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Abstract: Light attenuation in thick biological tissues, caused by a combination of absorption
and scattering, limits the penetration depth in multiphoton microscopy (MPM). Both tissue
scattering and absorption are dependent on wavelengths, which makes it essential to choose
the excitation wavelength with minimum attenuation for deep imaging. Although theoretical
models have been established to predict the wavelength dependence of light attenuation in brain
tissues, the accuracy of these models in experimental settings needs to be verified. Furthermore,
the water absorption contribution to the tissue attenuation, especially at 1450 nm where strong
water absorption is predicted to be the dominant contributor in light attenuation, has not been
confirmed. Here we performed a systematic study of in vivo three-photon imaging at different
excitation wavelengths, 1300 nm, 1450 nm, 1500 nm, 1550 nm, and 1700 nm, and quantified
the tissue attenuation by calculating the effective attenuation length at each wavelength. The
experimental data show that the effective attenuation length at 1450 nm is significantly shorter
than that at 1300 nm or 1700 nm. Our results provide unequivocal validation of the theoretical
estimations based on water absorption and tissue scattering in predicting the effective attenuation
lengths for long wavelength in vivo imaging.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

Multiphoton microscopy (MPM) enables deep imaging in highly scattering biological tissues due
to the use of nonlinear excitation and long excitation wavelengths [1-4]. It has been demonstrated
that the multiphoton excited fluorescence signal within the focal volume is mostly generated
by ballistic photons (photons that maintain their ballistic trajectories). When imaging deep in
scattering biological samples such as the mouse brain, the number of ballistic photons arriving
at the focus is significantly reduced due to the absorption and scattering by the tissue [5, 6],
characterized by the effective attenuation length (EAL). The ballistic photons as a function of
depth (z) can be expressed as:

P, = Pye e 1)
where P, is the optical power at the focus, Py is the optical power on the sample surface, and /.,
is the EAL.

The loss of ballistic photons reduces the fluorescence generation. In order to obtain sufficient
signal from the focus, the exponential decay of the excitation light needs to be compensated by
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increasing the total optical power at the surface. Obviously, with the same excitation power, less
tissue attenuation (or longer EAL) will allow for deeper tissue penetration [7].

Light attenuation in biological tissues is a combined effect of absorption and scattering. Using
mouse brain tissue in vivo as an example, at wavelengths between 700 nm and 1060 nm—the
wavelength tuning range of the mode-locked Ti:S laser—attenuation of the excitation light is
completely dominated by tissue scattering [8], while the absorption (mostly by blood for in vivo
imaging) is relatively low [9—11]. Longer wavelengths at approximately 1200 nm—1850 nm are
advantageous for deep brain imaging due to the reduction of light scattering. However, water
absorption (water content is >70% in brain tissues [12]) increases significantly in this spectral
region and becomes the dominant absorber for in vivo imaging. Both water absorption and tissue
scattering contribute to the attenuation of the excitation light, therefore, the optimum choice
of the excitation wavelength is a trade-off between these two factors. The theoretical model of
calculating /, (Fig. 1) is then [3]: |

1 1

Lo + I 2)
where [, is the water absorption length [13], and /; is the scattering mean-free path, calculated
using Mie scattering for a tissue-like colloidal solution containing 1-pm diameter beads at a
concentration of 5.4x10° beads/mL [14-16].
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Fig. 1. Theoretical model of the effective attenuation lengths based on water absorption and
Mie scattering. The black stars indicate the reported effective attenuation lengths in mouse
brains in vivo, 131 um at 775 nm [17], 152~158 pm at 920 nm [18], 305~319 um at 1300
nm [18] and 383 um at 1680 nm [3].

Theoretical estimations based on tissue absorption and scattering predict that the longer
excitation wavelength approach is advantageous for deeper tissue imaging (Fig. 1), and previous
experimental works have shown that the longer wavelength windows of 1300 nm [17-22] and
1700 nm [3,22] outperform the shorter wavelengths, such as 775 nm [17], 800 nm [19,23], 830
nm [24,25], 920 nm [14, 18,26], by a factor of 2 to 3 times in terms of imaging depth. However,
the attenuation at these wavelengths are all dominated by scattering (i.e., [, is at least several
times larger than /). As previous experimental data all lie close to the scattering curve (the blue
line in Fig. 1), it indicates that scattering alone, without any consideration of the absorption,
would have predicted similar wavelength dependence. In particular, the absorption-scattering
model predicts that the long wavelength window is not one continuous window. Instead, it
indicates that there are two windows for mouse brain imaging centered at ~ 1300 nm and 1700
nm, with a gap at ~ 1450 nm due to strong water absorption (Fig. 1). In this paper, we compared
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the effective attenuation lengths at the excitation wavelengths of 1300 nm, 1450 nm, 1500 nm,
1550 nm, and 1700 nm in mouse brains in vivo. Our results confirm the existence of the water
absorption feature in the wavelength dependence of EAL, and provide unequivocal support for
the absorption-scattering model for ballistic photon penetration.

2. Characterization of the excitation source at 1700 nm, 1550 nm, 1500 nm, and
1450 nm

The three-photon imaging setup is similar to that described previously [3,4]. The excitation
source was a wavelength-tunable optical parametric amplifier (OPA, Opera-F, Coherent) pumped
by a Monaco amplifier (Coherent) operating at 330 kHz repetition rate. The excitation pulse
spectra at 1700 nm, 1550 nm, 1500 nm, and 1450 nm were measured by an Optical Spectrum
Analyzer (OSA, Thorlabs), shown in Fig. 2(a).

We measured the dependence of the fluorescence from Texas Red on the excitation power at
1700 nm and 1450 nm to ensure three-photon excitation (Figs. 2(b) and 2(c)). The generated
fluorescence was detected by a photomultiplier tube (PMT) with a GaAsP photocathode (H7422-
40, Hamamatsu Photonics), and recorded by a photon counter (SR400, Stanford Research
Systems). The slopes in the log-log plots confirmed three-photon excitation for Texas Red at both
1700 nm and 1450 nm.

Dispersion from the optics in the microscope were pre-compensated using a Si wafer (Edmund
Optics) placed at the Brewster angle [27]. Second-order interferometric autocorrelations were
performed after the objective lens at each wavelength (Fig. 3).
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Fig. 2. (a) Measured spectra of the laser source operating at 1700 nm, 1550 nm, 1500 nm,
1450 nm and 1300 nm. Dependence of three-photon-excited fluorescence on excitation power
for (b) 1700 nm and (c) 1450 nm in logarithmic scales. The blue diamonds are the measured
data, and the red lines are linear fits to the experimental results. The slope is indicated in
each figure.

The excitation beam size at the back aperture of the objective lens impacts the measurements
of the EALs, since the marginal rays have longer path lengths in the tissue and experience more
attenuation than the chief rays at the center of the lens. To ensure there is no systematic bias
in the EAL measurements, we characterized the beam size at each excitation wavelength (Fig.
4) using a calibrated InGaAs camera (Axiom Optics, WiDy SWIR 640). The measurements
were taken before the scanner and there is a 6x magnification from the scan mirrors to the back
aperture of the objective lens. The beam size variation at these wavelengths is below 6%, which
has negligible impact on the EAL measurements [28].
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Fig. 3. Measured second-order interferometric autocorrelations of the laser pulse operating
at (a) 1700 nm, (b) 1550 nm, (c) 1500 nm, and (d) 1450 nm. The intensity full-width-at-half-
maximum (FWHM) of the pulse is indicated in each figure, assuming a deconvolution factor
of 1.54 for sechz-pulse.
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Fig. 4. Beam size measurements at (a) 1700 nm, (b) 1550 nm, (c) 1500 nm, and (d) 1450 nm.
The blue dots are the measured data, and the red lines are Gaussian fits to the measurements.
There is some ellipticity in the excitation beam, therefore the measurements were taken along
both the long axis (left) and the short axis (right). The FWHM is labeled in each figure.

3. In vivo EAL measurements at 1700 nm, 1550 nm, 1500 nm, and 1450 nm
excitation wavelengths

A craniotomy was performed on a 10-week-old wild-type mouse (C57BL/6J) and a glass window
was placed directly on the intact dura for imaging. The mouse was anesthetized using isoflurane
(3% in oxygen for induction and 1.5-2% for surgery and imaging to maintain a breathing
frequency of 1 Hz). Body temperature was kept at 37.5 °C with a feedback-controlled blanket
(Harvard Apparatus), and eye ointment was applied. Dextran-conjugated Texas Red (70kDa,
Invitrogen) was injected retro-orbitally for the brain vasculature labeling prior to imaging.
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Three-photon imaging was performed in the same intact brain using four different excitation
wavelengths, in the order of 1700 nm, 1550 nm, 1500 nm, 1450 nm, and 1700 nm. The 1700
nm excitation was repeated again at the end of the imaging session to ensure that the imaging
sequence did not impact the measurements. All imaging were done using the same fluorophore
in the same brain regions within the same mouse, which eliminated the uncertainty caused by the
emission-wavelength difference and tissue-to-tissue variation. All images were taken at a frame
rate of 0.24 Hz (512 x 512 pixels/frame) with a field of view (FOV) of 340 x 340 um, and 10
frames were averaged at each depth. The detection path was kept the same for all the wavelengths
in this comparison. Thus, the differences in the EALs were only due to the different excitation
wavelengths used.
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Fig. 5. (a) Comparison of the fluorescence signal as a function of depth at 1700 nm, 1550
nm, 1500 nm, 1450 nm, and 1700 nm (repeat experiment). The dots are the measured data,
and the lines are linear fits to the measurements. With the same maximum average power,
imaging at 1700 nm excitation includes both the neocortex (NC) and external capsule (EC),
while imaging using the other wavelengths is limited to the NC. (b) 3D reconstruction of
three-photon images of Texas Red-labeled brain vasculature, left, fluorescence, right, third
harmonic generation (THG). Imaging depths are labeled in the middle. Scale bars, 100 pum.

We acquired approximately 1-mm-deep z-stack, taken at 10-um depth increment. To avoid
potential tissue heating, especially at 1450 nm due to the high water absorption, we kept the
maximum average power on the brain surface at 35 mW for all the excitation wavelengths used.
Power curves (dependence of the signal value on excitation power) were measured to ensure that
no fluorophore saturation (i.e., ground state depletion) occurred at any imaging depth.

The fluorescence signal generated in three-photon microscopy (F3p) is proportional to power
cubic [29]. Combining Eq. (1), we have:

3 _ p3 3=
Fyp o P} = Ple iz (3)

We selected the average value of the brightest 1% of pixels in the x-y image at each depth as
the fluorescence signal. In three-photon microscopy (3PM), EAL is defined as the depth at which
the normalized signal attenuates by 1/¢>. By plotting the fluorescence signal as a function of
depth, the EALSs can be obtained from the slopes of the linear fits in Fig. 5(a) for the neocortex
(NC, 0-840 um) and the external capsule (EC, 840—1040 um), assuming the vasculature was
labeled homogenously throughout the imaging regions. Measured EALs in the NC at different
wavelengths with an uncertainty estimation based on the 95% confidence interval (CI) are:
391~418 um at 1700 nm, 337~353 pum at 1550 nm, 272~283 um at 1500 nm, 207~218 um at
1450 nm, and 398~422 um at 1700 nm (repeat experiment).
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To ensure that the results are not dependent on the selection criteria for the brightest pixels, we
varied the selection criteria, and found that this variation did not affect the EAL measurements
significantly. Taking the neocortex images acquired at 1700 nm as an example, we selected 0.5%
(1e=400 um, 386~414 um with 95% CI), 1% (l,=405 um, 391~418 um with 95% CI), 1.5%
(1.=408 pm, 394~423 um with 95% CI) and 2% (/,=410 pm, 396~426 um with 95% CI) of the
brightest pixels. With all the selection criteria between 0.5% and 2%, the resulting EALSs vary by
~ 2.5%, which will have no impact on the conclusion of this paper.

We also reconstructed the images from all depths for both fluorescence signal and third
harmonic generation (THG) signal. The dense myelin layer in the external capsule (EC) generates
strong THG, which allows us to delineate the neocortex and the external capsule (Fig. 5(b)).
Although blood is assumed to be homogeneously distributed within the brain region, the presence
of a large blood vessel at the brain surface (see Fig. 6(a)) results in the steeper slope at the
beginning of each decay curve (Fig. 5(a), 0-80 um). Since the brightest pixels are all within this
large vessel, the fluorescence signal decays rapidly, reflecting the fact that the attenuation length
for blood is much shorter than that of the brain tissue. The measured EALs within this large
vessel (0-80 um, top 1% brightest pixels represented as signal) are: 117 pm at 1700 nm (97~137
pum with 95% CI), 89 um at 1550 nm (80~98 pm with 95% CI), 81 pm at 1500 nm (76~87 um
with 95% CI), 68 um at 1450 nm (65~72 um with 95% CI), and 112 um at 1700 nm (repeat
experiment, 88~136 um with 95% CI).

Fig. 6. Three-photon fluorescence images of the brain vasculature (upper) and THG images
(lower) using 1700 nm excitation. The depths are indicated in the images. All the images are
shown with the same contrast setting with the brightest 1% pixels saturated. Scale bars, 50
um.



Research Article

Vol. 9, No. 8 | 1 Aug 2018 | BIOMEDICAL OPTICS EXPRESS 3541

Biomedical Optics EXPRESS -~

Similar measurements were repeated on different mice. The absolute EAL values varied
somewhat among the different mice, which could be caused by variations in the surgical
preparation or the individuality of the mice. Nonetheless, the relative trend of the EALs, i.e., [,
(1700 nm) > I, (1550 nm) > [, (1500 nm) > [, (1450 nm), holds for all the mice. Three of them

are listed in Table 1.

Table 1. Summary of in vivo EAL measurements of the neocortex (NC) in three mice

Mouse 1700 nm | 1550 nm | 1500 nm | 1450 nm | 1700 nm (repeat)
Mousel | 405um | 319pm | 278 um | 212 um 410 pm
Mouse 2 | 350 pum | 257 pum | 220 um 173 um 348 um
Mouse 3 | 370 um | 283 um | 241 um 188 um 370 um

4. In vivo EAL measurements at 1300 nm and 1450 nm excitation wavelengths
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Fig. 7. Beam size measurements at (a) 1300 nm and (b) 1450 nm. The blue dots are the
measured data, and the red lines are Gaussian fits to the measurements. Measurements were
taken along both the long axis (left) and the short axis (right). The FWHM is labeled in each
figure. Measured second-order interferometric autocorrelations of the laser pulse operating
at (c) 1300 nm and (d) 1450 nm. The FWHM of the pulse is indicated in the figure, assuming
a deconvolution factor of 1.54 for sech?-pulse. (¢) Comparison of the fluorescence signal as
a function of depth at 1300 nm, 1450 nm, and 1300 nm (repeat experiment). The dots are the
measured data, and the lines are linear fits to the measurements. With the same maximum
average power, imaging by 1300 nm excitation includes both the NC and EC, while imaging
by 1450 nm is limited to the NC.

In order to verify the contribution of water absorption in tissue attenuation at 1450 nm, we
performed an additional comparison experiment of EAL measurements at 1300 nm and 1450 nm
excitation wavelengths. The laser spectra at 1300 nm and 1450 nm are shown in Fig. 2(a). The
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beam sizes at both excitation wavelengths were measured before the scanner (Figs. 7(a) and 7(b)),
with differences less than 1.5%. Second-order interferometric autocorrelations were performed
after the objective lens at both wavelengths (Figs. 7(c) and 7(d)). The characterization method
was the same as described in Section 2.

Because a mixture of 2- and 3-photon fluorescence from Texas Red is generated at 1300 nm
excitation, we carried out this experiment separately using Fluorescein. Three-photon imaging was
performed on the same Fluorescein-labeled (dextran conjugate, 70kDa, Invitrogen) vasculature
in an intact mouse brain in vivo in the order of 1300 nm, 1450 nm and 1300 nm (as a repeat). The
results are presented in Fig. 7(e) for the neocortex (NC, 0-740 um) and the external capsule (EC,
740-900 um). Measured EALs in the NC at different wavelengths with 95% CI are: 304~326 um
at 1300 nm, 243~251 pm at 1450 nm, 315~345 um at 1300 nm (repeat experiment). The results
at 1300 nm are consistent with previous studies [17,18,21] and are longer than that at 1450 nm.
This comparison confirmed that water absorption is a key factor in the tissue attenuation at 1450
nm.

5. Discussion

The average values of the EAL measurements at different wavelengths are plotted together with
the theoretical prediction (Fig. 8), indicating a close match between the experiments and theory.
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Fig. 8. Experimental data (averaged from all the measured EALs for each wavelength, black
triangles) is shown on the same plot together with the theoretical model, indicating the
accuracy of the model at predicting the experimental measurements at these excitation
wavelengths.

Measurements of the EAL can be influenced by the excitation beam characteristics. The
excitation beam in the experiments with fluorescein is somewhat different (e.g., beam diameter)
from that with Texas Red, making the comparison of the EALs at 1450 nm obtained by the
imaging results based on Texas Red and Fluorescein difficult. Even more important, there can be
variations in the tissue properties or animal preparations (e.g., cranial window implant) when
different mice are used. For example, the EALs for three different mice varied by approximately
20% in our measurements at 1450 nm (Table 1), even with the same beam characteristics and the
same fluorophore.

Our comparison results confirm that there is less light attenuation at 1300 nm and 1700 nm than
at 1450 nm. Although 1300 nm and 1700 nm are optimum in the long wavelength window for in
vivo deep tissue multiphoton imaging, the selection between 1300 nm and 1700 nm depends on the
imaging applications. There is more tissue attenuation (shorter EAL) at 1300 nm excitation than
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at 1700 nm; however, 1300 nm has less tissue absorption, which allows for higher excitation power
at the brain surface. It is therefore a trade-off between the coefficient (Py) and the exponent (/) in
Eq. (1), 1300 nm will be the wavelength of choice for relatively shallow regions and 1700 nm will
perform better for pushing the absolute imaging depth, especially when the signal-to-background
ratio (SBR) is also taken into account [8]. Estimations based on the measured EALSs and the
permissible average power show that 1300 nm is more appropriate for imaging in the neocortex,
while 1700 nm is perhaps more advantageous for imaging subcortical regions. In addition, the
choice of the excitation wavelength certainly depends on the fluorophores. For brain activity
imaging, for example, the robust, green fluorescent protein (GFP) based genetically encoded
calcium indicators (GECIs) such as GCaMPs [30] dictate the use of 1300 nm excitation, while
red fluorescent GECIs (RCaMPs, RGECOs [31]) would require the use of 1700 nm excitation.

6. Conclusion

We performed a systematic study of the impact of different excitation wavelengths on multiphoton
imaging of the mouse brain in vivo. By comparing the effective attenuation lengths at 1300 nm,
1450 nm, 1500 nm, 1550 nm, and 1700 nm excitation wavelengths, we experimentally verified
the water absorption contribution in brain tissue attenuation, especially at 1450 nm. Our results
show that the theoretical estimations based on water absorption and tissue scattering are accurate
in predicting tissue attenuation in the long wavelength window. This study can be used as an
experimental guide of selecting excitation wavelengths for mouse brain imaging applications.
For MPM of mouse brain in vivo, the spectral windows of 1300 nm and 1700 nm are optimum
for deep imaging.
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