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Multiphoton laser scanning microscopy is a powerful tool for deep imaging of thick biological samples.
Image scanning microscopy (ISM) has demonstrated significant improvements in the signal-to-noise ratio in
confocal laser scanning microscopy, while at the same time improving upon the effectively attainable reso-
lution. Two-photon excitation (2PE), combined with ISM, has been shown to allow for deep tissue imaging
with enhanced resolution compared to 2PE microscopy. Three-photon excitation (3PE) has enabled record
imaging depth and contrast for multiphoton imaging, due to the superior suppression of out-of-focus signal
generation. In this paper, we demonstrate super-resolution 3PE ISM. This is achieved using a single-photon
avalanche detector array, and 1040-nm pulses for 3PE of blue fluorescence. This method enables subdiffrac-
tion limited resolution imaging of biological samples stained with blue fluorescent markers, such as mouse
myocardial and spinal cord tissues stained with 4′, 6-diamidino-2-phenylindole. Deconvolution improves the
resolving power further and allows for imaging with better than λ/8 resolution with respect to the 3PE
wavelength λ. With the ISM pixel reassignment procedure, we demonstrate a resolution enhancement of
∼1.6 laterally, compared to the resolution attained using a photomultiplier tube in a non-descanned detection
arrangement, and a factor of ∼1.8 enhancement in axial resolution. The experimentally measured three-
dimensional point spread function volume is shrunk ∼4.4-fold, which is close to the theoretically expected
enhancement.
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I. INTRODUCTION

Fluorescence microscopy has become one of the most pow-
erful tools to look into biological processes and structures at
the cellular and subcellular level. Fundamental limitations to
the lower bound of the spatial resolution that can be achieved
in conventional microscopes prompted the development of a
variety of techniques that have enabled imaging resolutions
below the diffraction limit [1–9]. Some of these techniques
are now referred to as diffraction unlimited microscopy (or
rather nanoscopy, as resolutions approaching 10 nm can be
achieved [10]), and they make it possible to achieve an
imaging resolution that is fundamentally unlimited by diffrac-
tion [1,3,4,9]. Other super-resolution techniques allow for a
maximum resolution enhancement (up to twofold below the
diffraction limit [2,5,9]). Those include computational and
statistical fluctuation methods [11] such as super-resolution
optical fluctuation imaging (SOFI) [5], super-resolution ra-
dial fluctuations (SRRF) [12], photobleaching microscopy
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(PiMP) [13], as well as classical optics approaches such as
structured illumination microscopy (SIM) [2] and image scan-
ning microscopy (ISM) [6]. Note that additional resolution
enhancement can be achieved by combining some of these
methods (e.g., 2 × 2 when combining ISM and SOFI [14])
or through the use of nonlinearities [15]. Depending on the
application, each of these groups of techniques offers advan-
tages and disadvantages. Since SIM and ISM are based on
principles of spatial frequency mixing in optical imaging and
work with standard fluorophores, they offer reliable operation,
and they provide resolution enhancement while maintaining
high imaging speeds [16].

CLSM can in theory, with a very small pinhole, achieve
the same resolution gain as ISM. When using a pinhole much
smaller than the Airy disk, the full width at half-maximum
(FWHM) of the resulting point spread function (PSF) htot(r) is
directly shrunk by

√
2 compared to the excitation PSF hexc(r)

and can be further reduced by deconvolution, to achieve a
factor 2. However, with this approach, the resolution enhance-
ment comes at the cost of rejecting most signal light, leading
to low signal-to-noise ratios (SNRs), and consequently worse
resolutions in most practical cases. ISM overcomes this limi-
tation by using a pixel array detector, where each pixel acts as
an individual small pinhole. While the central pixel captures
the “standard” super-resolving CLSM signal, the off-center
pixels capture useful information that needs to be assigned
to their correct positions in the image. This approach vastly
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increases the SNR without sacrificing the
√

2 resolution en-
hancement.

The ISM approach was originally proposed in the 1980s
[17,18], but only recent technological advancements made
experimental implementations feasible. Different approaches
were developed that digitally, optically, or optomechanically
implement the required photon reassignment. In different
demonstrations, these were termed image scanning mi-
croscopy [6], rescan confocal microscopy [19], optical photon
reassignment microscopy [20], spot-scanning SIM [16], in-
stant SIM (iSIM) [21], and they include parallelized versions
with multibeam illuminations [22]. The optomechanical and
optical solutions “rescan” the collected fluorescence or en-
large the image with a lens, respectively, to achieve the
sought-after reassignment of the emitted fluorescence light.
These techniques allow the use of a conventional camera,
but they do not allow for further data postprocessing after
collection. The ability to perform postprocessing, however,
is an important feature for varying imaging conditions [23],
for example when using fluorophores with different emission
wavelengths. Straightforward and fast computational ISM so-
lutions have only recently been enabled by fast detector arrays
(with a response time at least as fast as the typical pixel dwell
time of the focused laser beam) such as the AiryScan PMT
array or with SPAD arrays such as the SPAD23 (23-elements,
Pi Imaging Technologies) or the PRISM (25 elements, Genoa
instruments) detectors.

Compared to single-photon excitation, multiphoton excita-
tion restricts excitation axially, thereby reducing phototoxicity
and out-of-focus photobleaching. This problem is also ad-
dressed by light-sheet microscopy [24], however requiring
sample illumination from the side, thus placing restrictions
on the sample geometry. Two-photon-excitation ISM (2PE-
ISM) has also been proposed and successfully implemented
to enable super-resolution imaging in thicker samples and
scattering tissues that cannot be studied with 1PE alone
[23,25,26]. The use of longer-wavelength excitation light
bears several advantages, especially less scattering, reduced
phototoxicity, and less absorption. While very deep tissue
studies utilize non-descanned detection (NDD) to collect scat-
tered and nonscattered fluorescence photons, intermediate
regimes provide sufficient amounts of nonscattered ballistic
photons, which are required to make use of the ISM prin-
ciple in the detection pathway [23]. The confocality of the
ISM principle also rejects a potentially strong near-surface
(out-of-focus) fluorescence background signal which can be
detrimental to NDD [23]. In this regard, it was shown that
2PE-ISM can provide a viable advantage for out-of-focus sig-
nal rejection. Moreover, 2PE-ISM provides higher resolution
enhancement factors relative to multiphoton excitation with
NDD compared to 1PE-ISM relative to standard confocal
microscopy [27,28], and in a 2PE-ISM setup, the resolution
of second-harmonic microscopy can be enhanced via ISM
detection (SHG-ISM) [26].

Three-photon-excitation (3PE) microscopy has success-
fully allowed the demonstration of record optical imaging
depths in biological tissues [29] as it provides superior sup-
pression of out-of-focus signal background. Besides, it can
equally provide a contrast mechanism complementary to 1PE
and 2PE, and a laser source capable of providing 3PE con-

trast also allows us to provide contrast via 2PE (and 1PE).
3PE SIM has been demonstrated to achieve 106-nm lateral
resolution, and 860-nm axial resolution [30]. While SIM typ-
ically achieves a slightly better lateral resolution and relies
on wide-field detection and does not require laser scanning,
ISM provides better optical sectioning [31] and requires laser
scanning with descanned detection (which can be rescanned
to allow detection on a camera sensor [25,26]). Enhancing
the resolution, both laterally and axially, via 3PE-ISM can
provide utility in instances where 1PE or 2PE do not provide
the sought-after contrast mechanism, e.g., for the excitation
of blue fluorescent molecules without the need to expose the
sample to phototoxic ultraviolet (UV) and near-UV radiation
and still have the ability to also detect far red emissions. It
is worthwhile to note that adapting a conventional micro-
scope for use with UV excitation may require more effort
than adapting it for excitation with (near)-infrared sources
commonly used in multiphoton microscopy. For example, the
performance (transmission, aberrations, etc.) of many optical
elements (especially lenses) degrades steeply for shorter (UV)
wavelengths, thus requiring exchange with UV-optimized op-
tics, while most standard microscope objectives perform well
when used with near-infrared excitation. 3PE of blue or cyan
fluorescent molecules can be naturally combined with si-
multaneous 2PE of orange or red fluorescent molecules, as
well as second- and third-harmonic generation (which can
highlight, respectively, collagen and lipid membranes label-
free, for example) without the need for an additional laser
source. Simultaneous 3PE of blue fluorophores and 2PE of red
fluorophores also eliminates the need to sequentially record
images taken with different wavelengths from a tunable laser.

Given the demonstrated power of SPAD array enabled ISM
to improve the signal-to-noise ratio and enhance resolution in
both CLSM and 2PE microscopy, we present here an exper-
imental implementation of 3PE-ISM. We show the utility of
this approach for various imaging scenarios, including mul-
ticolor imaging through the detection of the simultaneously
generated 2PE signal of red fluorophores with 2PE-ISM. We
achieve resolution enhancements of 1.7 in the lateral and
1.9 in the axial direction for 3PE-ISM over 3PE NDD. We
demonstrate that with 3PE-ISM it is possible to surpass the
resolution achievable with confocal microscopy for the same
fluorophore, despite the three times longer excitation wave-
length. Including deconvolution, the resolution enhancements
reach factors of 2.5 in the lateral and 2.9 in the axial direction.
This translates to a lateral resolution better than λ/8 respective
to the wavelength of the excitation source. 3PE-ISM could
be used as an alternative high-resolution imaging method for
thick samples, especially with blue fluorophores for which
deep blue or UV single-photon excitation might be inefficient
due to lower transmission through optical components.

II. RESULTS

A. PSF benchmark samples

The results for imaging a sparse QD450 sample are shown
in Fig. 1. The sample was first imaged with 3PE in a NDD
configuration (top row in Fig. 1). We call this the “PMT” data
set. Next, the sample fluorescence was descanned and focused
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FIG. 1. Horizontal rows show (i) PMT, (ii) ISM, and (iii) DCV data sets. Vertical columns show (i) XY-slice, (ii) XZ view, (iii) YZ view,
and (iv) line profiles along the x-, y-, and z-axes (see yellow dotted lines) of “spot 1” highlighted in the yellow circle. “Spot 2,” which was used
to produce Fig. 5, is highlighted in the magenta circle.

onto the SPAD array, with a total magnification of M = 250.
The subimages from each SPAD pixel were postprocessed
with our MATLAB ISM algorithm and then assembled into the
final “ISM” image stack (middle row in Fig. 1). In addition,
we applied RL deconvolution (“DCV” for short) to the ISM
data set (bottom row in Fig. 1). Due to the blinking behavior
of our quantum dots, individual spots may have different
brightness in the two data sets. We applied interpolation and
smoothing to all three data sets and displayed XZ and XY
cross-sections of “spot 1” in Fig. 1, as this spot did not
display blinking while acquiring the image stacks. Gaussian
fits (R2 > 0.99) of the corresponding line profiles yielded the
following FWHM values (in nm):

axis: x y z

PMT 317 ± 6 260 ± 4 551 ± 16
ISM 189 ± 2 187 ± 4 295 ± 10
DCV 128 ± 2 124 ± 2 188 ± 4

The 3PE-ISM data show a resolution enhancement of 1.68,
1.39, and 1.87 in the x, y, and z directions, respectively,
compared to the NDD PMT data. Deconvolution further en-
hances the resolution over ISM by factor of 1.48, 1.51, and
1.57 (x, y, and z) and by a total of 2.47, 2.10, and 2.93 (x,
y, and z) over the PMT data set. The resolution enhance-

ments along the axial direction stem from the confocality
and out-of-focus light rejection of the descanned detection
configuration. Along the x-axis, the enhancement matches the
theoretically expected value of 68%. For the y-axis, a lower
enhancement of 39% is obtained. We attribute this difference
to the slightly elongated lateral (three-photon excitation) PSF
profile, as revealed by the PMT measurements. Figure 1 of the
Supplemental Material (SM) [32] shows images of quantum
dot samples measured with orthogonal polarizations of the
excitation source, indicating that the elongated excitation PSF
we observe can be attributed to the tightly focused linear po-
larized excitation light [33]. Differences in asymmetries along
the x, y, and z directions between different resolution-limited
spots can be attributed to experimental noise, including blink-
ing behavior of the quantum dots. Figure 2 of the SM [32]
shows images from the same sample but with a larger field-
of-view (FOV) to illustrate the ability of 3PE-ISM to maintain
a constant resolution over a larger FOV and to facilitate
additional measurements of the x and y profiles of more
well-separated subdiffraction limited emission spots, which
are shown in Fig. 3 of the SM [32].

B. Imaging of blue fluorescent biological samples

In a recent demonstration, we have investigated the utility
of 3PE imaging as a complementary tool to confocal and
2PE imaging [34], especially when targeting blue fluorescent
samples. To further enhance the utility of 3PE bioimaging,
it is paramount to have resolution capabilities similar to
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FIG. 2. 2PE and 3PE ISM imaging of fixed mouse myocardial tissue. Scale bars are 3 µm. Panels (a)–(c) show PMT, ISM, and DCV data
sets, respectively, taken from this sample. Panels (d) and (e) show line profiles taken from the blue channel in the images taken at the positions
indicated with “d” and “e” in panel (a), and panel (f) shows line profiles taken from the red channel at the position indicated with ‘f’ in panel
(a). In (d)–(f) the red lines are taken from the PMT image, the blue lines from the ISM image, and the green lines from the DCV image, with
the x-axis depicting the distance along the indicated white lines in panels (a).

confocal imaging, and to a lesser extent 2PE imaging. To
achieve this goal, we showed 3PE-ISM imaging of blue
fluorescence from biological samples with an excitation wave-
length λ = 1040 nm. We chose samples that were stained with
DAPI (see details under the Methods section). DAPI is a DNA
stain and binds to sites in the cell nucleus of the biological
tissue. With single-photon excitation, DAPI is most effi-
ciently excited around 360 nm, close to one-third of our laser
wavelength.

The first sample was fixed mouse myocardial tissue stained
with DAPI mounted in a 80/20 glycerol/water medium and a
refractive index of 1.44. The sample had a maximum thick-
ness of 50 µm. We acquired a FOV of 21.76 × 21.76 µm
on a 512 × 512 raster grid; see Fig. 2. The images show
(a) PMT, (b) ISM, and (c) DCV data sets. While these samples
generally do not seem to contain many sharp features, the
resolution enhancement of ISM over PMT can be clearly
observed. This is also aided by the higher contrast in the
images stemming from the better axial resolution due to the
confocality in the 3PE-ISM detection scheme. The resolution
is then further enhanced by application of 10 iterations of an
RL algorithm (DeconvolutionLab2 plugin). Final smoothing
with a sharp Gaussian kernel reduces some of the high spatial
frequency pixel noise. To illustrate the enhanced resolution
and contrast, we have plotted three line profiles (normalized
to the maximum value) indicated in panel (a). It can be seen
that the ISM and DCV images capture more features of the
DAPI DNA stain in the cell nucleus as well as in the red
autofluorescence.

As the myocardial tissue is not cleared, it also serves to
demonstrate imaging into scattering samples. Our sample had
a maximum thickness slightly over 50 µm. Figure 2 of the

SM [32] shows PMT, ISM, and DCV data sets obtained near
the bottom of the sample (about 50 µm deep). By evaluating
the power needed to obtain the same signal strength across
different depths using NDD, we estimate the scattering length
for the 1040 nm excitation wavelength in this sample to be
∼45 µm. By imaging the sample at 50 µm depth, we demon-
strate the ability of 3P ISM to provide resolution enhancement
despite high scattering losses of the signal.

To compare the resolution power of 3PE-ISM, we have
imaged the same sample with a commercial Leica SP8 instru-
ment, available at the Texas A&M University Microscopy and
Imaging Center, as shown in Fig. 3 of the SM [32]. The sample
was excited with a laser at λ = 405 nm and imaged with
an index-matched glycerol immersion microscope objective
(HC PL APO 63x/1.30 GLYC CORR CS2). The result for
CLSM is shown in Fig. 2(d) of the SM [32]. The displayed
FOV is 5.45 × 5.45 µm with 166 × 166 raster grid, resulting
in a pixel pitch of 32.8 nm. These parameters were chosen
automatically by the Leica LAS software suite (in Lightning
mode) for best resolution measurements. The raw data were
further deconvolved with the internal Lightning deconvolution
algorithm. The final result is displayed in Fig. 1(e) of the SM
[32]. Note that the Lightning deconvolution works on the full
3D stack, while we applied deconvolution only on a single 2D
slice of the ISM data. The deconvolution results of the CLSM
3D data stack should therefore be inherently better. Nonethe-
less, it seems that the internal deconvolution algorithm may
be overfitting features in the CLSM data set. Visually, the
3PE-ISM data and CLSM data set appear to have similar reso-
lutions. PMT, ISM, and DCV DAPI images with a comparable
FOV as the CSLM data are shown in Figs. 2(a)–2(c) of the SM
[32]. While DAPI is routinely excited at 405 nm in CSLM
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FIG. 3. Images of DAPI in spinal cord tissue, imaged at depths z = 21.6 µm (top row) and z = 103.6 µm (middle row). Left to right shows
results for PMT, ISM, and DCV, respectively. Bottom row: line Profiles (i) and (ii) for PMT (blue), ISM (red), and DCV (green).

for quantitative imaging, we note that the raw CSLM images
showed a noticeably stronger autofluorescence background
than our 3PE images.

C. Diving deep with 3PE-ISM

We demonstrate the deep-tissue imaging capability with
3PE-ISM on a cleared mouse spinal cord sample. It is im-
portant to note that the clearing medium ethyl cinnamate
is not exactly index-matched to F-type immersion oil. As
a consequence, the actual imaging depth deviates from the
“set” imaging depth—the distance the objective traveled down
from the position where the top of the sample was in focus.
This refractive index mismatch also causes increased spheri-
cal aberrations with increasing imaging depth. For example,
the “set” imaging depth for the second row of images was
97 µm, and the actual depth of 103.6 µm is obtained using
a simple calculation using trigonometrics and Snell’s law for
rays at half the angular acceptance of the objective, i.e., using
the median ray approach proposed in [35].

Images at two different depths are displayed in Fig. 3, for
3PE-NDD with PMTs, for 3PE-ISM with the SPAD23 array,
and additional RL deconvolution of the ISM image. It can be
seen that the ISM approach enhances the resolution over NDD
with a PMT throughout the sample. Deconvolution further
enhances the resolution in this case, both at z = 21.6 µm and
at z = 103.6 µm depth. This shows that a sufficient amount
of ballistic photons reaches the SPAD23 array detector af-
ter descanning and refocusing the fluorescence light into a
conjugate image plane, and that spherical aberrations are not
limiting the imaging capabilities. Line profiles for the image
at z = 103.6 µm are shown in the lower half in Fig. 3. These
images clearly show superior contrast and resolution for the
ISM and DCV images over the PMT image.

III. CONCLUSIONS

In this paper, we presented an experimental demonstration
of super-resolution imaging via 3PE-ISM by detecting blue
fluorescence generated in biological samples and QDs with
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FIG. 4. Schematic illustration of the laser-scanning detection scheme, based on a customizable multiphoton microscopy platform (Sutter
Instruments). The dichroic mirror D1 can be inserted or removed to enable non-descanned detection (NDD) with PMTs or detection with
a SPAD array (SPAD23, Pi Imaging Technologies, middle column). The magnification at the conjugate image plane with SPAD array is
M = 250, such that the 19 central pixels cover an area that corresponds to 1.25 AU. The top right image shows the photon distribution on
the SPAD array when scanning over a bright and dense island of QD450 mounted on a cover slip. The detector is internally cooled, with the
external heat exchanger visible on the back providing additional surface area to aid with heat dissipation.

a SPAD array. 3PE of blue fluorescent markers minimizes
phototoxicity by eliminating the need for UV and near-UV
excitation light. While the 3PE-ISM approach primarily en-
hances the lateral resolution, it also benefits from the confocal
nature of the descanned detection, thus also boosting the ef-
fective axial resolution compared to non-de-scanned detection
typically used in multiphoton microscopy. With the presented
3PE-ISM implementation we achieved a reduction of the 3D
PSF by a factor of 4.4 compared to what is obtained with
3PE and NDD, and an additional factor of 3.5 reduction
when RL deconvolution is applied. This corresponds to a total
enhancement factor of 2.5 in the lateral direction and 2.9 in
the axial direction. Compared to 3PE-SIM, 3PE-ISM provides
more than fourfold improvement in axial resolution, as our
diffraction-limited focusing provides a much stronger axial
confinement than what is achieved with temporal focusing. In
terms of the 3PE wavelength, the resulting lateral resolution
can be expressed as λ/8. In absolute terms, we achieved a
lateral resolution of 124 nm and an axial resolution of 187 nm
with 3PE ISM combined with RL deconvolution.

The intrinsic optical sectioning of multiphoton microscopy
approaches is of particular interest for in vivo imaging and
imaging of thick samples. In this regard, 3PE-ISM also en-
hances the ability to obtain image stacks of thick samples
while offering a resolution comparable to confocal approaches
but with reduced risk of phototoxicity. The 3PE scheme with
longer wavelengths and detection via ISM offers a good alter-
native for applications that involve excitation of fluorophores
that require single-photon excitation wavelengths lying in the
deep blue and UV spectral region, which suffers from low
transmission and increased aberrations with conventional mi-
croscope optics, and consequently reduced image quality. In
this work, we used a high-NA oil immersion objective with
a maximum working distance of 130 µm, and we imaged

samples up to the maximum depth allowed by this objective.
When using objectives with longer working distances, higher
imaging penetration depths should be possible to achieve.
Other advantages include the parallelization of light detection
with a SPAD array, which enables a higher dynamic range
compared to detection with a single element detector such as
a PMT. Finally, when addressing fluorophores such as DAPI,
3PE using 1040 nm light allowed imaging of labeled cells
with reduced autofluorescence in the blue detection channel
compared to 405 nm CSLM.

This platform will also allow for combination with other
super-resolution techniques, such as SOFI [5] and its quantum
counter part, antibunching microscopy [7]. 1PE Q-SIM [36]
and 1PE-SOFISM [14] have recently been demonstrated, both
with a custom-built fiber bundle detector and with a SPAD
array [37]. 3PE-ISM may also be demonstrated in a highly
parallel version with multibeam illumination [38]. 3PE-ISM
allows for imaging of significantly thicker samples with a
resolution equal to or better than what can be achieved with
standard CLSM.

IV. METHODS

A. Microscope setup

The equipment used for this work consists of a high-pulse-
energy ultrafast fiber laser coupled to a customizable modular
in vivo multiphoton microscopy system (MIMMS) [39]. A
schematic illustration is shown in Fig. 4. The excitation laser
source is an in-house-developed Yb:fiber chirped-pulse ampli-
fier with a central wavelength of 1040 nm delivering energetic
(μJ-level) sub-200-fs pulses [40]. These pulse parameters are
well suited for two- and three-photon excitation microscopy
schemes in general and for this project specifically. The pulse
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repetition rate of the laser system can be tuned from kHz
to 29 MHz [41,42] by integer-dividing the seed oscillator
pulse frequency using a delay generator, or set to be equal
to the oscillator repetition rate of 58 MHz. The excitation
beam path contains two galvanometric scan (GS) mirrors
(MDR, Sutter Instrument), the scan lens (SL, f = 50 mm),
the tube lens (TL, f = 200 mm), and the microscope objective
(Nikon MRD71970, 100×, 1.45 NA oil). The short working
distance of the objective limits the imaging depth to 130 μm,
however it is possible to achieve comparable results with
longer working distance objectives [23]. The fluorescence
detection path contains a removable long-pass dichroic beam-
splitter (FF735-Di02-25 × 36, Semrock) for NDD with two
photomultiplier tube (PMT) detector channels (H10770PA-
40SEL, Hamamatsu), long-pass dichroic (T565lpxr, Chroma),
and bandpass filters chosen from “blue” (ET440/80m-2p,
Chroma), “green” (ET525/70m-2p, Chroma), and “red”
(ET605/70m-2p, Chroma). The objective is mounted on
a three-axis micromanipulator stage (MPC-200, Sutter In-
strument) to position the objective over the sample and a
piezoelectric stage (nPFocus 400, nPoint) to translate the fo-
cus axially with high precision. A half-wave plate before the
microscope is used to control the polarization of the excitation
beam.

The modularity of the MIMMS setup allowed adding
a long-pass dichroic beamsplitter (D2) (ZT670rdc-xxrxt,
Chroma) upstream of the scanning mirrors (GS). The lens
L2 ( f = 125 mm, AC254-125-B-ML, Thorlabs) focuses the
fluorescence light into a conjugate image plane where the
SPAD array (SPAD23, Pi Imaging Technologies) is placed.
The total magnification on the SPAD array reads M = 100 ×
(125 mm/50 mm) = 250, leading to a pixel size of 0.243
Airy units (AU) for each SPAD pixel, for fluorescence at λ =
450 nm. For 3PE-ISM studies a “blue” filter (ET440/80m-
2p, Chroma) is mounted in front of the detector chip. The
pixels are arranged in a hexagonal array, and consequently
the distance from each pixel to all of its nearest neighbors is
constant. Note that the filter range excludes any possible con-
tributions from 2PE λem,2PE � 520 nm or from third-harmonic
generation (THG) at λTHG = 1040 nm/3 ≈ 347 nm.

In addition, a telescope consisting of two f = 125 mm
lenses (AC254-125-B-ML, Thorlabs) was added upstream of
D2 to enable axial translation of the excitation PSF (λ =
1040 nm) in the sample. Varying the distance of the two
lenses creates a divergent or convergent beam on the galvo
scan mirrors, and thus allows us to match the excitation PSF
with the detection PSF when refractive index mismatches lead
to a relative axial shift of the foci. The mismatch between
λ = 1040 and 450 nm stems from the refractive index dif-
ferences at these two wavelengths between the immersion
oil (Leica, Type F), cover glass, and the sample mounting
media utilized in this work (Mowiol, glycerol-water solution,
or ethyl cinnamate).

B. Samples

In this work, we utilized different blue fluorescent bench-
mark and biological samples. The benchmark sample was
used to assess the 3PE-ISM performance and the PSF. It
was prepared by drop-casting a diluted solution of quantum

dots “QD450” [450 nm (CdSe/ZnS) quantum dots (HECZW),
NNCrystal, size 7–8 nm] on a cover slip (170 µm thickness),
air drying, and mounting the coverslip on a glass slide with
Mowiol. The sparse quantum dot depositions are an ideal
resolution test target due to their small size of 6–8 nm. Con-
sequently, even for small clusters the feature size still remains
far below the diffraction limit. The amount of QDs in a cluster
can be estimated from its brightness compared to a dim spot
that shows clear, “binary,” fluorescence intermittence (i.e.,
blinking).

For bioimaging studies via 3PE-ISM, first we investigated
a fixed mouse myocardial tissue mounted in a glycerol-water
(80%/20%) medium. The sample was stained with the DNA
stain DAPI in the cell nucleus and other dyes (e.g., AlexaFluor
for microvasculature) in other parts of the cells.

The second bioimaging sample we tested was a 1-mm-
thick murine spinal cord tissue cross-section, cleared using
a modified iDISCO protocol [43], stained with DAPI, and
embedded in ethyl cinnamate. This sample was utilized for
deeper imaging studies, and we measured 2D slices at dif-
ferent positions and depths. Ethyl cinnamate possesses a
refractive index >1.5 and is thus a good mounting medium
for measurements with an oil immersion microscope objec-
tive. To mount small 1 mm sections of the spinal cord for
imaging in an upright epifluorescence setup, we (i) placed
a plastic washer (1 mm thick, 5 mm inner diameter) on a
glass slide and fixed it with super glue (Loctite, standard store
brand), (ii) coated the upper rim of the washer with super glue,
(iii) placed the sample inside the washer and filled the “well”
with a sufficient amount of ethyl cinnamate, and (iv) sealed the
“well” with a standard 170 µm glass cover slip. We prepared
multiple samples with this procedure and could reproducibly
observe that the surface of the spinal cord samples was sitting
at or just under cover slip. This enabled us to image deep into
the sample, up to the maximum working distance of 130 µm
provided by the oil immersion objective.

Note that studying the applicability of 3PE and 3PE-ISM
microscopy in biological or microbial samples is of interest as
a complementary technique to 2PE and confocal microscopy,
and that the 3PE absorption cross-section spectrum is not
simply the 1PE or 2PE absorption spectrum scaled to λ/2
or λ/3. As such, depending on the fluorophores used, with a
single laser source, imaging in more than two well-separated
color channels (e.g., blue, green and red instead of only blue
and red) can also be achieved [34].

C. Pixel reassignment

The basis of ISM [6] is the full use of the excitation
and detection PSF, hexc(r) and hdet(r), respectively. For 2PE
or 3PE the excitation PSF reads hexc(r) = [2J1(r)/r]2 and
hexc(r) = [2J1(r)/r]3, yet the longer excitation wavelength
leads to an initially reduced resolution power over 1PE. The
SPAD array pixels in image space at geometric positions
s j ( j = 1, . . . , 23) measure the intensities I j (ri ) at each raster-
scan position ri of the focused laser beam in the object space.
A 2D image is obtained by raster scan positions ri of 64 × 64,
128 × 128, 256 × 256, ...“pixels.” For the calculations, we
demagnify the image plane coordinates s ≡ s/M to match the
scale of the object space coordinates r. The PSF for each pixel
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FIG. 5. Results of FWHM of a 2D Gaussian fit, applied to “spot 2” in the QD benchmark sample, in slice 8 of the z-stack; see Fig. 1.
The plot show FWHM along the x-axis and along the y-axis. The displayed range of values covers [0◦, 46◦] × [0.00, 1.15]. The geometric
reassignment with the ideal value seems optimal; it is, however, not very sensitive around that value. The iterative reassignment does not
perform better (FWHM not shown).

is effectively given by the product [23]

h j (r) = hexc(r) × [p j (r) ∗ hdet(r − s j )], (1)

where the detection PSF is convolved with the area of the
pixel p j (r) which forms a virtual pinhole. For a sufficiently
small pixel, the effect of convolution with the area p j (r) is
negligible, thus yielding the product of the excitation and
detection PSF, and the signal at each pixel becomes

I j =
∫

dr′h j (r − r′)I (r′). (2)

To obtain the ISM signal, a photon reassignment shift has to
be applied, leading to [6]

IISM(r) =
23∑
j=1

I j (r − α s j ), (3)

with the reassignment factor α. For 1PE without a fluores-
cence Stokes shift, the ideal value reads α = 0.50, while for
3PE it reads α = 0.75. A fluorescence Stokes shift reduces
the value of α as it broadens the detection PSF compared to
λ = 1040 nm/3 = 347 nm. The shift can be implemented on
entire 2D subimages I j (r) at once, since the relative offsets s j

remain identical for each laser scan position ri. In this work,
we utilized static reassignment vectors, calculated from the
given geometry and magnification of the setup and optimized
on data from the QD450 benchmark sample. It was found that
α = 0.70 was ideal for 3PE blue fluorescence from the QD450
sample (for 2PE we found α = 0.65 as the optimal value).
The shift vector matrix requires an additional rotation of 22◦
due to the tilted geometrical arrangement of the scanning
mirror system. The ISM shifts have been implemented in a
custom-written MATLAB script.

To account for any potential experimental imperfections or
misalignments, we used the recorded data and iterated the re-
assignment procedure and FWHM measurements for a broad
range of rotations from 0◦ to 46◦ and reassignment factors α

from 0 to 1.15. As can be seen in Fig. 5, the expected values
(22◦ and α = 0.70) were confirmed, yet a broader range in
the vicinity produced good results. Deviations of a few per-
cent from the ideal value appear not to visibly alter the final

results. We have also implemented a similar “adaptive photon
reassignment” approach as described by Koho et al. [23] via
the automated image registrations procedure (imregister) in
MATLAB, which aligns the 23 subimages of each SPAD pixel
with the central pixel. While this procedure performed well,
it did not outperform the iterative geometrical reassignment
outlined above. It may be noted that especially for low SNR
values the adaptive approach struggles, as excess noise causes
it to be unable to reliably identify the correct similarities in
the subimages.

It is of technical interest to note that subpixel image trans-
lations were implemented after conversion of the images from
integer numbers that result from the photon-counting detec-
tor to floating point numbers. This avoids integer rounding
errors, especially when a single-photon count is distributed
across up to four pixels through bilinear interpolation upon
pixel reassignment. For the PSF measurements, the images
were also resampled on a finer grid through fourfold Fourier
interpolation, which fully preserves the original image content
but allows for a smoother visualization of the sharp 3PE-ISM
PSF.

D. Simulations

To verify the full resolution enhancement potential of 3PE-
ISM, we conducted simulations for 3PE with λ = 1040 nm
in the excitation pathway, and 1PE with λ = 450 nm in the
detection pathway. In both cases, the base PSF was assumed
as the Airy disk [2 J1(r)/r]. For the numerical apertures we
utilized experimentally derived FWHM values of the PSFs
when imaging the QD450 sample. For the excitation PSF, we
used the extracted FWHM values from 3PE laser-scanning
microscopy. An average result around FWHM = 280 nm was
found, which corresponds to an effective NA around 1.10
for the excitation pathway. For the detection PSF we bench-
marked the microscope objective in a Leica DM6 wide-field
microscope and in a Nikon AXR confocal microscope. In the
wide-field microscope the available NA was extracted from
the detection PSF with λ = 450 nm. In the confocal micro-
scope the NA was determined with respect to the excitation
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FIG. 6. Simulated PSFs for numerical aperture of 1.10 NA in the excitation and 1.15 NA in the detection pathway, respectively, showing
(a) excitation PSF, 3PE with 1040 nm, (b) detection PSF, 1PE with 450 nm, and (c) 3PE-ISM PSF measured with SPAD23 array. (d) The PSF
signals for all 23 detector pixels, separated by 3 s j for visualization purposes. For the ISM technique, the signals are shifted as illustrated by
blue arrows. (e) Lateral (normalized) PSF cross sections.

laser light at λ = 405 nm. In both cases, the extracted FWHM
values correspond to approximately 1.15 NA for the detection
wavelength. Performing this test with both a commercial Le-
ica and Nikon system allows us to confirm that no significant
deteriorations are caused by the use of the Leica scan lens in
our multiphoton microscope system, as the objective performs
equally well in both systems.

For the beam magnification we assumed Mtot = 250, lead-
ing to the pixel size diameter of 24.3 % of 1 AU (λ = 450 nm).
In this geometry, the central 19 pixels of the SPAD23 array
are located within 1.25 Airy units (Airy disk for λ = 450 nm,
1.45 NA). The subimages from each pixel [see Fig. 6(d)] are
shifted toward the center (see blue arrows) with reassignment
factor α s j = 0.70 s j . The simulations were implemented in a
custom-written MATLAB script on a fine numerical grid, with
numerical multiplications and convolutions of the excitation
PSF, detection PSF, and pinhole in real space. We obtained
FWHM values of 286, 211, and 169 nm, respectively, for
the excitation, detection, and ISM PSF. The resolution of
3PE-ISM is enhanced by a factor of 1.68 over 3PE in a NDD
configuration (see Fig. 6).

F. Deconvolution

SIM and ISM typically utilize a deconvolution process
to amplify high spatial frequency information and to better
approximate the sample’s true structure, given the measured

data. SIM often utilizes a generalized Wiener filter during
assembly of all spatial frequency components. In ISM or
2PE-ISM, one can either use a Wiener filter or a maximum
likelihood estimator, such as the Richardson Lucy (RL) al-
gorithm. The latter performs better for noisy data and at
removal of background. We opted for the RL algorithm, as
implemented in the “DeconvolutionLab2” plugin [44] in FIJI.
To deconvolve the QD450 data set, we utilized the z-stack
of “spot 1” as the 3D PSF of our 3PE-ISM approach. The
same PSF was also utilized for deconvolution of DAPI data
sets from the two different samples. To avoid overfitting of
noisy features and warp the image contents, we limited the
RL algorithm to 10 iterations. PMT data (not shown) were
deconvolved with the 3P PSF extracted from “spot 1” in the
QD450 PMT data set. A blind deconvolution approach may
also be utilized in following studies to not be reliant on an
experimentally estimated PSF, and a regularization term can
be used to allow for more iterations without warping the image
content. Note that floating point images were transformed to
integer values before application of the deconvolution algo-
rithm, which expects Poisson sampling noise in the data sets.

The raw 3PE PMT and ISM data sets have been recorded
with a pixel pitch of 42.5 nm in the lateral direction and a
z-stack pitch of 100 nm. These values readily fulfill Nyquist
sampling for the anticipated 3PE-ISM resolution. For easier
visualization, we have smoothed the data sets in postprocess-
ing. For the QD450 data sets we have applied a fourfold
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Fourier interpolation along the x- and y-axes, including low-
pass denoising in Fourier space to cut out high spatial
frequency pixel noise that lies outside of the OTF support. In
a second step we have applied a fourfold bicubic interpolation
along the z-axis to obtain the 3D voxel size of 11.25 nm ×
11.25 nm × 25.00 nm. The final resolution was estimated
through FWHM analysis of single spots in the QD450 sample
data sets. For DAPI data sets we have not applied further
smoothing, as the feature sizes in these samples were less
sharp. To remove some high spatial frequency pixel noise,
we applied a convolution in real space with a sharp Gaussian
kernel (amplitudes: 100%, 13.5%, 1.8% for the central pixel,
direct neighbors, diagonal neighbors).
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