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Refractive-index-mismatch induced aberrations
in single-photon and two-photon microscopy
and the use of aberration correction
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Abstract. We examine the effects of aberrations induced by a refrac-
tive index mismatch on the signal level and resolution of single-
photon (12p) and two-photon (22p), conventional and confocal
scanning microscopes. In particular, we consider the aberrations in-
troduced by an interface between oil/glass and water. Resolution is
defined in terms of enclosed fluorescence, rather than full-width half-
maximum, revealing more useful information for heavily aberrated
point spread functions (PSFs). It is shown that, at large focusing
depths, the resolution of 22p conventional and 12p confocal mi-
croscopes are almost identical. The benefits of aberration correction
are examined by removing Zernike aberration modes. With aberration
correction, the best resolution is found for 12p confocal and 22p
confocal modes. An approximation based upon geometrical optics is
also introduced which shows that the axial resolution of heavily ab-
errated PSFs is roughly proportional to focusing depth. © 2001 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1382808]

Keywords: confocal microscopy; two-photon microscopy; fluorescence; aberration
correction.
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1 Introduction
Scanning single-photon(12p) and two-photon(22p) exci-
tation fluorescence microscopes are becoming ubiquitou
tools in the biological sciences.1–3 Many microscopes can be
configured to operate in both12p and 22p fluorescence
excitation modes. In12p excitation fluorescence micros-
copy, a fluorophore is excited by a single photon of a particu
lar wavelength, typically from a laser source. The fluorophore
then returns to the ground state emitting a photon at a slightl
longer fluorescence wavelength, which is separated from th
excitation light by a suitable filter and then may be detected
by a photodetector. The22p excitation process, however,
relies on the simultaneous absorption of two, longer wave
length photons, whereafter a fluorescence photon is emitte
The excitation wavelength is typically twice that used in the
12p case. In12p microscopy, the use of a confocal pinhole
in the detection path allows axial sectioning and, therefore
three dimensional imaging.4,5 In 22p microscopy, the qua-
dratic dependence of the fluorescence intensity on the illumi
nation intensity means that the fluorescence emission is a
ways confined to the region of the focus—the system
possesses an inherent optical sectioning property. A confoc
pinhole may however be used, increasing resolution at th
expense of signal level.6 Benefits of22p microscopy in com-
parison to12p microscopy include the use of red or infrared
lasers to excite ultraviolet dyes, confinement of photobleach
ing to the focal region, and the reduced effects of scattering
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However, compared with that of12p excitation, the fluores-
cence yield of many fluorescent dyes under22p excitation is
low.7

Theoretical comparisons of resolution between12p and
22p methods have shown that, for a given fluorescent d
and in the absence of aberrations, the resolution of12p con-
focal and22p confocal are roughly equivalent, whereas t
resolution of22p conventional is worse by a factor of ap
proximately 2.6 Previous experimental investigations ha
looked into the effects of refractive index mismatch on t
imaging properties of12p and22p microscopes and shown
a decrease in resolution and signal strength as the focu
depth increases.8–10

In this paper, we expand on previous analyses by com
ing directly the imaging capabilities, via signal level, later
and axial resolution, of12p and22p microscopes under the
effects of spherical aberration induced by a refractive ind
mismatched interface. We work from the assumption that
fluorescent dye will be the same in both the12p and22p
case, so that the emission wavelength will be the same in b
cases. We also investigate the benefits of applying aberra
correction which could be performed, for example, in
adaptive microscope.11 Finally, we derive a geometrical optic
approximation which describes the axial resolution as a fu
tion linear in the focusing depth.

2 The Aberration Function
The pupil functionP describes the complex field distributio
in the pupil of an objective lens. It is defined in terms of t
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Refractive-index-mismatch Induced Aberrations
Fig. 1 The focusing geometry showing the refraction of rays at the
interface between two media of different refractive index.
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normalized radial coordinater such that the pupil has a radius
of 1. The pupil function is a useful way of describing any
aberrations introduced into the system. In an unaberrated sy
tem, P51. We consider the situation when the objective lens
is used to focus through an interface between media with
different refractive indices. This is described schematically in
Figure 1. The distanced is the nominal focusing depth, i.e.,
the depth of the focus in a matched medium. Gibson and
Lanni12 investigated focusing through such an interface and
expressed the phase aberration as a function in the pup
plane. We have shown previously13 that their expressions can
be simplified so that when focusing a nominal depthd into a
medium of refractive indexn2 from a medium of refractive
index n1 , the phase aberration is given by

C~r,d!5d
2p

l
n1 sina1@Acsc2 a22r22Acsc2 a12r2#,

~1!

wherea1 is the semiaperture angle of the objective lens and
a2 is found using Snell’s law:n1 sina1 5n2 sina2. The cor-
responding pupil function is therefore given by

P~r,d!5exp@ j C~r,d!#. ~2!

Török et al.14 showed that the aberration function can be ex-
panded as an infinite but rapidly converging series of zero
order ~radially symmetric! Zernike polynomials. The Zernike
polynomials are an orthogonal set of polynomials defined
over the unit circle which, in general, consist of a radial poly-
nomial multiplied by an azimuthal term. We refer to the poly-
nomials asZn,m(•) where n and m are the radial and azi-
muthal orders, respectively. The aberration function can b
expanded in terms of the Zernike polynomials for whichm
50, that is

C~r,d!5d
2p

l
n1 sina1F (

n50
n even

`

An,0Zn,0~r!G , ~3!

where the Zernike polynomials are defined as
-

il

Zn,0~r!5An11(
s50

n/2
~21!s~n2s!!

s! ~n/22s!! 2 rn22s for n even.

~4!

The condition in the summation of Eq.~3! that n is even is a
consequence of the fact thatZn,0 is undefined forn odd. The
coefficientsAn,0 are functions of the anglesa1 anda2 and are
given by13

An,05Bn~a1!2Bn~a2!, ~5!

where

Bn~g!5F12S n21

n13D tan4S g

2D G tann21S g

2D
2~n21!An11

. ~6!

The functional forms ofZn,0(r) are shown in Table 1 togethe
with the aberration which they describe. Mathematically, t
role of aberration correction is to modify the phase in t
pupil plane by subtracting specific amounts of aberration
that the phase becomes closer to the idealP(r,d)51, unab-
errated case. We will assume that it is possible to totally
move any chosen Zernike mode or modes from the aberra
function so that the pupil plane phase is described by
‘‘corrected’’ phase functionC8(r,d):

C8~r,d!5C~r,d!2d
2p

l
n1sina1F (

n50
n even

2N12

An,0Zn,0~r!G .

~7!

The constantN describes the degree of correction. The cor
sponding pupil function is given by

P~r,d!5exp@ j C8~r,d!#. ~8!

Equation~7! is formulated so that whenN50 both Z0,0 and
Z2,0 are corrected. The modeZ0,0 describes piston, a constan
phase shift across the wave front, which has no effect on
aberrated point spread function. The next modeZ2,0 repre-
sents defocus, which simply creates an axial shift in the
tensity distribution of the focus. In a microscope, this cor
sponds to a movement of the specimen relative to
objective and so is unimportant in our analysis. The remo

Table 1 Radially symmetric Zernike polynomials for n50, 2, 4, 6 &
8.

n Zn
0(r) Description

0 1 Piston

2 )(2r221) Defocus

4 A5(6r426r211) 1st order spherical
aberration

6 A7(20r6230r4112r221) 2nd order spherical
aberration

8 A9(70r82140r6190r4220r211) 3rd order spherical
aberration
Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3 267
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Booth and Wilson
of these two modes from the aberration function does, how
ever, have considerable beneficial effect on the accuracy o
later calculations.

3 The Point Spread Function
When the pupil function is rotationally invariant, the intensity
in the region of the focus of an objective lens can be describe
by the equation4

I ~n,u,d!5U E
0

1

P~r,d!expS j
u

2
r2D J0~rn!r drU2

, ~9!

where J0(•) is the zeroth order Bessel function of the first
kind, P(•) is the pupil function of the lens, andr is the radial
coordinate in the pupil plane, normalized such that the pupi
has unity radius. The normalized lateral and axial coordinate
n andu are given by

n5
2pnr

l
sina, ~10!

u5
8pnz

l
sin2S a

2 D , ~11!

wherer andz are the radial and axial displacements from the
nominal focus,l is the free space wavelength of the illumi-
nation light, andn is the refractive index of the immersion
medium.a is the semiaperture angle of the objective lens and
is related to the numerical aperture~NA! by NA5n sina.

In a fluorescence microscope, one normally chooses a pa
ticular fluorophore for a given application and the emission
wavelength is dictated by this choice. When comparing the
performance of12p and 22p microscopes it is therefore
logical to assume that the emission wavelength is the same
both cases. The reader should be wary that some authors u
the same excitation wavelength which can give misleading
results when comparing achievable resolution. We assum
that the fluorescence emission will be at a single wavelength
given by lem, irrespective of the mode of excitation. The
wavelength required for12p excitation is generally shorter
than the emission wavelength so it can be written asblem,
where b,1. 22p excitation requires the simultaneous ab-
sorption of two photons of half the energy, so we take the
excitation wavelength in this case to be2blem. Measure-
ments by Xu et al.15 show that this is a reasonable approxi-
mation for many fluorescent dyes. We now define the normal
ized coordinated in terms oflem by making the substitution
l5lem in Eqs.~10! and ~11! so that

n5
2pnr

lem
sina, ~12!

u5
8pnz

lem
sin2S a

2 D . ~13!

Using Eqs.~9!, ~12!, and~13! we can write expressions for the
effective point spread functions~PSFs! of the different imag-
ing modes taking into account the differences in wavelength
between the excitation and fluorescence in each case. Th
involves scaling the lateral and axial coordinates as well a
268 Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3
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the size of the aberration. We use the subscripts1p and2p to
refer to single and two photon excitation. The subscripts co
and conf refer to conventional and confocal imaging, resp
tively

I 1p2conv~n,u,d!5I S n

b
,

u

b
,

d

b D , ~14!

I 1p2conf~n,u,d!5I S n

b
,

u

b
,

d

b D I ~n,u,d!, ~15!

I 2p2conv~n,u,d!5I 2S n

2b
,

u

2b
,

d

2b D , ~16!

I 2p2conf~n,u,d!5I 2S n

2b
,

u

2b
,

d

2b D I ~n,u,d!. ~17!

Equations~14!–~17! are similar to those derived by Gu an
Sheppard.6 We now look at Eqs.~15! and ~16! whenb51:

I 1p2conf~n,u,d!5I 2~n,u,d!, ~18!

I 2p2conv~n,u,d!5I 2S n

2
,
u

2
,
d

2D . ~19!

At zero focusing depth(d50), the longer excitation wave-
length in 22p conventional microscopy results in a PS
which is twice as large as the12p confocal PSF in both the
lateral and axial dimensions. This wavelength difference a
means that the aberration suffered by22p conventional is
only half that suffered by12p confocal at a given focusing
depth. As we show later in this paper, these two effects b
ance out so that under large aberrations the PSFs in the
imaging modes are approximately the same size.

4 Resolution Measurements
It is always desirable to find a simple way of describing t
imaging properties of a microscope, for example, via the c
cept of resolution. Numerous criteria have been suggested
calculating the resolution of scanning microscopes, for
ample, the full-width half-maximum~FWHM! of the effective
PSF or the gradient of the axial response to a semi-infin
fluorescent sea~see, e.g., Refs. 16 and 5!. Most of these have
been formulated for describing imaging capabilities with u
aberrated PSFs in mind. For this reason, they are not alw
useful when describing heavily aberrated PSFs. The FW
measurement, for example, only has useful meaning when
PSF consists of a single, reasonably symmetric main p
with negligible sidelobes. It gives misleading results when
aberrations are large. Since aberrated PSFs are often h
asymmetric, we require a measurement which provides s
indication of the spatial spread of the PSF. For axial reso
tion, we do this by finding the distance between the two l
eral planes, between which a chosen proportion« of the total
integrated fluorescenceW(d) in the PSF is enclosed. In othe
words, we define axial resolution as

Du«5u22u1 , ~20!

whereu1 andu2 are defined by
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Refractive-index-mismatch Induced Aberrations
Fig. 2 The axial response of a confocal microscope to: (a) a defocused
fluorescent plane and (b) a semi-infinite fluorescent sea. The response
curve of (b) is simply the integral of that in (a). The central 50% of the
area under the former curve therefore corresponds to the region be-
tween the 25% and 75% points of the latter curve.
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2`

u1 E
0

`

I mode~n,u,d!ndn du5
~12«!

2
W~d!, ~21!

E
2`

u2 E
0

`

I mode~n,u,d!ndn du5
~11«!

2
W~d!. ~22!

I mode represents any of the PSFs described in Eq.~14!–~17!
andW(d) is the total integrated fluorescence in the PSF:

W~d!5E
2`

` E
0

`

I mode~n,u,d!n dn du. ~23!

As an example, for«50.5, Du« is the width of the middle
50% of the axial scan of a fluorescent plane through the PSF
Alternatively, it is the distance between the 25% and 75%
points on the axial response curve to a semi-infinite fluores
cent sea.17 See Figure 2 for illustration. As is well known, the
12p conventional axial response to a fluorescent plane i
constant for allu and, therefore,Du« is undefined.

As a measurement of lateral resolution, we definev« by

E
0

veE
2`

`

I mode~n,u,d!du n dn5«W~d!. ~24!
.

Therefore, for«50.5, v« represents the radius of the infinit
cylinder centered on the optical axis which contains half
the total integrated fluorescence.

5 Results and Discussion
In this section, we compare the properties of12p confocal,
22p conventional, and22p confocal scanning microscope
We do not consider12p conventional since its lack of axia
sectioning is well known. For these calculations, we consi
an oil immersion objective ofNA50.9 focusing into a me-
dium of refractive indexn251.33.The oil is taken to have a
refractive indexn151.5. Initially we do not perform any ab-
erration correction, i.e.,N50 in Eq. ~7!. The wavelength ratio
b is taken to be unity and we express the focusing depthd in
terms oflem.

Figure 3 showsW(d), the integrated fluorescence from th
aberrated PSFs for each imaging mode when focusing a d
d into the second medium. Each curve is normalized to
value at d50. For the purpose of the calculations, it wa
assumed that the whole PSF lies within fluorescent mate
This assumption is inaccurate in the region ofd50, although
the effects on this scale are not noticeable. All three mo
suffer decreased intensity when focusing deep into the sec
medium.22p conventional is least affected, although22p
confocal suffers most, dropping to around 10% atd
5200lem. The reader must be wary of the normalizatio
used here. Many other factors not considered here contri
to the overall signal level in a real microscope and absol
comparison between imaging modes should not be infer
from these results. For a given aberration, the signal level
22p confocal, for example, would always be considerab
lower than22p conventional in any system.

Figure 4 shows the axial resolution,Du0.5, as a function of
d. It is clear that for22p confocal the resolution is superio
~albeit at the expense of vastly reduced signal!. What is more
interesting are the results for12p confocal and22p con-
ventional. It is well known that the longer excitation wav
length required for22p microscopy results in a larger PS
when no aberration is present~see e.g., Ref. 6!. This can be
seen for low values ofd. However, Eq.~1! shows that the
magnitude of the induced aberration varies inversely w
wavelength. The aberration is therefore smaller at the lon

Fig. 3 The integrated fluorescence as a function of focusing depth for
each of the three imaging modes 12p confocal (solid line), 22p
conventional (short dashed line), and 22p confocal (long dashed
line).
Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3 269
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Fig. 4 The axial resolution Du0.5 as a function of focusing depth.
-
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22p excitation wavelength. The combination of these effects
results in the behavior seen ford.100lem, whereDu0.5 is
almost the same for both12p confocal and22p conven-
tional. In fact, whenb51, the two curves are identical except
for scaling of the axes.

Figure 5 shows the lateral resolutionv0.5. At small focus-
ing depths,12p confocal and22p confocal have similar
lateral resolution, whereas for22p conventional it is ap-
proximately twice the size. At higher values ofd, the best
lateral resolution is seen for22p confocal, where it only
increases marginally over the range of depths shown. For1
2p confocal and22p conventional, the values ofv0.5 in-
crease at a similar rate meaning that12p confocal always
demonstrates better lateral resolution.

We now perform aberration correction and remove one or
der of spherical aberration(N51). The corresponding plots
of W(d) are shown in Figure 6. With this correction, the
intensity is partially restored. Again,22p conventional
shows the least decrease in intensity;22p confocal is still
affected the most although it only decreases to around 70%
d5500lem.

The variation inDu0.5 is shown in Figure 7 for the cor-
rected PSFs. There is very little increase inDu0.5 for either
22p mode in this range. For12p confocal, there is a slight
increase owing to the larger phase aberration suffered by th
shorter wavelength.

Figure 8 shows the lateral resolutionv0.5. With the correc-
tion, there is very little change inv0.5 for any of the modes
within this range. We see that12p confocal and22p con-
focal have almost the same resolution, which is around hal
the resolution for22p conventional.
270 Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3
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Fig. 6 The integrated fluorescence as a function of focusing depth
with correction for one Zernike mode (N51).

Fig. 7 The axial resolution Du0.5 as a function of focusing depth with
correction for one Zernike mode (N51).

Fig. 8 The axial resolution v0.5 as a function of focusing depth with
correction for one Zernike mode (N51).
Fig. 5 The lateral resolution v0.5 as a function of focusing depth.
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Fig. 9 Zernike mode coefficients as a function of NA:n54 (solid line),
n56 (short dashed line), and n58 (long dashed line).
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These resolution results are calculated for an NA of 0.9
around the limit of accuracy for the Fourier based theory of
focusing. We can expect, however, that the general trends ob
served will be seen for higher NAs and different values of
refractive index. Figure 9 shows a logarithmic plot of the
Zernike mode coefficients of Eq.~5! as a function of NA, for
n54, 6, and 8. This shows that the aberration function of Eq.
~1! is dominated by first order spherical aberration for lower
NAs, where correction of one mode is sufficient. At higher
NAs, it would be necessary to correct for more Zernike terms
to obtain an equivalent level of correction at the same focus
ing depth.

6 Estimation of the Axial Resolution
When the aberrations are large, the Fourier integrals of Eqs
~14!–~17! require a large number of integration points and
therefore a long calculation time. It is, however, possible to
approximate the behavior of the effective PSF by geometrica
optics. Geometrical optics is equivalent to wave optics in the
limit that l→0 so that diffraction and interference effects are
negligible. The behavior of light can be described by rays tha
travel in a direction normal to the wavefronts we have con-
sidered so far in this analysis. In a focusing system free from
aberrations, the rays pass through the pupil parallel to th
optic axis and are focused by the objective lens so that all ray
pass through the focal point on the axis. In an aberrated sys
tem, the rays are, in general, nonparallel when passin
through the pupil and no longer pass through the focal poin
but are spread out, intersecting the optic axis at different axia
distances. By ascertaining the directions of the rays, we ca
easily calculate the on-axis intensity distribution of the focus.
We consider a simpler definition of axial resolution based
upon the on-axis intensity only. Equations~20!–~23! are re-
cast so that

Du«5u22u1 , ~25!

whereu1 andu2 are defined by

E
2`

u1
I mode~0,u,d!du5

~12«!

2 E
2`

`

I mode~0,u,d!du,

~26!
-

.

-

l

E
2`

u2
I mode~0,u,d!du5

~11«!

2 E
2`

`

I mode~0,u,d!du.

~27!

We now show that the integrals in Eqs.~26! and ~27! can be
transformed into integrals in the pupil plane and then t
Du«}d.

We rewrite the integral of Eq.~9!, which describes the
focal intensity, as

I ~n,u,d!5U E
0

1

exp$ j F~r,u,d!%J0~rn!r drU2

, ~28!

where the phase functionF combines the previous aberratio
function C and the quadratic defocus term

F~r,u,d!5C~r,d!1
u

2
r2. ~29!

A ray passing through the pupil at a given radiusr will only
pass through the focal point if it is parallel to the optic axis
the pupil; in other words, when the wave front gradient
zero:

¹F~r,u,d!5
]

]r
F~r,u,d!50. ~30!

Substituting Eq.~29! into Eq. ~30! and using Eq.~1!, we find
that

u~r!5
2pNAd

l S 1

Acsc2 a22r2
2

1

Acsc2 a12r2D .

~31!

This equation relates the radiusr at which the ray passe
through the pupil to the axial coordinateu at which it crosses
the optic axis in the region of the focus. Inspection of th
equation shows that there is a one to one relationship betw
u and r in the range0<r<1. We can therefore relate th
on-axis intensity near the focus to the intensity in the pupil
will be useful later if we define a new functionu8(r), which
is independent ofd, so that we can write Eq.~31! as

u~r!5du8~r!. ~32!

An annular element of the pupil of widthdr will illuminate
an element of the optic axisdu with intensity 2prU(r)dr,
whereU(r) is the intensity distribution in the pupil. As in th
rest of the paper, we takeU(r)51. The element of on-axis
intensityU(u)du can be written

U~u!du52pr dr, ~33!

which allows us to transform the integrals in Eqs.~26! and
~27!. For both12p confocal and22p conventional, the de-
tected fluorescence is proportional to the square of the illu
nation intensity, so the integral on the left hand side of E
~26! becomes
Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3 271
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Fig. 10 Axial resolution Du0.5 as a function of focusing depth: 12p
confocal (solid line), 22p conventional (short dashed line), and geo-
metrical optics approximation (dot dash line).
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E
2`

u1
U2~u!du5E

0

u1S 2pr
dr

duD 2

du

54p2E
0

r1
r2S du

dr D 21

dr, ~34!

wherer1 andu1 are related via Eq.~31!. The other integrals
can be transformed in a similar manner. Substituting for
u8(r) using Eq.~32!, Eq. ~26! then becomes

4p2

d E
0

r1
r2S du8

dr D 21

dr5
2p2~12«!

d E
0

1

r2S du8

dr D 21

dr.

~35!

Similarly, Eq. ~27! becomes

4p2

d E
0

r2
r2S du8

dr D 21

dr5
2p2~11«!

d E
0

1

r2S du8

dr D 21

dr.

~36!

It can be seen that neitherr1 nor r2 depends ond. From Eqs.
~32! and ~25! it is easily shown that

Du«5d$u8~r2!2u8~r1!%. ~37!

This is plotted in Figure 10 alongside the full, Fourier calcu-
lations of Du0.5 for 12p confocal and22p conventional.
This geometrical optics approximation is inaccurate for low
values of d since it neglects diffraction effects. However,
when the aberrations are larger, we see that it provides a goo
estimate of the axial extent of the PSF.

6 Conclusion
We have investigated the effects of refractive index mismatch
induced spherical aberration on the signal strength and res
lution in 12p confocal,22p conventional, and22p confo-
cal scanning microscope configurations. We have also show
the benefits obtained by removing Zernike spherical aberra
tion, something which may be implemented in an adaptive
272 Journal of Biomedical Optics d July 2001 d Vol. 6 No. 3
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microscope. Without correction,22p confocal demonstrates
superior axial and lateral resolution although it must be
membered that the overall signal level will always be vas
lower than in the other imaging modes. More importantly, w
have shown that, except for at shallow focusing depths,
axial resolution of12p confocal and22p conventional mi-
croscopes are very similar and the resolution scales line
with depth. With aberration correction, the signal strength c
be restored and the best axial and lateral resolution
achieved with12p confocal or22p confocal microscopes.
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