
found a full-width at half-maximum~FWHM! of 140 nm in
axial direction and 180 nm in the focal plane. The relat
height of the lobes was about 30% so that we could rem
the lobes in the image by applying a fast point deconvo
tion.

When comparing the axial FWHM of the two-photo
4Pi confocal with that of the single lens confocal micr
scope, namely 140 to 640 nm, one establishes a resolu
improvement of 4.5. Along the marked line the beads are
separated by the confocal, whereas the 4Pi-confocal im
indicates that there is more than one bead. This can be
more clearly in Fig. 5 where the data are shown as inten
profiles. The advantage of the point deconvolution is
high speed of the procedure. We applied the point decon
lution after the data acquisition although it could have be
carried out on-line. The point deconvolution however, do
not fully exploit the knowledge of the PSF, and, therefo
does not provide the highest possible resolution. Hence,
adopted 3D-image restoration to obtain a further impro
ment in resolution.

Restoration of the image requires precise knowledge
the experimental 4Pi-confocal PSF. In principle, one co
use the 3D image of an isolated bead for the PSF. The
mensions of the bead~110 nm! and the FWHM of the dye
distribution object function of the bead are comparativ
small with respect to the FWHM of the maxima of the 4P
PSF. Hence, the image of a single bead would be a g
approximation for the experimental 4Pi-PSF. Even so,
decided to reduce the potential influence of the finite size
the beads.

We retrieved the 4Pi-PSF from the bead image by res
ing the bead image with the object function of the beads.
a good approximation, the bead can be represented by a
formly dyed sphere of 110 nm diameter. Therefore, we c
culated the 4Pi-PSF by restoring the 3D-bead image with
known object function. Again, this is achieved by approa
ing the 4Pi-confocal bead image with a 4Pi-PSF gained
the MLE procedure with the condition that the bead obj
function is a uniformly dyed sphere.

The right hand panel of Fig. 4 shows the correspond
three layers of the 3D 4Pi-confocal data set after restora
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with the 4Pi-PSF. The full axial bandwidth of the 4Pi-PSF
exploited for the restoration of the images. This results i
strong increase in axial and lateral resolution as can be
ticed from the comparison of the restored bead images.
instance in Fig. 4~bottom, center and right!, one can distin-
guish four beads that are separated by about 250 nm in
eral direction and axial direction. In the right hand panel, o
of the beads is weaker because it is laterally out of focus.
evaluated restored single bead images in the whole data s
and found a FWHM of the bead images of 80 nm in t
lateral and 70 nm in the axial direction. Taking into accou
the two-photon excitation wavelength of 760 nm, th
amounts to about one tenth of the wavelength. Thoughtfu
applied, the FWHM can be a helpful criterion for the estim
tion of the resolution, however, the decisive criterion for t
resolution is the ability to distinguish two adjacent object

The visual impression of fundamentally improved res
lution is further substantiated by the intensity profiles, sho
in Fig. 5. The intensity profiles of Fig. 5 reveal the data alo
the marked lines of Fig. 4 and impressively demonstrate
improvement in resolution obtained with two-photon 4P
confocal and restored 4Pi-confocal microscopy over the s
dard two-photon confocal. As compared to the 4Pi-confo
image, the dip in the profile is about 25% deep and mu

FIG. 5. Axial intensity profiles corresponding to the marked lines~arrows!
of Fig. 4. The confocal and 4Pi-confocal lines are averaged across t
pixels in lateral direction. The ‘‘dents’’ in the confocal profile are due to t
poorer signal-to-noise ratio of the recording and subsequent averaging
profiles demonstrate the improved resolution of 4Pi-confocal and rest
4Pi-confocal microscopy. Note the intensity drop of;25% between beads
that are 150 nm apart.
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more pronounced in the restored case@Fig. 5~c!#. The 110-
nm-diam beads are only;150 nm apart~center to center!,
but clearly distinguished. We calculated that in a confo
microscope, a similar dip of 25% would occur at a distan
of 850 nm.

The next step was to apply our method to biologic
specimens, in this case mouse skin fibroblast cells. TheF-
actin filaments of these cells were labeled with rhodami
phalloidin which has a two-photon absorption peak at aro
810 nm. We also used a confocal pinhole for detection w
a diameter of 20mm amounting to about 50% of the size
the back projected Airy disk. The use of a confocal pinh
results in a loss in fluorescence intensity which we comp
sated for by applying a photon counting avalanche photo
ode featuring detection quantum efficiencies in the orde
60%–70% at about 600 nm~EG&G, SPCM-AQ-131!. The
average excitation power of the pulsed light was 1 m
which was not harmful to our sample. Typical pixel dwe
time in our images was 2 ms. The combination of high s
sitivity detection with comparatively low excitation powe
reduced the potential effect of photobleaching.

Apart of being placed between two cover slips, the c
specimen was prepared according to published protocols
cell fixation. During the fixation the water was removed a
replaced by glycerol. From the optics viewpoint there is n
a significant difference between the medium refractive ind
of the sample. That of the sample is now close to glyce
(n51.46) which is significantly less than that of the glas
immersion system (n51.51). The difference in refractive
index results in a slight spherical aberration and also in
ences the relative phase of the interfering spherical wa
fronts. The spherical aberration leads to somewhat hig
lobes, which are typically 40%–45% in the sample. The s
in the relative phase occurs when the specimen is mo
along the optic axis. For instance, when the~optically thin-
ner! sample is moved towards the lens L2, the optical p
on the right is reduced, and vice versa.

We have found that the change of phase is a linear fu
tion of the axial movement which itself is a result of th
refractive index step between the specimen and the c
glass/oil immersion medium. A complete turn of phase
curred for an axial translation of about 2.6mm. The linearity
of the phase shift can also be calculated by considering
refractive index step between the sample and the cover g
The linearity of the phase change in the cytoskeleton is
to the fact that, after fixation, the cell consists mostly
glycerol ~90%–95%!. The cytoskeleton can thus be model
by a uniform glycerol layer with small fluorescent objec
The linearity of the phase shift allowed us to compensate
the change in phase by applying a linear voltage ramp
piezoelectrically driven mirror in one of the illuminatio
paths.

Figure 6 showsXZ images of actin fibers at the same s
of the fibroblast cell. It is known that the diameter of th
actin filaments and fiber bundles is about 7–30 nm.7 To-
gether with the label, the maximum diameter of the ac
fibers can be calculated to be about 20–50 nm. Figure~a!
depicts the single lens confocal image while Fig. 6~b! shows
the 4Pi-confocal counterpart with subsequent restora
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with the 4Pi-PSF. TheXZ images are actually vertical cut
through the fibroblastF-actin skeleton. TheF-actin fibers are
perpendicular to the image plane, which is pointing in theY
direction. Note the precision with which the single fiber
the center is localized and resolved in the 4Pi case. Ag
this image should be contrasted with the two-photon con
cal image which features a considerably stronger blur.

We evaluated the reduction in FWHM and found t
lateral FWHM reduced by about 1.5. The FWHM along t
optic axis was reduced six to sevenfold. The lateral and a
FWHM of the fibers in the image was 180 and 100 n
respectively. TheXZ images are actually part of 3D-dat
stacks consisting of 12XZ slices with 40 nm distance inY
direction. This allowed us to display the actual thre
dimensional shape of the actin filaments in the imaged
gion. Figure 7 displays the 3D rendered actin for the~a!
two-photon confocal and the~b! two-photon 4Pi-restored

FIG. 6. Axial image through theF-actin filaments of a mouse skin fibroblas
cell showing~a! the confocal and~b! the 4Pi-confocal restored case. Bo
3D images were recorded at the same site of the specimen to allow a d
comparison of both methods. TheF-actin fibers are directed along theY
axis, i.e., perpendicular to the axial image. The 4Pi-confocal restored im
reveals more details of the object than the confocal counterpart as a res
the improved 3D resolution. The actin fiber in the center is substanti
better resolved.
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case. Note the actin fiber in the center pointing~upwards! in
Y direction, of which Fig. 6 shows a section.

V. DISCUSSION

The improved resolution of the 4Pi-confocal microsco
enables enhanced reproduction of the 3D structure of
object. It is interesting to note that in the 4Pi-confocal m
croscope, the axial resolution is better than its lateral co
terpart. This is not surprising as it is a direct consequenc
the improved aperture in the axial direction. Image resto
tion in 4Pi-confocal microscopy is very useful and efficie
as it removes the lobes almost completely and provides
perior resolution, in both axial and lateral direction.

We would like to emphasize that the resolution increa
reported here cannot be attributed to the nonlinear natur
two-photon excitation, unless one expresses the achie
resolution in terms of a fraction of the wavelength. Usua
and particularly in our case, two-photon excitation doesnot
lead to a sharper PSF in absolute values.17,44 This is because

FIG. 7. Volume rendered 3D images of a~a! confocal, and~b! the corre-
spondent 4Pi-confocal restored data stack. Both images were recorded
the same average power and the same pixel dwell time. The superior si
to-noise ratio in~b! is partly due to the increased signal in 4Pi-confoc
imaging and partly due to the restoration procedure correcting for noise.
reduced uncertainty volume in~b! leads to a fundamentally improved imag
ing of the actin fibers in the cell volume. Note the vertical fiber in the cen
of the image.
e
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two-photon excitation requires a doubled excitation wa
length which results in a broader PSF. The role of tw
photon excitation in our arrangement is to reduce the he
of the side lobes of the 4Pi-PSF and to move the axial lo
further away from the focal plane. Thus the usefulness
confocal detection is as an efficient tool to suppress
lobes.32 We also note that the pulse duration of 250 fs of t
excitation pulse is not critical since efficient two-photon m
croscopy of cultured cells can also be performed with mu
longer ~picosecond! pulses.45

As pointed out in the introduction, the application
restoration procedures to standard confocal imaging also
sults in improved resolution. We also restored standard t
photon confocal images and found that the resolution
provement in that case is still remarkable, but le
pronounced. We found an improvement by a factor of 1.5
in the X andY directions, and 2 to 3 in itsZ counterpart. In
4Pi-confocal microscopes, the improvement is greater. F
the PSF viewpoint, the 4Pi-PSF is sharper than the confo
PSF due to the 4.5 times narrower main maximum and a
because of the lobe suppression. The sharp and spa
well-defined PSF increases the efficiency of the iterative
proach of the restoration. From the viewpoint of the optic
transfer function~OTF!, the 4Pi-confocal microscope fea
tures a fourfold axial bandwidth in the axial direction, th
allowing for a considerably better axial restoration. We po
out that with single-photon excitation and nonconfocal det
tion the OTF would have missing bands along the optic a
This is because a nonconfocal single-photon excitation
croscope does not feature axial discrimination by intens
The role of two-photon excitation and confocal detection
to fill the missing bands in the 3D-OTF. This measure
creases the efficiency of 3D-image restoration.

A further reason for the improved resolution is the hi
imaging fidelity as provided by stage scanning.19 Stage scan-
ning allows for a high correction of the wave fronts and t
involved optical components. In addition, the recording tim
for a singleXZ layer was 30 s which is about 30–50 time
longer than in beam scanning confocal microscopy. The
cording times are about five times shorter than the typ
recording time of a near-field fluorescence optical mic
scope. As with near-field optics, such recording times
justified when morphology is the main concern in imagin
Hence we are able to obtain a good signal-to-noise r
~SNR! which is also an important reason for the effecti
resolution reported herein. As we have pointed out earl
the synergistic combination of high quality imaging, hig
SNR, and subsequent efficient restoration is able to sign
cantly increase the effective resolution in the far field.25,26,37

The concept of 4Pi-confocal microscopy also allows a be
scanning approach where two synchronized beams
scanned across the specimen for higher imaging speed.

A limitation of a nonlinear restoration procedure is th
it is object dependent. For point-like objects, the restorat
algorithm converges faster than for more complicated fl
rophore distributions37 and it is also somewhat more effi
cient. This can be observed when comparing the data of
bead restoration with those of the biological sample. In
biological sample, the FWHM is about 20% larger than

ith
al-

he

r



ou
je
o
(
ro

gh
SF
a
o

es
i.
h

rra

r
m
(

io
th
fra
le
e
e

n
A
n
g
al
iz

nt
o

-

R
e

nc
im
n

pa
ith

hi
am

im
ta
o
P
n

-
l t
10

eld
rior
ite-
er-
ve
he
re-
of

ion
te.

ap-
ight
eir

py

-

hys.

l

.

i,

ing

tt.

ll

tt.

ys.

4041J. Appl. Phys., Vol. 84, No. 8, 15 October 1998 Schrader, Hell, and van der Voort
the bead sample. Another reason for this phenomenon c
be the fact that the PSFs were retrieved from the bead ob
which was immersed in Aquatex with a refractive index
n'1.5 close to that of the oil/glass immersion systemn
51.5). The biological samples were mounted in glyce
which has an index of refraction (n51.46) and is slightly
mismatched to that of the oil. This mismatch induces a sli
spherical aberration which is not accounted for in the P
with which we restored the biological images. Thus one c
expect the restoration of the bead images to be slightly m
efficient than that of the cell actin fibers. To obtain the b
possible results, the use of a matched immersion system,
glycerol immersion lenses, would be advantageous. T
would provide a remedy for the remaining spherical abe
tion.

The obtained resolution shows that the use of a glyce
mountant is acceptable. However, we stress that the co
nation of oil immersion lenses and watery specimensn
51.33) is not. For watery specimens, water immers
lenses will be naturally the lenses of choice. Obviously,
best results are expected for a complete match of the re
tive index of the immersion system with that of the samp
Our experiments with beads indicate that for a well-match
system, point-like labels in the cytoskeleton could be imag
with a spatial resolution in the sub-100 nm range~see Fig. 4!.

The investigation of dense cell nuclei requires differe
fluorescence labels, usually blue fluorophores such as D
and Hoechst, and most probably a different compensatio
the relative phase change. If the refractive index chan
dramatically, the PSF undergoes changes which might
affect the restoration procedure. This could restrict the s
of images to spatial dimensions where the PSF is sufficie
spatially invariant. One can expect that smaller images
about 2 to 3mm in size will be sufficient for distinguishing
labels that are 0.1–0.3mm apart, which are otherwise indis
cernible with focused light.

The efficiency of the restoration depends on the SN
The latter can be increased by using a longer pixel dw
time. This is usually also the case in near-field fluoresce
optics. For both methods, the possible increase in dwell t
is limited by the finite cycles of excitations that a fluoresce
molecule can undergo before decomposition. When com
ing the signal to noise ratio of the two-photon confocal w
that of its two-photon 4Pi-confocal images~Figs. 6 and 7!
one notices improved signal to noise ratio of the latter. T
is due to the fact that the interference of the focused be
leads to an increased local intensity in the focus resulting
a 2 to 3 times higher signal in two-photon fluorescence
aging. 4Pi-confocal microscopy also has another advan
in this respect. As the signal can be collected through b
lenses one can further improve the signal height. 4
confocal microscopy thus improves both the resolution a
the signal in far-field fluorescence microscopy.

VI. CONCLUSION

Two-photon excitation 4Pi-confocal microscopy in com
bination with efficient image restoration has the potentia
resolve fluorescent bead objects with a 3D resolution of
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nm in three dimensions. The method is a genuine far-fi
approach and therefore applicable to imaging of the inte
of three-dimensional structures such as cells. A useful cr
rion for three-dimensional resolution is the volume of unc
tainty that can be calculated from the FWHM of the effecti
PSF of a far-field microscope. A direct comparison of t
standard confocal and 4Pi-confocal restored results in a
duction of the uncertainty volume by more than one order
magnitude. This is, to our knowledge, the highest resolut
in far-field light microscopy that has been achieved to da
These findings support our view that advanced far-field
proaches are capable of setting new low benchmarks in l
microscopy resolution and therefore complementing th
near-field counterparts in high resolution applications.
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