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Abstract: We present the scattering properties of mouse brain using multispectral diffraction 
phase microscopy. Typical diffraction phase microscopy was incorporated with the 
broadband light source which offers the measurement of the scattering coefficient and 
anisotropy in the spectral range of 550-900 nm. The regional analysis was performed for both 
the myeloarchitecture and cytoarchitecture of the brain tissue. Our results clearly evaluate the 
multispectral scattering properties in the olfactory bulb and corpus callosum. The scattering 
coefficient measured in the corpus callosum is about four times higher than in the olfactory 
bulb. It also indicates that it is feasible to realize the quantitative phase microscope in near 
infrared region for thick brain tissue imaging. 
© 2017 Optical Society of America 

OCIS codes: (180.3170) Interference microscopy; (120.5050) Phase measurement; (160.4760) Optical properties; 
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1. Introduction 

The human brain contains roughly 1012 neurons, which together result in an estimated 1015 
connections [1]. This level of interconnectivity makes the brain the most complex machine 
known to mankind. Recovering a complete picture of all the neuronal connections in the 
brain, the Connectome, represents a formidable challenge for the imaging field. Routine 
clinical tools such as MRI and PET have the ability to image the brain in vivo [2, 3]. 
However, the resolution is limited to approximately 1 mm and the contrast without labels is 
not always optimal. Although the resolution limit spans to a few tens of microns in microCT 
and MRI for ex vivo brain imaging, the technologies are time-consuming, and the resolution 
and contrast are not sufficient to visualize cellular structure [4, 5]. Optical imaging, on the 
other hand, can extract information with submicron resolution. The limitation in this case is 
penetration depth, which is capped by the transport mean free path of the tissue. As a result, 
the main approach for imaging brain structures with high resolution over large depths is to 
section the tissue into micron thin slices, image each slice, and then to stitch the resulting 
images [6–8]. Because the slices of tissues exhibit low contrast under visible light 
illumination, imaging procedures involve staining or fluorescence tagging. While contrast 
labels boost the contrast significantly, the resulting image only reports on the presence of the 
tag itself, i.e., it provides an incomplete picture of the tissue structure. Furthermore, the 
information is qualitative and often altered by external factors, such as the quality of the 
preparation. 

Quantitative phase imaging (QPI) [9] has been developed in response to the need for 
label-free, intrinsic contrast imaging, as well as quantitative information about the tissue 
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structure. While a number of QPI approaches for visualizing neurons and brain tissues have 
been introduced, e.g., digital holographic microscopy [10, 11], optical coherence phase 
microscopy [12], diffraction phase microscopy (DPM) [13, 14], spatial light interference 
microscopy [15, 16], they all utilize interferometry as the underlying operating principle. 
From the interferogram, the alteration in optical pathlength due to tissue is obtained with 
nanoscale sensitivity. This level of sensitivity is difficult to achieve with any other method. 
However, QPI has been limited to visualizing cultured neurons and very thin histological 
section (4-5 microns) [10–16]. The reason is that the light scattering prevents imaging thick 
tissues. 

Here we use multispectral DPM (MS-DPM) to image unlabeled brain slices. DPM [13, 
17] is a particular type of QPI method, of very high stability, granted by the common-path 
interferometric geometry. Due to its intrinsic temporal sensitivity to phase changes, DPM is 
used in biomedical applications for measuring cell dynamics [18] and brain imaging [14]. In 
order to expand its applicability to thick sections, we developed a system that operates with 
multispectral bands including near infrared (NIR) illumination. In order to demonstrate the 
effect of scattering in NIR, scattering properties associated with tissue at different 
wavelengths across visible to NIR were measured and compared. The results show 
quantitatively the boost in tissue penetration provided by infrared vs. visible light. 

2. Materials and method 

2.1 Sample preparation 

Histological sections of the mouse brain were prepared according to standard procedures. The 
brain was fixed in 4% paraformaldehyde for 24 hours at 4°C, and dehydrated through graded 
ethanol and xylene, and infiltrated with paraffin wax. It was then embedded in paraffin and 
sectioned along the coronal plane. All animal procedures were carried out in accordance with 
the recommendations in the Guide for the Care and Use of Laboratory Animals of the 
National Institutes of Health. The animal protocol was approved by the University of Illinois 
Animal Care and Use Committee (IACUC). Prior to imaging, the paraffin was completely 
removed by washes with xylene and graded ethanol. 

2.2 Imaging 

The schematic of MS-DPM system is illustrated in Fig. 1, which is a common-path, off-axis 
geometry. MS-DPM was built as an add-on module to a standard bright field microscope, 
designed to take information of phase differences from the specimen and surrounding 
mounting medium. In order to quantify the benefit of using NIR illumination, we developed a 
DPM system operated at a wide range of wavelengths, from the visible range to NIR. 
Specifically, we used a white light laser (Fianium, WhiteLase SC-400) as an illumination 
light source. For wavelength selection, optical filters (Delta optical thin film, LVNIRBP) 
were placed after the laser, which filter the wavelengths from 550 to 900 nm with a 
bandwidth of 6-14 nm. For the bright field microscope, we used a 40 × objective lens (OL, 
Olympus, UMPlanFl NA 0.8) and a 200 mm tube lens (Thorlabs, ITL200). For DPM, the 
diffraction grating (G) (Edmond, 92 grooves/mm) was placed at the image plane of the bright 
field microscope. The image field is divided by diffraction orders. The 0th and 1th order were 
used as reference and sample beam, respectively. The two beams pass through the first lens 
(L1) and only the 0th beam is spatially filtered by the pinhole (P), of 50 µm radius, placed at 
the Fourier plane (FP). The reference and sample beams are collected by the second lens (L2) 
such that they interfere at the EMCCD (Andor, iXon3). The obtained interference pattern was 
processed as described in [13]. The phase temporal and spatial stability of the system were 
measured to be 50 mrad and 40 mrad, respectively. The transverse resolution was 1.2 μm at 
the wavelength of 550 nm, and acquisition time was 30 frames/sec. 
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Fig. 1. Schematic of multispectral diffraction phase microscopy (MS-DPM). The DPM module 
is attached to the inverted bright field microscopy. The optical light source has multiple 
spectral bands. The broadband light source passes through optical filter (OF) that has tuning 
range of 550-900 nm and bandwidth of 6-14 nm. The light is scattered by tissue sample and 
collected by objective lens (OL). Off-axis geometric DPM module is equipped after image 
plane of bright field microscope, which is composed of diffraction grating (DG), two lenses 
(L1 and L2) having focal length of f1 and f2, pinhole (P) and camera. The diffraction grating is 
placed at the image plane that equal to the focal plane of tube lens (TL). In DPM module, the 
image field is interfered with plane wave and the interference pattern is detected with camera. 

3. Result 

MS-DPM images of the olfactory bulb region (anterior brain) were obtained at wavelengths 
spanning 550-900 nm as shown in Fig. 2(a). The olfactory bulb has a multi-layered structure. 
We imaged one cell layer containing a large number of cell bodies having high refractive 
index membranes and various organelles. For all of the different wavelengths, the phase 
images were converted to optical path length. The field of view and pixel sampling are 114 × 
114 µm2 (392 × 392 pixels) and 0.29 µm pixel, respectively. From the MS-DPM data, the 
scattering coefficient (µs) (Fig. 2) was calculated using the scattering-phase theorem as [19]. 
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In Eq, ( )2

r
rΔ Ø  indicates spatial variance of the phase and L is the thickness of the brain 

slice. Thus, the optical properties can be obtained using the phase information in a spatially 
resolved manner [20, 21]. The window size for the calculation was 2.9 × 2.9 µm2. The result 
shows that the variance of phase decreases as expected at longer wavelength, thus the 
structure of tissue is relatively more transparent in the infrared illumination than in visible. 
According to the scattering-phase theorem, the scattering coefficient is proportional to the 
phase variance, which means the scattering is reduced at longer wavelengths, as shown in the 
graphs of Fig. 2(a). The absolute value of the scattering coefficient was fitted to the power 
law curve, ~a(λ/550 nm)-b, where scaling factor, a is scattering coefficient measured at 
wavelength of 550 nm and b is scattering power [22]. We performed the fit for spectral 
regions from visible (550-700 nm) to NIR (700-900 nm). As a result, the scattering power 
value was measured to be 3.28. The scattering coefficient at 550 nm is 5.45 times higher than 
one at 900 nm. 
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The µs values were calculated for the local regions where axons, dendrites, and cell bodies 
were present. These values were plotted as a function of wavelength as shown in Figs. 2(b) 
and 2(c). Interestingly, we found that the optical property of tissue can be explained by the 
unit of the neuron component being imaged. In the graph, the scattering power in the 
axon/dendrites is slightly larger than in cell body. However, the mean and variance of the µs 
are noticeably higher in cell body [Fig. 2(c)] compared to axons and dendrites [Fig. 2(b)]. 
Thus, the wide range of the optical property value analyzed in Fig. 2(a) can be explained by 
the different phase variance and µs of each respective graph. In other words, the optical 
properties of specific regions with respect to wavelength depend strongly on neural 
components. The p-value (< 10−2) between the graphs of Figs. 2(b) and 2(c) shows that the 
optical property is able to act as a parameter for classifying brain tissue. 

 

Fig. 2. Measurement of the scattering coefficient in the olfactory bulb using MS-DPM data. 
Phase variance and scattering coefficient obtained in the region of olfactory bulb and its 
subregions (a): axon/dendrites (b) and cell body (c). The phase variance is plotted using box 
plot. The box covers the 25–75% percentiles, and the maximum length of whisker is 2 times 
the standard deviation. The scattering coefficient is measured by using scattering-phase 
theorem, as described in text. 
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The corpus callosum primarily comprised of axon fibers with encapsulated thin myelin 
sheaths was also imaged and analyzed as shown in Fig. 3. Even though the scattering power 
in the corpus callosum is similar to that in the olfactory bulb (Fig. 2), the µs is about four 
times lower in corpus callosum. It can be explained by the analysis result of Fig. 2 that shows 
µs of the region containing axon fibers has lower value than the region containing cell bodies. 
Thus, we also found that µs is significantly lower in NIR region in corpus callosum in the 
graph of Fig. 3(c). Specifically, µs value was measured to be 1.32 at 900 nm, which is 5.08 
times lower than that measured at 550 nm. 

 

Fig. 3. MS-DPM images of the corpus callosum (a) and the corresponding graphs of phase 
variance (b) and scattering coefficient (c). 

The other important scattering property is the anisotropy factor, g. The anisotropy factor is 
defined as the mean cosine of the scattering when the scattered light spreads more 
isotropically. Initially, the scattering angle, and thus decreases intensity maps [Figs. 4(a) and 
4(d)] were obtained by applying the Fourier transform to the image fields corresponding to 
the olfactory bulb shown in Fig. 2 and corpus callosum shown in Fig. 3. In order to analyze 
the behavior of anisotropy at the different wavelengths, we normalized the magnitude squared 
of the Fourier transform to obtain the probability density map of the angular scattering 
intensity [23, 24] [see Figs. 4(a) and 4(d)]. From this result, we show that the scattering 
intensity is broader for longer wavelengths, particularly in the corpus callosum. The scattering 
intensity is plotted as function of scattering angle in Figs. 4(b) and 4(e). The change in the 
angular scattering intensity associated with the corpus callosum was analyzed in more detail. 
Specifically, we found that the intensity profile in the range of 0-10° is strongly dependent on 
wavelength. The curve corresponding to 900 nm wavelength is easily differentiated from 
other wavelengths, as the intensity is high in the range of 0-2°, but much lower in the range of 
2-10°. It means that anisotropy in this range is higher, i.e., the scattering more peaked forward 
at longer wavelength. At high scattering angles, the intensity increases for longer 
wavelengths. Considering the entire range of angles captured by the objective lens, 0-56°, 
anisotropy becomes smaller at longer wavelength for all the regions. 
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Fig. 4. Analysis of anisotropy vs. wavelengths in brain tissue using MS-DPM data: olfactory 
bulb (a-c) and corpus callosum (d-f). The angular scattering intensity (a, d), graphs of 
scattering intensity as a function of scattering angle (b, e), and anisotropy graph as a function 
of wavelength (c, f). 

Following this intuitive observation, the anisotropy factor can be quantified using 
scattering-phase theorem as [19] 
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where k0 is the incident wave vector, and ∇[∅(r)] is the phase gradient. k0 was calculated by 
2πn0/λ0. n0 and λ0 are the average refractive index and the average wavelength of light in the 
brain tissue, respectively. This equation indicates that the anisotropy factor is not only related 
to the scattering coefficient, but also the phase gradient that has a relation with a tilt in the 
direction of propagation. The result shows that the anisotropy factor decreases at longer 
wavelengths, with an abrupt change at 800-900 nm [Figs. 4(c) and 4(f)]. The anisotropy 
factor is higher than 0.9 in the olfactory bulb for 900 nm, but lower than 0.8 in corpus 
callosum. 

Thus, based on these results, wavelengths longer than 900 nm wavelength can facilitate 
the visualization of deeper tissue regions, especially for the fiber tracts in the brain. This is in 
agreement with previous reports [25–27]. During our analysis, the absorption coefficient (µa) 
was ignored because µs is typically much larger than µa. Even though, µa increases around the 
wavelengths of 900 nm due to the adsorption in lipid, absorption is less significant than the 
scattering coefficient [14, 22]. 

In order to better observe this effect, we tested 6, 10 and 14 µm thick brain tissue sections 
using three different wavelengths of 560, 638, and 752 nm, as shown in Fig. 5. In this 
experiment, the size of the image was 75 × 75 µm2 (1500 × 1500 pixels) and pixel resolution 
was 50 nm. For 560 nm wavelength, the morphology of cells is difficult to recognize due to 
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the high phase fluctuation, i.e., high scattering coefficient. On the other hand, at 752 nm, the 
morphology is much more identifiable. 

 

Fig. 5. MS-DPM images of brain tissue of thickness 12 µm (a), 14 µm (b), and 16 µm (c), and 
corresponding graphs of scattering coefficient and anisotropy as a function of wavelength. 

4. Discussion and conclusions 

In summary, we developed MS-DPM, which can provide comprehensive morphological 
information from brain tissue at various wavelengths. To confirm the feasibility of MS-DPM, 
different spectral bands were used for illumination and the results were compared and 
quantitatively analyzed in terms of the scattering coefficient (µs) and anisotropy factor (g). 
We found that scattering is reduced at longer wavelength so that MS-DPM contrast at longer 
wavelength is improved for delineating the structures especially in thicker tissue. To better 
understand the scattering in the brain tissue, we performed experiments for different regions 
in the brain, namely the olfactory bulb and corpus callosum, which mainly contains primarily 
cell bodies or myelin fibers, respectively. Our results reveal the strong spatial inhomogeneity 
of the brain tissue scattering properties. In addition, particularly in the region of 700-900 nm, 
lower µs and g exhibit significantly weaker scattering. Therefore, MS-DPM is a very 
promising tool for use in neuroscience research, especially organotypic culture, in which thick 
brain slices are used. 
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