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ABSTRACT

Multiphoton microscopy (MPM) is an approach now well established in biomedical sciences, especially thanks to its
excitation spectrum in the near infrared range (NIR). The simultaneous imaging of numerous of these substances
imposes the use of a wideband excitation spectrum, indispensable in the case of in vivo and in live imaging or for
detecting phenomena at video rates. A unique spectral bandwidth, covering the range between 750 and 1000 nm has been
recently demonstrated and has made emerging a simplification in MPM: the excitation system is now no longer an lock
for generating multiphoton images of numerous fluorophores. But such a solution might be highly sensitive to chromatic
distortions and diffraction limit which might result in detrimental effects on image quality and especially on resolution
performance. This question is at the core of the current presentation. A point-spread function (PSF) estimation is realized
with a standard computational tool. Our experimental strategy has shown two interesting points. First, the resolution is
preserved in the lateral plan (xy) regardless of the excitation procedure chosen. Second, a significant deterioration of the
resolution is observed in the axial direction (z), with a factor 4 between the best resolution obtained with a standard
imaging procedure and the worst one obtained with the wider spectral bandwidth. Starting with this result, the role of a
computational solution of image reconstruction is highlighted for reducing the gap observed in axial resolution between
standard and wideband excitation solution of MPM. The illustration of the interest of a large spectral bandwidth of
excitation is then shown on a mouse muscle sample presenting 3 fluorophores having a spectral bandwidth of excitation
spread along 300 nm. This set of experiments illustrates the impact of chromatic distortions and diffraction limit on the
deterioration of resolution. As a conclusion, a basic protocol for image reconstruction is used in order to highlight the
interesting level of improvement of the visual image quality generated by a standard computational image restoration.
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1. INTRODUCTION: CONTEXT OF THE STUDY

1.1 Interest of an ultrawide band laser system in multiphoton microscopy for biomedical imaging

Multiphoton microscopy (MPM) is a microscopy method now well established in biomedical imaging sciences [1]. This
success results from the excitation strategy based on a spectrum spread in the near infrared range (NIR). NIR of
excitation is one of the less dangerous wavelengths for imaging living organisms with an optical method. Such a strategy
opens to in vivo imaging. NIR of excitation is less absorbed and scattered by living sample which can become
transparent to those NIR excitation wavelengths. In some situations, when the sample imaged is composed by the
adapted substances, this imaging method benefits from label-free imaging properties due to the presence of
autofluorescent substances or of noncentrosymmetric assembly identified inside the biological sample imaged [2, 3].
These specific probes can generate optical signals detectable without any preliminary labeling preparation [4]. With an
adapted laser technology such as a mode-locked titanium-doped sapphire laser (Ti: Sa), two multiphoton processes are
mainly available simultaneously: two-photon fluorescence (TPF) and second harmonic generation (SHG) [5, 6].
Complementary modules such as optical parametric oscillators (OPO) or optical parametric amplifiers (OPA) can spread



spectral ranges from 500 nm until 2.5 um. Such excitation ranges give access to three-photon processes: three-photon
fluorescence (ThPF) and third harmonic generation (THG) [7]. The price of such a technology and the sequential aspect
of the imaging property could be asked; the resulting answer does not play in favor to a choice orientated to these
technologies. In that context, the interest of ultrawide band laser systems (UWLS) in MPM has been highlighted about
ten years ago [8]. The simultaneous imaging of numerous of these substances imposes the use of a wideband excitation
spectrum, indispensable in the case of in vivo and in live imaging or for detecting phenomena at video rates [9, 10]. We
have recently demonstrated that a wideband laser system is the exclusive solution allowing the simultaneous imaging of
many fluorescent substances regardless their provenance in life sciences: synthetized chemical substances or small
animals [9]. This system does not require any modification of excitation parameters: central wavelength, spectral
bandwidth and average power. A unique spectral bandwidth, covering the range between 750 and 1000 nm, has made
emerge a huge simplification in MPM: the excitation system is now no longer an instrumental lock for generating
multiphoton images composed by the fluorescent signals from numerous fluorophores presenting an excitation spectrum
spread along bandwidths larger than the 10 nm of the Ti: Sa excitation systems. But such a solution might be highly
sensitive to the impact of diffraction limit and also to chromatic distortions which might result in detrimental effects on
image quality and especially on resolution performance.

1.2 NIR, resolution, PSF evaluation and role of computation strategies in MPM

Resolution in optical microscopy is one of the physical parameters defining the quality of the system. The evaluation of
resolution amounts to estimate the ability of the system to preserve a Dirac signal from its emission (sample plan) to the
detection (imaging plan). In optical microscopy, due to optical aberrations and diffraction limit, a Dirac signal is always
transformed in a Gaussian signal. The shortest width of the Gaussian is associated to the best quality of the microscope
system. Such a characterization results in the estimation of the transfer function of the system, also named Point Spread
Function (PSF) estimation. In that context, many optical solutions of super-resolution microscopy methods have been
developed [11]. These sophisticated solutions are all based on a complex optical or chemical strategy and result in very
attractive performance in terms of resolution: until few nanometers in the optical plan and until few tens of nanometer in
the optical axis. One day, maybe the single atom will be imaged with an optical method! But these attractive results are
always obtained at the price of a very complex and expensive instrument, never turn-key, which is not possible to use in
vivo or in live. Moreover, 3D imaging of complex structures become unattainable and requires clarified structures for
their imaging in millimeter-scale [12].

Two physical phenomena occurring simultaneously are mainly responsible to the image deterioration and associated to a
damaged resolution. First, the diffraction limit is an unavoidable phenomenon. The more the excitation spectrum is
centered far in the NIR, the worst the resolution is. Moreover, when a large spectral bandwidth is employed in optical
microscopy, chromatic aberration, a harmful physical phenomenon, is exacerbated and causes a worst resolution. In that
context, many computational strategies for improving resolution performance in optical microscopy have appeared and
are currently established or in progress [13, 14].

The computational strategies developed for optical microscopy are based on the PSF evaluation. The best performance in
image restoration is strongly dependent on the reality of PSF evaluation. When the PSF is correctly known thanks to an
experimental measurement associated to a correct mathematical modeling, or thanks to a correct theoretical estimation,
the contribution of the PSF can be removed to the image thanks to an adapted deconvolution strategy [15]. The software
Huygens, a commercial system is using this computational strategy for improving visually the image quality.

Considering that the PSF is a fixed property of a single microscopic measurement linked with the diffraction limit, in the
situation of MPM coupled with an UWLS, the diffraction limit becomes a parameter of the first importance. Diffraction
limit is an unalterable physical principle determining the resolution properties in optical microscopy. In next section we
are presenting the estimation of the impact of the wide spectral bandwidth of excitation in UWLS involved in MPM
experiments.



2. EXPERIMENTAL PROTOCOLE

2.1 Experimental setup of MPM

A multiphoton microscope from Olympus (BX61WI) is used for all of these experiments. Figure 1 illustrates the
resulting system. The excitation source can be switched between a standard Ti: Sa laser source and a commercial
supercontinuum laser system which delivers an excitation spectrum spread between 500 nm and 2.5 um. The excitation
beam is spectrally filtered thanks to a combination of optical filters. A scanning device generates a local excitation
indispensable for producing an image point by point. The detection is realized by two photomultiplier tubes which can
collect simultaneously photons emitted from the object plan.
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Figure 1. Experimental setup involved for the estimation of the impact of the use of an UWLS in MPM on the
resolution performance. A standard protocole for estimating the resolution in optical microscopy is applied. The
critical parameter of the optical plan (xy) and optical axis (z) are defined.



2.2 Microspheres involved for estimating the resolution of MPM under an UWLS excitation strategy

A slice of microspheres from Invitrogen is employed. This microscope slice is especially dedicated to the estimation of
resolution in conditions of confocal laser scanning microscopy methods. Such a protocol is now translated and adapted to
our multiphoton microscope device. Microspheres with a diameter of 0.2 um are used. Two colors are mainly employed
for this characterization: green and orange microspheres. In that aim, our first experiment consist in measuring the two-
photon excitation spectrum of the microspheres. Figure 2 presents the resulting excitation spectrum for the green
microspheres.
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Figure 2. Two-photon excitation spectrum of green fluorescent microspheres employed for the estimation of the
imact of an UWLS in the resolution performance in MPM.

The two-photon excitation spectrum for the microspheres must be studied before starting the experiments concerning
resolution estimation. Indeed, this excitation spectrum is split in two main part. For an excitation between 700 and 750
nm, and considering the high peak-power delivered by the pulsed lasers, the resulting emission might mostly results to a
single photon absorption process. Thus, this part of the excitation spectrum is not considered. Then, for the excitation
spectrum spread between 750 and 1050 nm, the absorption efficiency is unequally distributed. By consequence, the
estimation of the PSF is evaluated by mastering the average power of the excitation system resulting in the generation of
the fluorescence signal all at the same value, meaning by considering fixed parameters of the detection system
(photomultiplier tube: fixed voltage, gain and offset all along the experiments).

2.3 Microspheres image acquisition and computational strategy

For the different central wavelengths of excitation and spectral bandwidth of excitation, ten microspheres are imaged for
each set of experiments. Such a protocol delivers a statistically representative imaging result. Each microsphere is
imaged with a voxel dimension of 50 nm x 50 nm x 100 nm. The resulting voxels are then analyzed thanks to a
commercial computational strategy named Huygens from SVI (https://svi.nl/Huygens-Software). The PSF estimation is
calculated with a Richardson-Lucy algorithm and 40 iteration are involved for each measurement. Then, the microsphere
image is deconvolved by itself. Figure 3 shows the resulting image representing the intensity profile generated in
standard MPM condition (with a Ti: Sa excitation). The resolution is especially measured in the optical plan thereafter
named Xy plan or xy, and in the optical axis, thereafter named xz or yz or z plan.
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Figure 3. 2D slice of fluroescence intensity microscophere generate with the standard Ti: Sa system recorded at the
maximum width of the microsphere on the image. A. Raw image. C. Intensity profile associated to the raw image. B.
Image recorded after a deconvolution process. D. Intensity profile associated to the processed image. The Gaussian
profile of the PSF appears after the computationnal processing of the raw image.

3. RESOLUTION ESTIMATION AND IMPACT OF EXCITATION CENTRAL
WAVELEGTH AND BANDWIDTH

3.1 Impact of the central wavelength of excitation on the resolution: effect of diffraction limit

Table 1 presents the resulting PSF evaluation with green and orange microspheres when an excitation process is involved
with a standard Ti: Sa excitation system. Two colors of microspheres are used for this setup: green and orange
microspheres. The PSF is estimated for raw images. Then, a deconvolution is calculated considering the deconvolution
of the microsphere by itself. The resulting PSF is measured and a new resolution value is calculated.

Table 1. PSF estimations for green and orange microspheres. Raw PSF and PSF after deconvolution are measured.

Raw PSF After deconvolution
Microsphere PSF xy (um) PSF z (um) PSF xy (um) PSF z (um)
Green 0.58 1.82 0.31 0.78
Orange 0.61 2.13 0.34 1.35

Many information are extracted from Table 1. First, as expected, the PSF obtained for the longer wavelengths is worse
than for the shortest wavelengths, especially in the optical axis. This difference is visible regardless the raw or the
deconvolved image of the PSF. The deconvolution procedure highlights an optimization of the resolution of the
microscopy device by 60 % for green and orange microspheres in z axis. An existing optimization of less than 50 % is



observed in the optical plan xy. Secondly, between the green and orange microspheres, the difference of resolution
equals less than 5 % in the optical plan xy regardless after or before the deconvolution procedure.

The conclusion that can be extracted from such a table of measurement, with a very standard protocol is that

—> No consideration about the use of a deconvolution strategy for resolution improvement

- The resolution difference is very small between green and orange emission wavelengths

- Asignificant difference of resolution exists in the optical axis (z) between green and orange emission wavelengths
—> Using a deconvolution calculation for estimating the resolution

- In the optical plan (xy), the resolution is significantly optimized with about 50%

- In the optical axis (z), the resolution is greatly optimized with about 60%

The diffraction limit does not impact significantly the resolution of the MPM system in the optical plan (xy) regardless
the use of a deconvolution procedure or not. As expected, the impact of diffraction limit becomes huge in the optical
axis. A computational deconvolution optimizes this last parameter but does not gives access to the same level of
resolution performances than in the optical plan.

3.2 Impact of the spectral bandwidth of excitation on resolution: effect of chromatic aberrations

The spectral bandwidth of the supercontinuum laser source is centered at 900 nm and is spread between 750 and 1000
nm. The average power is kept constant all along the experiment. For the comparison, the measurement is also realized
thanks to the standard Ti: Sa excitation strategy. Green microspheres are employed in that aim. Table 2 concatenates the
resulting resolution estimations.

Table 2. PSF estimations for green microspheres with a Ti: Sa excitation strategy and with a supercontinuum excitation
strategy. Raw PSF and PSF after deconvolution are measured.

Raw PSF After deconvolution
Excitation strategy PSF xy (um) PSF z (um) PSF xy (um) PSF z (um)
Ti: Sa 0.55 1.83 0.29 0.34
Supercontinuum 0.72 431 0.34 2.17

The impact of the spectral bandwidth of excitation is strongly linked with the effect of chromatic aberrations on the
resolution performance of an optical microscope and especially in the case of a multiphoton microscope. The effect of
chromatic aberrations is not significant for the resolution in the optical plan (xy). The effect of chromatic aberrations is
significant for the axial resolution where a factor 2.4 increases the resolution of raw images. In case of deconvolution
procedure involved, the effect of a wide spectral bandwidth of excitation degrades the resolution performance with a
factor 6.4.



4. ILLUSTRATION OF THE INTEREST OF A COMPUTATIONAL STRATEGY FOR
THE OPTIMISATION OF IMAGES GENERATED IN MPM WITH AN UWLS

Now, we illustrates the interest of an ultrawide band laser system in MPM for biomedical imaging. The sample imaged is
constituted by an EDL muscle sample resected from a 1-year-old wild mouse. The muscle slice is resected orthogonally
to the muscle axis defined from tendon to tendon. By consequence, the muscle fibers appearing at the image are
constituted by bundles of fibers. The sample is labeled with three fluorophores. Frist laminin is labeled with Alexa Fluor
633 whose two-photon excitation spectrum is centered at 995 nm. Then, glycolytic fibers are labeled with Alexa Fluor
546 and finally, oxidative fibers are labeled with Alexa Fluor 488. The two-photon excitation spectrum of these two last
fluorophores are respectively centered at 880 and 750 nm.

With such an example, the interest of an ultrawide band excitation system takes all its sense: a single shot of excitation
generates 3 signals simultaneously and is associated to 3 independent images of 3 different constituents of the same
sample. Now, we illustrate the resulting image and its comparison with the same image generated with the three
excitation wavelengths coming from the Ti: Sa and requiring 3 different acquisitions. Moreover, thanks to the PSF
characterization recorded for each experiment, the impact of computational deconvolution proposed by Huygens
software is realized. Figure 4 gathers all the images.
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Figure 4. Multiphoton images of bovine pulmonary artery endothelial cells. All the detection parameters are kept
constant during all the procedure of image, regardless the excitation protocole. A. Standard multiphoton images with
a Ti: Sa system centerd at 750 nm, then 880 nm and then 995 nm with a constant average power. B. Multiphoton
images obtained with a supercontinuum excitation spread between 750 and 1000 nm. A single shot of excitation is
require for the excitation protocole where no modification of the excitation process is required. C. Ti: Sa images of
the mouse muscle after a deconvolution process (Huygens, SVI). D. Supercontinuum image of the mouse muscle
after a deconvolution process (Huygens, SVI).



5. CONCLUSION

The interest of an ultrawide band laser excitation strategy opens the possibility to image simultaneously numerous
fluorophores and especially fluorophores from endogenous origin. The limitation due to the use of a large spectral
bandwidth of excitation is linked to the resolution performance. Indeed, such a parameter is highly sensitive to chromatic
aberrations and diffraction limit. Here, we have highlighted that the diffraction limit does not impact significantly the
resolution performances of a multiphoton microscope. However, the chromatic effect has a high impact on the resolution
performance. This last parameter can be compensated by computational strategies whose level of quality highly depends
on their ability to estimate correctly the point spread function of the system.
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