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Enhanced Background Rejection in Thick Tissue with
Differential-Aberration Two-Photon Microscopy

A. Leray, K. Lillis, and J. Mertz

Boston University, Department of Biomedical Engineering, Boston, Massachusetts

ABSTRACT When a two-photon excited fluorescence (TPEF) microscope is used to image deep inside tissue, out-of-focus
background can arise from both ballistic and nonballistic excitation. We propose a solution to largely reject TPEF background in
thick tissue. Our technique is based on differential-aberration imaging with a deformable mirror. By introducing extraneous
aberrations in the excitation beam path, we preferentially quench in-focus TPEF signal while leaving out-of-focus TPEF back-
ground largely unchanged. A simple subtraction of an aberrated, from an unaberrated, TPEF image then removes background
while preserving signal. Our differential aberration (DA) technique is simple, robust, and can readily be implemented with standard
TPEF microscopes with essentially no loss in temporal resolution when using a line-by-line DA protocol. We analyze the per-
formance of various induced aberration patterns, and demonstrate the effectiveness of DA-TPEF by imaging GFP-labeled sensory

neurons in a mouse olfactory bulb and CA1 pyramidal cells in a hippocampus slice.

INTRODUCTION

Two-photon excited fluorescence (TPEF) microscopy has be-
come a well-established tool for high-resolution imaging in
scattering media such as thick tissue (1-4). While it is well ac-
cepted that TPEF microscopy provides greater imaging depth
penetration in thick tissue than more conventional fluores-
cence imaging techniques, such as confocal or wide-field
microscopy, the depth penetration of TPEF microscopy re-
mains nonetheless limited. For example, demonstrations of
TPEF imaging beyond 500 wm in brain tissue have been rare
(5,6).

Several factors limit TPEF microscopy depth penetration
in thick tissue:

1. An excitation beam can undergo scattering when it prop-
agates through tissue. This scattering weakens the ballistic
(unscattered) excitation power that attains the beam focus
and thereby reduces the TPEF signal generated at the fo-
cus. Because scattering scales roughly exponentially with
propagation distance, by dint of the Lambert-Beer law, the
reduction in TPEF signal becomes particularly severe at
larger focal depths. One strategy to maintain adequate
ballistic excitation power at relatively large focal depths
has involved the use of nonstandard laser sources based on
regenerative amplifiers (5,6). While such a strategy can
only go so far in compensating for an exponential loss in
ballistic power, it has been the most successful to date in
pushing the limits of depth penetration (6). Moreover, it
has brought to fore the various other factors limiting depth
penetration.

2. The required increase in excitation power necessary to
maintain (or try to maintain) adequate ballistic power at
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the beam focus can lead to significant power densities near
the tissue surface. If the tissue is fluorescent near its sur-
face, as is the case, for example, if the fluorescent labeling
is homogeneously distributed throughout the sample, or if
the sample is autofluorescent either intrinsically or due to
superficial tissue damage, then the power density of the
ballistic light near the surface can be so high as to produce
out-of-focus background fluorescence that is nonnegli-
gible compared to the in-focus signal fluorescence (7-9).
When this background fluorescence begins to dominate
signal fluorescence, there is no point in attempting to image
deeper in the tissue.

3. At depths where the scattered light is so strong and the
ballistic light so weak that the power density of the ballistic
light cannot compete with that of the scattered light near
the beam focus, then again there is no point in attempting
to image deeper in the tissue. Inasmuch as scattering in
biological tissue is very dominantly forward-directed, the
scattered light that exhibits the greatest power density is the
light that is only slightly deviated from its ballistic path, as
can be verified by Monte Carlo simulation (10,11). Light
paths that are only slightly deviated are often referred to as
snakelike, as opposed to the more severely scattered dif-
fusive paths. Snakelike scattering leads to a blurred halo of
background fluorescence surrounding the in-focus signal
fluorescence. At shallow depths, this background halo is
usually negligible compared to the signal; at larger depths
it can become quite problematic.

In this article, we present a robust and simple technique that
significantly alleviates Limitations 2 and 3 listed above, namely
the limitations arising from out-of-focus background gener-
ated either by superficial ballistic excitation or by snakelike
scattered excitation. Our technique involves the use of an ab-
errating element, such as a deformable mirror, in the exci-
tation light path. Although in most applications involving a
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deformable mirror, the deformable mirror is meant to improve
the beam focus by compensating for sample-induced aberra-
tions, in our case it is meant to do just the opposite. We use the
deformable mirror to introduce extraneous aberrations in the
excitation beam path so as to purposefully degrade the quality
of the ballistic light focus, thereby quenching the TPEF signal.
As argued in aprevious article (12), while the TPEF signal can
be severely quenched with extraneous aberrations, the TPEF
background generated by superficial ballistic excitation re-
mains relatively unaffected. A simple subtraction of a TPEF
image acquired with aberrations (background image) from a
TPEF image acquired without aberrations (standard image)
then recovers the signal TPEF while rejecting most of this
superficial background. We refer to this technique as differ-
ential-aberration (DA) imaging.

Our initial demonstration of DA-TPEF was performed
using an artificial sample intended to mimic thick tissue, en-
abling us to confirm the possibility of rejecting superficial
TPEF background (12). Our goal in this article is to dem-
onstrate that DA-TPEF microscopy is much more generally
applicable. In particular, we perform DA-TPEF imaging with
biologically relevant samples such as GFP-labeled sensory
neurons in a mouse olfactory bulb, and demonstrate that
DA-TPEF is, in fact, also very effective at rejecting TPEF
background generated by near-focus scattered excitation.

The organization of this article is as follows: we first re-
view the principles of DA-TPEF microscopy, and experi-
mentally compare the performances of various patterns in
terms of their capacity for background rejection and for
DA-TPEF imaging in general. Bearing in mind that for
DA-TPEF to gain acceptance in the bioimaging community
it should provide the same image acquisition rate as a
standard TPEF microscope, we further introduce a novel
strategy for fast DA-TPEF microscopy based on line-by-line
DA subtraction rather than frame-by-frame DA subtraction.
We illustrate the feasibility of fast DA-TPEF imaging by
monitoring calcium dynamics of pyramidal neurons in a rat
hippocampus. Finally, we relegate to the Appendix details
concerning the theory underlying the various aberration pat-
terns considered in this article.
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Our goal is to demonstrate that DA subtraction provides a
simple and robust technique to improve image quality when
performing TPEF imaging in thick tissue.

PRINCIPLES OF DA-TPEF MICROSCOPY

To illustrate the principles of DA-TPEF microscopy, we
phenomenologically separate the excitation light into two
components, ballistic and scattered. These are, again, respec-
tively defined as the components of the excitation light that
have not and have undergone scattering inside a medium (see
Fig. 1). As argued above, the power of the ballistic excitation
in a scattering medium can be quite high near the medium
surface, but decays exponentially as it progresses toward the
focal center. The power density of the ballistic excitation can
be therefore locally peaked at both the sample surface and at
the beam focus (7-9). Defining Fs to be the TPEF signal gen-
erated by the ballistic excitation beam near its focus; Fg to be
the superficial background TPEF generated by the ballistic
excitation far from focus (i.e., near the medium surface); and
Fnr to be the near-focus background TPEF generated by
scattered excitation (which, as argued above for weakly
scattering media, is largely confined to a blurred area around
the focal center), then we can express the total TPEF in a
sample as

FOZF5+FB+FNF. (1)

The principle of DA-TPEEF is as follows. When extraneous
aberrations are introduced into the excitation beam path, these
preferentially quench the signal TPEF (F) while leaving the
background TPEF (Fg + Fynp) relatively unaffected. That is,
the total TPEF with extraneous aberrations is given by

F¢ ’R‘JFB'FFNF. (2)

A simple subtraction of Eq. 1 from Eq. 2 then recovers the
signal fluorescence

AF =F,—F, =~ Fs, 3)

as illustrated in Fig. 1.

FIGURE 1 Principle of DA-TPEF. When focusing a
laser beam into thick tissue, the laser power becomes
largely depleted by scattering before it attains the beam
focus. TPEF background can then arise from out-of-focus

ballistic excitation, particularly near the sample surface, or
from ‘snakelike’’ scattered excitation near the beam focus,
both of which can produce background fluorescence that is
nonnegligible compared to the in-focus signal fluorescence

. (a). The introduction of extraneous aberrations in the

illumination pupil leads to a spreading of the ballistic
C excitation profile that is more pronounced near the beam

focus than away from the beam focus, thereby preferen-
tially quenching the in-focus TPEF signal while leaving

the out-of-focus TPEF background relatively unchanged (b). The subtraction of a TPEF image with extraneous aberrations (configuration b) from an image
without extraneous aberrations (configuration @) then leads to enhanced out-of-focus TPEF background rejection (c).
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A detailed analysis of the reduction in Fg provoked by
various extraneous aberrations is presented in the Appendix.

MATERIALS AND METHODS
Sample preparation

All sample preparation protocols were approved by the Boston University
Animal Care and Use Committee.

Olfactory-bulb samples were obtained by anesthetizing and decapitating
a synapto-pHluorin mouse. The mouse head was immediately submerged
into mouse Ringer’s solution and the bone on top of the olfactory bulbs was
removed to expose the complete dorsal surface of both bulbs. The lower jaw
was then removed and the mouse head was glued to an agar dish by its
ventral surface, leaving the olfactory bulbs exposed, though still bathed in
mouse Ringer’s solution.

Brain slice samples were prepared using the established techniques
described in the literature (13,14). Young Long-Evans rats (postnatal days
12-20) were anesthetized using isoflurane and decapitated. The brain was
removed rapidly and placed in a beaker of ice cold, oxygenated artificial
cerebrospinal fluid containing 124 mM NaCl, 5 mM KCl, 1.2 mM KH,PO,,
2.4 mM CaCl,, 2.6 mM MgSOy,, 26 mM NaHCO;, and 25 mM D-glucose.
The pH was maintained at 7.4 by saturation with 95% O,/5% CO,. The brain
was dissected down to a block of tissue containing the region of interest. A
Vibratome (TP, St. Louis, MO) was used to cut slices, 300-500-um thick,
typically in the transverse plane, perpendicular to the septo-temporal axis,
for hippocampus. Slices were incubated in an interface chamber at 32°C for
at least 1 h before use, and then stained either by incubating for 30 min in
2.5 mL of artificial cerebrospinal fluid + 30 uM sulforhodamine 101
(Invitrogen, Carlsbad, CA), or by identifying a pyramidal cell with graded-
field microscopy (15) and then patching this with a 3-6 M() glass pipette
filled with an internal solution that contained 120 mM K-Gluconate, 10 mM
KCl, 10 mM HEPES, 4 mM Mg-ATP, 0.3 mM Tris-GTP, 10 mM Na,-
Phosphocreatine, 0.01 mM Calcium Green-1 hexapotassium salt, and 20 U/ml
Creatine Kinase. The pipette was connected to the headstage of an amplifier
(MultiClamp 700B; Molecular Devices, Sunnyvale, CA) set in *‘bridge’” mode
to obtain current-clamp recordings.

EXPERIMENTAL RESULTS

The layout of our DA-TPEF microscope is much the same as a
standard TPEF microscope, except that a deformable mirror
(uDMS-Multi with a 3.5-mm maximum stroke; Boston Mi-
cromachines, Cambridge, MA) has been inserted into the
excitation beam path (see Fig. 2). The DM is imaged onto the
beam scanner, which is itself imaged onto the objective back
aperture. The DM is therefore located in a conjugate plane of
the objective back aperture, meaning that height deformations
in the DM effectively translate to phase deformations (i.e.,
aberrations) in the pupil function governing the excitation
beam focus (see Appendix for more details).

The first step in performing DA-TPEF imaging is to acquire
astandard TPEF image without the application of DM-induced
aberrations. That is, we acquire a TPEF image with all the
DM-actuator voltages set to O V. The flatness of the DM at
zero applied voltage was verified in two ways: First, we char-
acterized our microscope resolution by acquiring images of
sub-resolution-sized fluorescent beads. Second, we measured
our excitation beam phase profile at the objective back-aperture
plane with a Shack-Hartmann wavefront sensor (HASO-128;
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FIGURE 2 Experimental layout of a DA-TPEF microscope. A mode-
locked Ti:sapphire laser beam is focused into a sample, and the resulting
TPEF is epi-collected and routed to a photomultiplier tube (PMT) with a
dichroic mirror. The layout of our DA-TPEF is identical to that of a standard
TPEF microscope except that a deformable mirror (DM) is inserted in the
laser beam path in a conjugate plane to the scanning mirrors and hence to the
objective back aperture (i.e., the illumination pupil). As illustrated, two
kinds of voltage patterns are applied to the DM, introducing either quadrant
or spiral phase aberration profiles in the illumination pupil plane.

Imagine Optic, Orsay, France), allowing us to derive a
corresponding theoretical microscope point-spread function.
Both measurements confirmed that our TPEF microscope
resolution was not significantly degraded by the insertion of
the DM (with all its actuators set to 0 V) in the excitation beam
light path.

The second step in performing DA-TPEF imaging is to
acquire a background image. That is, we acquire a TPEF
image with a predefined voltage pattern applied to our DM
that introduces an extraneous aberration pattern in our illu-
mination pupil function. The resulting background image is
essentially devoid of signal TPEF (see Appendix), while the
background TPEF remains relatively unaffected. A necessary
condition for the background TPEF to remain relatively un-
affected is that the same amount of total excitation power must
be delivered into the sample with and without DM-induced
aberrations. That is, any beam divergence imparted by the
extraneous aberrations must not be so large as to provoke
vignetting by the illumination aperture. To minimize this
possibility of vignetting, we somewhat underfilled our objec-
tive back aperture and verified that, for the aberrations used in
our study, the power delivered to the sample with and without
DM-induced aberrations varied by less than a few percent. We
remark that when performing deep TPEF imaging it is stan-
dard practice to underfill the objective back aperture in any
case (8,16).

As noted in Leray and Mertz (12), there are few con-
straints on the allowed DM-induced aberration patterns, the
main constraints being that they should provoke neither beam
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defocus nor tilt. We consider here two aberration-pattern
types. The first is a quadrant-phase pattern where the ex-
citation beam wavefront at the objective back aperture is
divided into four quadrants, two of which are phase-shifted
by 7, as shown in Fig. 2. This pattern was used in our pre-
vious report (12). The second type of pattern is a spiral-phase
pattern, where the phase-shift imparted on the beam varies
angularly from O to 2mar, m being a small integer. Both types
of patterns exhibit advantages and disadvantages. The advan-
tage of the quadrant-phase pattern is mostly technical in that
it readily allows fast DA-TPEF imaging (see next section).
The advantage of the spiral-phase pattern is more fundamen-
tal, as is discussed in the Appendix and ultimately revealed
by experiment.

Theoretical profiles of the ballistic-excitation TPEF at the
focal plane for different DM-induced aberration patterns are
illustrated in Fig. 3. The quadrant-phase pattern splits the
unaberrated (i.e., diffraction-limited) TPEF peak into four
subpeaks, while the spiral-phase pattern spreads the TPEF
into a ring pattern whose width spreads and whose height
decreases with increasing m. Each of the patterns leads to a
TPEF null exactly at the focal center. We draw attention to the
TPEF scales in each panel of Fig. 3. While the aberrations
provoke a spread in the lateral areas of the TPEF profiles, they
also provoke a significant quenching of the total TPEF power
generated at the focal plane, as can be experimentally verified
by measuring the total (integrated) TPEF power generated by
a thin uniform fluorescent slab as a function of slab defocus
(Fig. 4). In the absence of DM-induced aberrations, the TPEF
power is peaked when the slab is in focus, and decays as the
slab is displaced from focus (the width of this peak is some-
what broadened owing to the nonzero slab thickness). When
extraneous aberrations are introduced, the in-focus TPEF peak
is severely quenched, as predicted.

We note here some fundamental differences in the different
aberration profiles. While the quadrant-phase profile is the
most effective at quenching in-focus TPEF, it actually some-
what enhances TPEF out of focus. A subtraction of the aberrated
from the nonaberrated TPEF profiles then leads to negative
values out of focus, meaning that DA-TPEF somewhat over-
corrects its background subtraction. While this overcorrection
is small, it subsists over a fairly large defocus range, typically
extending several tens of microns. In practice, negative values
in the final DA-TPEF image are set to zero for display; how-
ever, they can have the undesirable effect of erasing very weak
in-focus signal TPEF.

This problem of background overcorrection is largely absent
when using spiral-phase aberrations, where we observe from
Fig. 4 that the aberrated TPEF profiles converge much more
rapidly to the nonaberrated TPEF profile without overcor-
recting. We note that the defocus values where the aberrated
and nonaberrated TPEF profiles converge (indicated by arrows
in Fig. 4) provide a convenient indicator for the boundary
between in-focus and out-of-focus TPEF. TPEF generated
outside these boundaries is rejected upon DA subtraction and
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FIGURE 3 DM-induced aberration profiles in the pupil plane (/eff) and
corresponding theoretical three-dimensional TPEF intensity distributions in
the focal plane F(p, 0) (right). Cases are shown with (@) no aberrations, (b)
quadrant-phase aberrations of stroke 7r, (c) spiral-phase aberrations of pitch
21, and (d) spiral-phase aberrations of pitch 47r. The mean laser wavelength
is taken to be 800 nm and the unaberrated illumination field profile at the

focal plane is taken to be a Gaussian of waist wy = 500 nm. See the
Appendix for derivation of TPEF intensity distributions.
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is therefore interpreted as out-of-focus background by our
technique. Moreover, we observe that the 27 spiral phase
aberration rejects TPEF closer to the focus than does the 47
spiral phase aberration, suggesting that it provides tighter
background rejection. To its disadvantage, however, the 27
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FIGURE 4 (a) TPEF detected from a thin uniform fluorescent slab (x~6-
pm-thick fluorescein solution sandwiched between two coverslips) as a
function of slab defocus. Measurements were obtained with no beam
scanning and an Olympus 20 X NA = 0.95 water-immersion objective. The
TPEF profile in the absence of DM-induced aberrations (F(z)) is depicted
by black triangles. The TPEF profiles with DM-induced aberrations (F(z))
are plotted in red, blue, and green. Three aberrations are considered: a
quadrant-phase pattern (red circles), a spiral-phase pattern with a phase shift
varying angularly from 0 to 27 (blue triangles), and from O to 4 (green
squares). (b) The corresponding ratios Fo(z)/Fy(z) as a function of slab
defocus. Theoretical evaluations of Fo(z)/Fg(z) for an infinitely thin
fluorescent plane are represented with dashed traces (see Appendix).

spiral phase aberration does not quench the in-focus TPEF as
effectively as the 47 spiral phase aberration, meaning that it
leads to a reduced net signal in the final DA-TPEF image,
which in turn can lead to a somewhat decreased signal/noise
ratio when the TPEF signal is weak. In practice, the choice of
which spiral pitch is the most effective for DA-TPEF imaging
largely depends on the sample of interest.

We demonstrate the application of quadrant versus spiral-
phase DA-TPEF by imaging synapto-pHluorin, a pH-sensitive
GFP, targeted to presynaptic terminals of sensory neurons in
an excised mouse olfactory bulb (17). The sample was pre-
pared according to the protocol outlined in Materials and
Methods. The laser source was a SW pumped mode-locked
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Ti:sapphire laser (Tsunami; Spectra-Physics Mountain View,
CA) operating at A ~ 800 nm, delivering a total power into
the sample of ~20 mW. The olfactory bulb was imaged both
by standard TPEF and DA-TPEF microscopy, using a 20X
water immersion objective (NA = 0.95; Olympus, Tokyo,
Japan). The background rejection occasioned by DA-TPEF is
apparent in both two-dimensional images (Fig. 5) and three-
dimensional reconstructions of an olfactory bulb (Fig. 6). A
careful examination of Fig. 5 reveals that the out-of-focus
TPEF rejection somewhat depends on the particular aberra-
tion pattern applied to the DM. As anticipated both from
theory (see Appendix) and sectioning experiments (Fig. 4),
the background registered by our 27 spiral-phase aberration is
closer to the in-focus plane than the background registered by
our quadrant aberration profile beam, as demonstrated by the
greater background level in Fig. 5 e than in Fig. 5 d. As a
result, the spiral-phase aberration provides tighter out-of-
focus background rejection, leading to the crisper apparent
resolution in Fig. 5 ¢ as compared to Fig. 5 b.

Finally, Fig. 5, d and e, reveal that much of what is in-
terpreted as background in our glomerulus images contains
structure and therefore corresponds more to near-focus back-
ground Fg than to far out-of-focus background Fg (the latter
would be much more uniformly distributed) Our results there-
fore differ from those presented in Leray and Mertz (12),
which demonstrated only that DA-TPEF can reject far out-
of-focus background, and illustrate the broader utility of
DA-TPEF for rejecting TPEF background in general.

Fast DA-TPEF microscopy

A drawback of DA-TPEF as we have described it so far is
that two images, an unaberrated and an aberrated image, are
required to obtain a final DA-TPEF image. As such, the
overall image acquisition rate of a DA-TPEF microscope is
twice as slow as that of a standard TPEF microscope. Such a
reduction in image acquisition rate may not be suitable when
imaging fluorescence dynamics. To mitigate this problem of
slower acquisition rate, we modified our DA-TPEF hardware
to benefit from the dead time occasioned with standard TPEF
microscope imaging. In particular, raster scans in standard
TPEF microscopes are usually one-sided. That is, fluores-
cence signal is usually recorded as the laser scans along one
direction, and is discarded (or the laser beam is blanked)
during scan flybacks. We benefit from this flyback time,
which is normally dead time, by introducing DM aberrations
and acquiring our (inverted) background image during scan
flybacks, thereby performing DA-TPEF line-by-line rather
than frame-by-frame. A necessary condition for the imple-
mentation of such a strategy is that the switching time be-
tween nonaberrated and aberrated pupil profiles must be much
shorter than the line-scan duration which, for standard gal-
vanometric scanning, is typically ~1 ms (meaning that the
switching rates must be much faster than 1 kHz). Herein
lies an enormous advantage of using DMs to produce
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pupil aberrations, since these can, in principle, readily attain
such switching rates. For technical reasons, however, the
drive software of our DM did not permit fast switching rates,
and we adopted instead a hardware solution where the DM
actuators were individually addressed with a bimodal voltage.
Such a hardware solution was used to bypass our drive
software and produce quadrant phase profiles at switching
rates of ~10 kHz.

To demonstrate our ability to perform fast DA switching, we
imaged a rat medial entorhinal cortex stained with sulforhod-
amine 101 with both standard TPEF (Fig. 7 @) and line-by-line
DA-TPEF (Fig. 7 b). The penetration depth for these images
was no more than ~60 um, and so very little background
TPEF was expected, as is manifest from the only slight dif-
ference between the two images. The main purpose of Fig. 7, a
and b, is to illustrate the fast response time of DA-TPEF.
The forward line-scan time for these images was 7.3 ms, and
edges of the images have not been clipped, revealing that the
switching time between nonaberrated and aberrated pupil
profiles is so fast as to be essentially unobservable. Fig. 7, a
and b, are derived, in fact, from the same data, where Fig. 7 a
is extracted from one-sided scan data only. DA-TPEF
was performed therefore in the background, and did not
affect the ordinary operation of our microscope in any way.

To further demonstrate that DA-TPEF does not compro-
mise our temporal resolution, we patch-clamped a CA1 pyra-
midal cell, which we labeled with Calcium Green-1 (Fig. 7 ¢).
Cell depolarization was elicited by a 500 ms, 350 pA current
pulse, leading to the calcium influx that was recorded by both
standard TPEF and line-by-line DA-TPEF (Fig. 7, d and e).
As expected, the fluorescence dynamics recorded with stan-
dard TPEEF line scans (trace 1) and with DA-TPEF line scans
(trace 2) are essentially identical, with no apparent temporal
lag. As in the imaging case above, the data for the TPEF
and DA-TPEF line scans was acquired simultaneously and
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FIGURE 5 Demonstration of DA-TPEF back-
ground rejection. A synapto-pHIuorin-labeled glo-
merulus in an excised mouse olfactory bulb was
imaged with standard TPEF microscopy (a) and
with DA-TPEF microscopy using r-quadrant
phase aberrations (b) or 27 spiral phase aberrations
(c¢). The corresponding background images are
shown in panels d and e, respectively. The scale bar
is 20 um. All images were acquired with an
Olympus 20 X NA = 0.95 water immersion
objective and are represented in grayscale with a
y-factor set to 0.7. Two-photon excitation was
performed at 800 nm.

the operation of DA-TPEF was completely transparent to
the user.

DISCUSSION

To provide a better understanding of the potential utility of
DA-TPEF microscopy, we first clarify what DA-TPEF is and
what it is not.

To begin, we emphasize that DA-TPEF provides images
that are fundamentally different from those obtainable by
simple image processing of standard TPEF images. For ex-
ample, on glancing at Fig. 5 or 6, one might infer that our final
DA-TPEF image is roughly equivalent to a simple high-pass
filtering of the original standard TPEF image (Figs. Saor 6 a),
but this is not the case. High-pass filtering of a standard TPEF
image would erase any low-frequency components in the im-
age, whereas DA-TPEF does not. This is made clear from our
results presented in Fig. 4. Even though the sample is laterally
homogeneous in this case (i.e., its lateral spatial frequency is
equal to zero), DA-TPEF continues to reveal strong signal
when the sample is in focus.

Moreover, one might imagine an alternative background-
subtraction strategy that consists in simply alternating between
two different illumination numerical apertures, the higher
NA generating the uncorrected TPEF image, and the lower
NA generating the background image. Such a differential-NA
strategy is nowhere near as effective as the differential aber-
ration strategies presented here because of the fundamental
increase in out-of-focus TPEF provoked by low-NA illumi-
nation. As an example, it is well known that the total TPEF
produced by a Gaussian beam focused into an infinite homo-
geneously labeled sample is, in fact, independent of the beam
NA (i.e., the beam waist). The application of a differential-
NA strategy in a homogeneously labeled thick sample then
fails completely. In contrast, the application of a differential-
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FIGURE 6 A volumetric reconstruction based on an 50-image stack of an
excised mouse olfactory bulb (same sample as in Fig. 3) acquired with standard
TPEF microscopy (@) and with 247 spiral phase DA-TPEF microscopy (b). Raw
images were acquired every 2 wm to a depth of 150 um. Lateral field of view is
~1.3 X 1.3 mm?” (Olympus 20 X NA = 0.95 water immersion objective). The
laser wavelength was 800 nm and the power delivered to the sample was
~20 mW. Volumetric reconstruction was performed with Amira software
(ZIB, Berlin, Germany).

aberration strategy, using the aberration patterns presented
here, is much more effective at preserving signal from a homo-
geneously labeled sample (see Appendix).

Yet again, one might imagine that an alternative and even
simpler technique to reject out-of-focus background might
be to use a detection pinhole, as is the principle of confocal
microscopy. We emphasize that such a pinhole would defeat
one of the main advantages of TPEF microscopy, since it
would require geometrical imaging of the in-focus TPEF
signal. Inasmuch as the TPEF generated from the excitation
focus undergoes scattering as it emerges from the sample,
which is all the more severe the greater the focal depth, pin-
hole detection would ultimately reject not only TPEF back-
ground but also TPEF signal, and hence would be of no
avail. A significant advantage of DA-TPEF is that, because it
involves no pinhole, the collection efficiency of TPEF signal
remains high.

However, DA-TPEF microscopy also exhibits disadvan-
tages. Our differential-aberration technique is based on the
subtraction of a background image from an image that contains
both background and signal. Inasmuch as the images are
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acquired independently, the shot-noise associated with these
images is also independent. Hence, while DA-TPEF is effective
at rejecting background, it is not effective at rejecting the shot-
noise associated with this background. As a rule of thumb,
therefore, DA-TPEF is useful only if the shot-noise associated
with the background is smaller than both the average
background level and also the average signal level. The first
condition is met when the average background is large enough
to produce at least one detected photoelectron per detector
integration time. The second condition is met when the signal
has not been overly degraded by loss of ballistic excitation due
to scattering. That is, DA-TPEF ultimately fails when the
imaging depth is too great. Nevertheless, there exists a wide
range of experimental situations where both conditions are
easily met, and where DA-TPEF is indeed effective at
improving signal/background ratio, as demonstrated by our
experimental results.

CONCLUSION

We have demonstrated that a TPEF background image can
be readily obtained by the introduction of extraneous aber-
rations in the illumination pupil, and that this background
image can subsequently be subtracted from a standard TPEF
image, yielding a corrected image with enhanced signal/
background ratio. We have further demonstrated that when a
fast-switching DM is used to induce the extraneous aberra-
tions, the temporal resolution of a DA-TPEF microscope
remains essentially unchanged from that of a standard TPEF
microscope.

We emphasize that while DA-TPEF can reject background,
itcannot increase signal. If the signal is too weak, then another
strategy must be found to complement DA-TPEF and fa-
cilitate the extraction of signal from background. One such
strategy, for example, involves counteracting the loss of bal-
listic excitation to scattering by introducing adaptive wave-
front correction. Such wavefront correction has the dual
benefit of both increasing signal and suppressing background
(as opposed to simply rejecting it). However, adaptive wave-
front correction remains a difficult problem, and in general
requires a sophisticated multiparameter feedback control of
the illumination wavefront. Nevertheless, various strategies
have been used to successfully tackle this problem (18-21).
We note that DA-TPEEF is entirely compatible with adaptive
wavefront correction in that the same DM used to introduce
extraneous aberrations can also be used to correct the illu-
mination wavefront.

The main advantages of DA-TPEEF, at least in the imple-
mentations we have presented here, are in its extreme sim-
plicity and robustness. Basically, DA-TPEF can be combined
with any TPEF microscope by simple insertion of a switchable
aberrating element into the illumination beam path, provided
this element is imaged onto the illumination pupil (e.g., with
the addition of a pair of lenses, as shown in Fig. 2). More-
over, DA-TPEF can be operated in a simple open-loop con-
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FIGURE 7 Standard TPEF image (@) and 37 quadrant-phase DA-TPEF
image (b) of a section of a medial entorhinal cortex stained with sulforhodamine
101, revealing astrocytes as well as neurons. Images are maximum intensity
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figuration, requiring no feedback whatsoever, and no special
care concerning the accuracy of the extraneous aberrations
patterns. Because of its simplicity and ease of use, DA-TPEF
should be of general utility in improving deep-tissue TPEF
imaging.

APPENDIX
DA-TPEF theory

We derive here analytic expressions for the ballistic illumination power
density in a scattering sample as a function of various aberration patterns
introduced in the illumination pupil. A knowledge of this power density
allows us to derive both the TPEF signal and the TPEF background gen-
erated by out-of-focus ballistic illumination near the sample surface, and to
quantify how these are altered by the application of extraneous aberrations.
Our aim here is to characterize the relative performances of the various
aberration patterns described in this article.

In the paraxial approximation, the ballistic component of a light beam
focused to a depth z4 into a scattering sample has an intensity that scales
according to Beer-Lambert’s law as

1,(p,z) = PSF(p,z)e "7, (4)

where g and z are coordinates relative to the beam focus (i.e., the surface of
the sample is located at negative z), and p, is the scattering coefficient of the
medium. PSF(p,z) is the ballistic point-spread function, corresponding to
the beam intensity profile if the medium were nonscattering. We normalize
this such that f PSF(p,z)d*p = 1, independently of z. That is, we write

|CSF(p,2)[*

PSF(p,z) = —— 22
5.2 = FiCsE (s, o P

(&)

where CSF (p, z) is the ballistic coherent spread function, corresponding to
the beam field profile if the beam were on scattering. In the paraxial ap-
proximation, we have (22,23)

—

CSF(3 o 1 ikz g i(ﬁ-l:i—z%) 2
(P,z) = (277)2 e P(k.)e dk., (6)

where k = 2m/A (A being the laser wavelength in the sample medium), and
we have introduced the pupil function P(k 1) whose Fourier coordinates s 1
are located in the objective back-focal plane (i.e., back aperture).

When extraneous aberrations are introduced into the objective back
aperture, the pupil function becomes

Py(k.) = Po(k,)e*™, 7

z-stack projections over 30-um depth with steps of 2 um. The DM-induced
aberrations were applied during scan flybacks, and DA subtraction was
performed line by line. The improvement in signal/background ratio in the DA-
TPEF image is slight (as expected) but noticeable. (¢) A CA1 pyramidal neuron
was patch-clamped and labeled with Calcium Green 1, and calcium imaging
was performed by repeatedly scanning a single line (white dashed line in c) at
1-ms intervals. Fluorescence traces in panel d are low-pass filtered at 20 Hz.
Normalized AF/F) traces are overlaid in panel e, facilitating a comparison of
measurements obtained with standard TPEF (trace 1) and with DA-TPEEF (trace
2), where trace 3 corresponds to the background fluorescence obtained with
aberrations. The laser wavelength was 810 nm and the power delivered to the
sample was ~4 mW. Images @ and b are shown with a y-factor set to 0.8.
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where Po(k) is the unaberrated pupil function and ¢ (k) is the phase
profile of the applied extraneous aberrations. Equations 4-7 provide a
general recipe for deriving the ballistic intensity distribution in a scattering
sample as a function of these extraneous aberrations.

To begin, we consider an unaberrated pupil (i.e., ¢(k 1) =0). For a
Gaussian illumination beam, we have

2 2p°
PSF,(p,z) = Exp
ol (2)° wol¢ (2)°

where {(z) = (1+iz/zr), wo is the beam waist at the focus, and zg =
nmw3 /A is the corresponding Rayleigh range.

When extraneous aberrations are applied to the pupil, then this ballistic
point spread function becomes altered. We consider both quadrant-phase
and spiral-phase aberration patterns.

Our quadrant-phase pattern is defined by

@

7 when k,and k, have same sign
0 when k,and k, have opposite signs

d(k.) = { ©)

When Eq. 9 is inserted into Eq. 5, a straightforward calculation leads to

2 20
PSF,(x,y,2) = — 2EXP| — 2
TWol{(2)] wold(2)]
2 iy 2
X |Erf | ——=—= Eif | — =
wo/{(2) wo/{(2)
(10)
Similarly, our spiral-phase aberration pattern is defined by
d(k,) = p(kycosby, k sindy) = €™, (11)
where (k, 6y) is the polar coordinate representation of ¥ and m is a small

integer.
For example, if m = 1 (i.e., the spiral phase pitch is 277), then an insertion
of Eq. 11 into Eq. 5 leads to
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5,z) = E
PSE(P2) = oo\ wilear
2 2 2
N L T 2 O L
X o <2w§§<z)) ! (2w3§<z)) (12

where [, is the modified Bessel function of the first kind.
If instead m = 2 (i.e., the spiral-phase pitch is 4) then a similar

calculation leads to
p’ p’
1—(1+——)Exp( ——
( W (z)) p( W (z))

The above equations provide starting points from which we can calculate the
TPEF generated by ballistic illumination without and with extraneous ab-
errations. We recall that a defining characteristic of local TPEF power is that
it scales quadratically with the local excitation intensity. Considering only the
ballistic component of this excitation, we have then

2 2
_ 2w,
= 4

mp

PSFd’ (ﬁ7 Z)

13)

F(p,2) 1y (B, 2),

where F(p, z) is the local TPEF power. Plots of F(p, 0) are illustrated in Fig.
3 for unaberrated and aberrated illumination pupils. As expected, the TPEF
distribution is highly localized when the pupil is unaberrated, whereas it be-
comes delocalized when the pupil is aberrated.

We turn now to imaging in a thick tissue. For purposes of discussion we
henceforth assume that the fluorescence labeling inside the tissue is homo-
geneously distributed. Such a distribution is generally not the case in prac-
tice, since individual cells or cell populations of interest are usually labeled
specifically; however, this distribution serves as a basis of reference, and can
generally be thought of as a worst-case scenario when trying to perform three-
dimensional fluorescence imaging.

To compare TPEF generated in and out of focus, we denote as F, the net
TPEF fluorescence generated by ballistic excitation at any given depth in the
sample. That is, we write

(14)

traces of the ballistic-excitation-induced TPEF
obtained from a uniform transverse fluorescent
1 plane in a scattering medium, as a function of
\ plane defocus. The scattering medium mean

1 free path is defined by /; ~ 150 wm. Traces
\ derived for unaberrated Gaussian beam focal
waists wy = 500 nm and wy = 1000 nm (low
NA) are represented by black triangles and

/\ T T T FIGURE 8 (a) Theoretical semilogarithmic

yellow diamonds respectively. Traces derived
when excitation beam is aberrated with a
m-quadrant-phase pattern (red circles), a 2
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spiral-phase pattern (blue triangles), and a 4
spiral-phase pattern (green squares). (b) Same
curves in linear scale to emphasize the aberra-
tion-induced TPEF reduction near the focal
plane (z = 0). (¢) Corresponding DA-TPEF
profiles obtained for unaberrated focal waist
wo = 500 nm (same labels as in a). (d) To
illustrate that the in-focus DA-TPEF signal is
relatively unchanged compared to a standard
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F,o / I(p,2)d’p. (15)
Because TPEF scales quadratically with excitation, the delocalization of
F(P,0) depicted in Fig. 3 is necessarily accompanied by a net suppression of
F,_o at the focal plane (12). That is, the TPEF signal becomes effectively
removed upon application of the extraneous aberrations. In contrast, the out-
of-focus TPEF background (i.e., F, 2 o) remains relatively unaffected upon
application of the extraneous aberrations (see Fig. 8). This is the principle of
DA-TPEF microscopy.

For comparison, we have also included in our analysis a plot of F, for the
case of a differential-NA strategy discussed in the text (for a Gaussian beam,
a reduction in NA is equivalent to an increase in the beam-focus waist wy
while maintaining a fixed total illumination power). Whereas a reduction in
NA indeed suppresses F,_y, it leads to an inevitable increase in F, . o that
subsists throughout the entire sample volume, thereby severely undermining
the effectiveness of a differential-NA strategy (see Fig. 3). We note that our
differential-aberration strategy with a quadrant-phase pattern also leads to an
increase in F,  o; however, this increase is quite small and slowly decays
away from focus. This small increase has the effect of leading to a slight
negativity in AF,  ( just above and below the focal plane, but also to a
negativity in AF, ¢ at very large defocus values in a scattering medium
(owing to the slowness of the decay). As such, the effectiveness of DA-TPEF
with a quadrant-phase pattern might be compromised at ultra-deep imaging
depths. Notwithstanding, we remind the reader that we are considering here
a sample that has been homogeneously labeled throughout its entire volume,
which, again, can generally be regarded as a worst-case scenario. We further
note that the negativities described above are essentially absent when using
a spiral-phase pattern.

In comparing panels @ and ¢ of Fig. 8, it is apparent that DA-TPEF is quite
effective at rejecting out-of-focus TPEF background generated by ballistic
excitation in a scattering tissue. We have not considered in this Appendix the
rejection of near-focus TPEF background, which is a more difficult problem
to analyze theoretically, and will be treated in a future report.
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