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The three-dimensional optical transfer function is derived for analyzing the imaging performance in fiber-
optical two-photon fluorescence microscopy. Two types of fiber-optical geometry are considered: The first in-
volves a single-mode fiber for delivering a laser beam for illumination, and the second is based on the use of a
single-mode fiber coupler for both illumination delivery and signal collection. It is found that in the former
case the transverse and axial cutoff spatial frequencies of the three-dimensional optical transfer function are
the same as those in conventional two-photon fluorescence microscopy without the use of a pinhole. However,
the transverse and axial cutoff spatial frequencies in the latter case are 1.7 times as large as those in the
former case. Accordingly, this feature leads to an enhanced optical sectioning effect when a fiber coupler is
used, which is consistent with our recent experimental observation. © 2003 Optical Society of America

OCIS codes: 110.2350, 110.2990, 110.4850.
1. INTRODUCTION
The introduction of optical fibers into a scanning optical
microscope for illumination source and signal collection
isolates the vibration from lasers and electronic
devices.1–3 It also permits the system to be operated in
novel imaging modes such as confocal microscopy,1–4 dif-
ferential interference microscopy,5 interference micros-
copy,6,7 double-pass microscopy,8 single-photon fluores-
cence microscopy,9 and two-photon fluorescence micros-
copy.10–12 Among these, two-photon fluorescence micros-
copy based on an optical fiber coupler12 is a promising tool
for endoscopic imaging because of the feature of deep pen-
etration associated with two-photon excitation13 and the
compactness of the system. In addition, a two-photon
fluorescence microscope based on a fiber coupler exhibits
higher axial resolution than microscopes using a large-
area detector.12,14

To understand the imaging performance in fiber-optical
scanning microscopy, one can introduce the concept of the
three-dimensional (3-D) transfer function.15 For a non-
fluorescent sample, fiber-optical scanning microscopy be-
haves fully coherently, even for finite values of fiber spot
size.1,3,15 Therefore a 3-D coherent transfer function
(CTF) has been developed for nonfluorescence imaging.
It has been found that the utilization of optical fibers does
not affect the passband of spatial frequencies but reduces
the strength of the CTF, in particular along the axial
direction.16 However, this coherent nature is destroyed
when a sample becomes fluorescent. An optical transfer
function (OTF) has been developed for fiber-optical single-
photon fluorescence microscopy.17 It has been shown
that using a fiber for signal collection removes negative
tails and the missing cone of spatial frequencies of the
3-D OTF, both of which occur in confocal fluorescence mi-
croscopy with a finite-sized detector.18–20 The aim of this
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paper is to develop an OTF analysis for fiber-optical two-
photon fluorescence microscopy and thus to compare its
imaging performance with that of conventional two-
photon fluorescence microscopy consisting of a large-area
detector.14

The paper is organized as follows. In Section 2 a
mathematical expression for the 3-D OTF for fiber-optical
two-photon fluorescence microscopy is derived. The rel-
evant discussion regarding this expression is given in Sec-
tion 3. Numerical calculations of the 3-D OTF for two
types of fiber-optical two-photon fluorescence microscopy
are described in Section 4. In particular, the effect of the
fiber spot size on the 3-D OTF is investigated numerically.
Finally, a conclusion is given in Section 5.

2. THREE-DIMENSIONAL OPTICAL
TRANSFER FUNCTION
The schematic diagram of a fiber-optical two-photon fluo-
rescence microscope is the same as Fig. 1 of Ref. 17.
Without loss of generality, two lengths of fibers are con-
sidered for illumination and collection, respectively, so
that the effect of optical fibers on illumination and collec-
tion can be investigated separately. The illumination
beam of wavelength l1 from an optical fiber F1 is focused
by an objective P1 onto a thick object. The two-photon
excited fluorescence of wavelength l2 is then refocused,
by a beam splitter and another lens P2 acting as a collec-
tor, onto the tip of the second fiber F2 , which delivers the
signal to a large-area detector D.

Although an ultrashort-pulsed laser beam is usually
employed in order to obtain efficient two-photon
excitation,10,12,13 previous investigations15,21 have demon-
strated that the 3-D OTF under pulsed-beam illumination
with a pulse width longer than 10 fs is not affected com-
2003 Optical Society of America
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pared with that under continuous-wave (cw) illumination.
Accordingly, cw illumination is assumed throughout this
paper.

Both single-photon and two-photon fluorescence pro-
cesses are incoherent, and the difference between them is
that the strength of two-photon fluorescence emission is
proportional to the square of the excitation intensity
while the strength of single-photon fluorescence emission
is proportional to the excitation intensity. According to
the analysis of fiber-optical single-photon fluorescence
microscopy,15,17 the image intensity from a scan point rs
in the fiber-optical two-photon fluorescence microscope
can be expressed, in the given coordinate systems,15,17 as

I~rs! 5 E
2`

` H U E
2`

`

f1~x0 , y0!d ~z0!exp@ik~z0 2 z1!#

3 h1~r0 1 M1r1!dr0U4

of ~rs 2 r1!U E
2`

`

f2* ~x2 , y2!

3 d ~z2!exp@ik~6z1 2 z2!#h2~r1

1 M2r2!dr2U2J dr1 , (1)

where the fourth power of the first absolute value results
from the quadratic dependence under two-photon excita-
tion. of (r) is the object function representing the fluo-
rescence strength of the object under two-photon excita-
tion. f1(x, y) and f2(x, y) are the amplitude profiles on
the output end of fiber F1 and on the input end of fiber F2 ,
respectively. r0 5 (x0 , y0 , z0), r1 5 (x1 , y1 , z1), and
r2 5 (x2 , y2 , z2) represent the positions in the illumina-
tion, object, and collection spaces, respectively. M1 and
M2 are the demagnification matrices of the objective and
the collector lenses, respectively.15 Here h1(r) and h2(r)
are the 3-D amplitude point-spread functions for the ob-
jective and collector lenses and are given by

hj~x, y, z ! 5 EE
2`

`

Pj~j, h, z !

3 expF i2p

djl j
~jx 1 h y !Gdjdh, (2)

where Pj(j, h, z) is the defocused pupil function of a
lens15,22 and j is an integer such that j 5 1, 2.

Therefore the 3-D effective intensity point-spread func-
tion for fiber-optical two-photon fluorescence microscopy
can be written as

hi~r! 5 u f1~M1x, M1 y ! ^2 h1~M1r!u4

3 u f2* ~M1x, M1 y ! ^2 h2~r!u2, (3)

where ^2 denotes the two-dimensional (2-D) convolution
operation.

It was pointed out in previous studies15,23 that an inco-
herent imaging system can be analyzed in terms of the
3-D OTF that is given by the 3-D Fourier transform of the
effective intensity point-spread function. An OTF gives
the transmission efficiency of each spatial-frequency com-
ponent of the object through an imaging system. The
fiber-optical two-photon fluorescence microscope can thus
be described by the 3-D OTF C(m), given by

C~m! 5 C1~m! ^3 C2~m!, (4)

where

C1~m! 5 F3$u f1~M1x, M1 y ! ^2 h1~M1r!u4%, (5)

C2~m! 5 F3$u f 2* ~M1x, M1 y ! ^2 h2~r!u2%. (6)

Here F3 is the 3-D Fourier transform with respect to
rs , and m represents the spatial-frequency vector with
two transverse components m and n and one axial compo-
nent s. Compared with Eq. (8) of Ref. 17, Eq. (5) is the
3-D OTF for a fiber-optical single-photon fluorescence mi-
croscope with identical illumination and collection fibers
and equal illumination and fluorescence wavelengths.
Thus Eq. (5) can be rewritten as an autoconvolution op-
eration:

C1~m! 5 C18~m! ^3 C18~m!, (7)

where

C18~m! 5 F3$u f1~M1x, M1y ! ^2 h1~M1r!u2%. (8)

Suppose that both illumination and collection fibers are
single-mode fibers of mode spot radii a1 and a2, respec-
tively, and that the Gaussian approximation24 holds for
circularly polarized fibers. Further assume that the
paraxial approximation15 is used and that the objective
and collector lenses, P1 and P2 , are of identical circular
aperture of radius a. Therefore the analytical expres-
sions for C(m), C18(m), and C2(m) can be derived, in a
cylindrical coordinate system as used previously,15,17 as

C~l, s ! 5 @C1~l, s ! ^3 C1~l, s !# ^3 C2~l, s !, (9)
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where

Aj 5 S 2paaj

l jd1
D 2

, j 5 1, 2, (12)

is the normalized fiber spot size for illumination and col-
lection fibers d1 is the distance between the fiber and the
lens Pj . Here the variables l and s are the radial and
axial spatial frequencies normalized by sin(a)/l2 and
4 sin2(a/2)/l2 , respectively, where sin(a) is the numerical
aperture of the objective lens. b in Eq. (10) is the wave-
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length ratio of l1 to l2 . Re$ % denotes the real part of its
argument, which becomes zero for negative values of the
argument.

The function erf in Eqs. (10) and (11) is defined as

erf~x ! 5
2

Ap
E

0

x

exp~2r2!dt, (13)

which is called the error function.25

3. DISCUSSION
The significance of Aj is that it represents the ratio
squared of the numerical aperture of the objective (collec-
tor) lens Pj to the numerical aperture of the illumination
(collection) fiber.15 An increase in the fiber spot size re-
sults from a decrease in the fiber numerical aperture.24

Another way to vary the value of Aj for a given imaging
system is to change the illumination wavelength.

With the help of Eqs. (9)–(13), the effect of these two
parameters on the 3-D OTF for fiber-optical two-photon
fluorescence microscopy can be evaluated. When Aj
→ 0, the 3-D OTF in Eq. (9) becomes identical to that for
two-photon fluorescence microscopy with a point source
and a point detector.14 If Aj → `, it becomes zero, except
for l 5 s 5 0. In general, the 3-D OTF in Eq. (9) always

Fig. 1. 3-D OTF for fiber-optical two-photon fluorescence mi-
croscopy with a large-area detector: (a) A1 5 1 and A2 → `, (b)
A1 5 10 and A2 → `.
has positive values because the fiber mode has been as-
sumed to be a Gaussian function, which gives a positive
Fourier spectrum. In this respect, this feature is differ-
ent from that in two-photon fluorescence scanning micros-
copy with a finite-sized detector,14,15 which exhibits a
negative tail in the OTF when the detector size is large.
Therefore, introducing optical fibers into the two-photon
fluorescence microscope does not result in negative values
in the OTF, thus avoiding imaging artifacts.

For finite values of Aj , the passband of the 3-D OTF in
Eq. (9) is the same as that in two-photon fluorescence mi-
croscopy with the use of a finite-sized detector.14,15 In
particular, the cutoff axial and transverse spatial fre-
quencies in Eq. (9) are 1 and 4, respectively. When either
A1 or A2 becomes infinite, C1(l, s) or C2(l, s) approaches
a delta function at the origin in spatial-frequency space
and therefore the 3-D OTF reduces to

C~l, s ! 5 C2~l, s ! (14)

for A1 approaching infinity and

Fig. 2. (a) Transverse and (b) axial cross sections of the 3-D
OTF for fiber-optical two-photon fluorescence microscopy with a
large-area detector for different values of the normalized optical
spot size parameter A1 (A2 → `).
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C~l, s ! 5 C1~l, s ! ^3 C1~l, s ! (15)

for A2 approaching infinity. In both cases, the axial and
transverse spatial frequencies are 0.5 and 2, respectively.

4. NUMERICAL RESULTS AND
DISCUSSION
In this section, we investigate two particular types of
fiber-optical two-photon fluorescence microscopy to under-
stand the recent experimental results.10,12 The first ge-
ometry involves the use of a fiber to deliver a laser beam
to a conventional confocal microscope, and a large-area
detector is used to collect the fluorescence signal.10 In
this case, A2 → `. The second system is based on an op-
tical fiber coupler, which acts as a low-pass filter.12 In
this case, according to Eq. (12), for a fixed geometry the
value of the normalized fiber parameter for collection (A2)
is approximately four times the value of the normalized
fiber parameter for illumination (A1), since the wave-

Fig. 3. (a) 2-D in-focus and (b) 1-D on-axis OTFs for fiber-optical
two-photon fluorescence microscopy with a large-area detector
for different values of the normalized optical spot size parameter
A1 (A2 → `).
length of the fluorescent light in both cases is assumed to
be half that of the illumination wavelength, i.e., b 5 2 in
Eq. (10). This leads to numerical consideration of the
case A2 5 4A1 for the second system.

For the first system (A2 → `), the 3-D OTF for A1
5 1 and A1 5 10 is shown in Fig. 1. For A1 5 1, the
corresponding 3-D OTF exhibits the cutoff axial and
transverse spatial frequencies of 0.5 and 1, respectively,
as expected. Comparing Fig. 1(a) with Fig. 1(b) reveals
that when the normalized fiber spot size A1 is small, the
imaging performance of the system becomes superior.
This can be seen from the fact that as A1 increases, the
responses of the 3-D OTF at high axial and transverse
spatial frequencies become weaker. Therefore the cutoff
spatial frequencies are effectively decreased in both the
axial and transverse directions, as clearly demonstrated
by the axial and transverse cross sections of the 3-D OTF
shown in Fig. 2. The cross sections through the 3-D OTF
at s 5 0 and l 5 0 correspond to imaging of a thick struc-
ture with no variation in the fluorescent strength in the
axial direction and of a planar structure with no variation
in the fluorescent strength in the transverse direction,
respectively.15

The projection of the 3-D OTF in the focal plane and on
the axial axis gives rise to the 2-D in-focus and one-
dimensional (1-D) on-axis OTFs that describe the image

Fig. 4. 3-D OTF for fiber-optical two-photon fluorescence mi-
croscopy with an optical coupler (A2 5 4A1): (a) A1 5 2, (b)
A1 5 10.
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properties of a thin object in the focal plane and a line ob-
jective on the axis.15 These two OTFs for the first two-
photon system are depicted in Fig. 3. It is clear that the
cutoff spatial frequencies of the 2-D in-focus and 1-D on-
axis OTFs are 2 and 0.5, respectively, and that the re-
sponse of these functions becomes weaker when the nor-
malized fiber spot size is larger.

Let us turn to the second two-photon imaging system in
which a fiber coupler is used.12 Figure 4 shows the 3-D
OTF in this case. Figure 4(a) is the 3-D OTF for A1
5 2. A direct comparison with Fig. 1(a) shows that both
the transverse and axial responses of the 3-D OTF in the
former are stronger and that the cutoff spatial frequen-
cies in both axial and transverse directions are approxi-
mately 1.7 times larger. This feature means that more
information in an object can be imaged by the second two-
photon system, leading to higher image resolution. How-
ever, as the value of A1 becomes large [Fig. 4(b)], the per-
formance of the OTF is degraded to that shown in Fig.
1(b). This is clearly demonstrated in Figs. 5 and 6, where
the cross sections through the 3-D OTF at s 5 0 and l

Fig. 5. (a) Transverse and (b) axial cross sections of the 3-D
OTF for fiber-optical two-photon fluorescence microscopy with an
optical coupler for different values of the normalized optical spot
size parameter A1 (A2 5 4A1).
-

Fig. 6. (a) 2-D in-focus and (b) 1-D on-axis OTFs for fiber-optical
two-photon fluorescence microscopy with an optical coupler for
different values of the normalized optical spot size parameter A1
(A2 5 4A1).

Fig. 7. Calculated axial response of a thin fluorescent sheet for
fiber-optical two-photon fluorescence microscopy with a large-
area detector for different values of the normalized optical spot
size parameter A1 (A2 → `). u 5 8pz sin2(a/2)/l2 , where z is
the scanning distance of the fluorescent sheet.
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5 0 (Fig. 5) and the 2-D in-focus OTF and the 1-D on-axis
OTF (Fig. 6) are shown for increasing values of A1 .

To characterize the improvement in resolution, in par-
ticular in the axial direction, we consider imaging of a
thin fluorescent sheet scanning through the focus of the
objective. This axial response is a measure of axial reso-
lution or the optical sectioning property10,12 and can be
calculated by using the Fourier transform of the axial
cross section of the 3-D OTF at l 5 0.15 Figures 7 and 8
exhibit the axial responses corresponding to the OTFs of
Figs. 2(b) and 5(b) in the two considered fiber-optical two-
photon imaging systems, respectively. It is clearly dem-
onstrated that the axial resolution of both system geom-
etries is degraded as the normalized fiber parameter A1 is
increased. This can be understood from the fact that the

Fig. 8. Calculated axial response of a thin fluorescent sheet in
fiber-optical two-photon fluorescence microscopy with an optical
coupler for different values of the normalized fiber spot size pa-
rameter A1 (A2 5 4A1). u 5 8pz sin2(a/2)/l2 where z is the
scanning distance of the fluorescent sheet.

Fig. 9. Half-width at half-maximum of the axial response,
Du1/2 , as a function of the normalized fiber spot size parameter
A1 . The solid curve is the case for fiber-optical two-photon fluo-
rescence microscopy with a large-area detector (A2 → `), and
the dotted curve is the case with a fiber coupler implementation
(A2 5 4A1).
cutoff spatial frequencies are effectively reduced as the
magnitude of the normalized fiber parameter increases.

However, for a given value of A1 , the axial response in
the second imaging system is narrower than that in the
first system, yielding improved axial resolution. The
amount of the improvement in axial resolution can be
found from Fig. 9, where the half-width at half-maximum
of the axial response, Du1/2 , is plotted as a function of the
normalized optical parameter A1 . The solid curve corre-
sponds to a system with a single illumination fiber and a
large-area detector, while the dotted curve corresponds to
an optical-fiber-coupler-based system. The improvement
in axial resolution between the first and second cases is
approximately 35% for A1 5 1 and 30% for A1 5 10, as-
suming a ratio of 2 for excitation wavelength to fluores-
cence wavelength. Under the experimental condition10,12

of A1 ' 7, the improvement in axial resolution is approxi-
mately 25%, which is slightly less than the experimental
observation12 of 30%. This difference is caused by the
fact that in this analysis the resolution improvement that
arises as a consequence of nonlinear spectral broadening
and blueshifting of an ultrashort-pulsed beam as it propa-
gates within a single-mode fiber is not considered.10 It
has been shown that, as a result of these effects, an im-
provement in axial resolution of approximately 5%–7% is
achievable,10 which contributes to an observed resolution
improvement that is greater than that in the theoretical
analysis.

It should be pointed out that although the use of a fiber
coupler leads to an improvement in the axial resolution
and is convenient from the point of view of miniaturiza-
tion, these features come at the expense of signal level.
Compared with the geometry of the first system,10 the
coupler arrangement12 is descanned, and, consequently,
scattered fluorescence from deeper sections within a
sample are not collected as efficiently. An experimental
comparison between the two systems10,12 in terms of the
signal level reveals that for the fiber-coupler-based sys-
tem the signal level is reduced by approximately 2 orders
of magnitude. The significant decrease in signal level is
largely attributable to a coupling efficiency of less than
approximately 1% at the two-photon fluorescence wave-
length of approximately 540 nm.

5. CONCLUSION
The 3-D OTF for a fiber-optical two-photon fluorescence
microscope has been developed. The performance of two
geometries of fiber-based imaging systems has been com-
pared through numerical analysis. It has been shown
that the transverse and axial cutoff spatial frequencies of
the 3-D OTF for a single-fiber delivery system with a
large-area detector are similar to those in a conventional
two-photon fluorescence microscope without the use of a
pinhole. However, the transverse and axial cutoff spatial
frequencies of the 3-D OTF for a two-photon microscope
employing a single-mode optical fiber coupler are effec-
tively 1.7 times larger than those for the single-fiber case.
As a result, the optical sectioning effect is enhanced by at
least 25% when a fiber coupler is implemented, although
this improvement comes at the expense of a reduction in
signal level. Further, the transfer function analysis con-
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firms that the 3-D OTF in fiber-optical two-photon fluo-
rescence microscopy is always positive, which means that
image artifacts that may occur in a two-photon fluores-
cence microscope with a finite-sized detector can be
avoided.
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