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Supplementary Information 

 
Supplementary Figure 1 | Structural characterization by electron microscopy. a, 

Transmission electron micrograph of a murine myelinated axon. Pink and cyan pseudo-colors 

demarcate axon and myelin, respectively. b, Histogram of the myelin period with Gaussian fit 

(n = 45 axons). c, Quantification of G-ratio, the ratio of the axonal diameter to the total outer 

diameter, in the spinal cord and the brain cortex (n = 8 for each group). 

 
 
 

 
Supplementary Figure 2 | Schematic nanostructure of the axon. a, Unmyelinated axon. 

b, Axon with a single myelin layer. c, Axon with 6 myelin layers. m, membrane. p, periaxonal 

layer. c, cytosol. e, extracellular layer. 
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Supplementary Figure 3 | Optic setup for hyperspectral interferometric microscopy. 
AOTF, acousto-optic tunable filter. BS, beam splitter. PMT, photomultiplier tube. 

 

 

 
 
 
 
 
 

 
Supplementary Figure 4 | Reflection geometry. a, On-centered: input beam is focused at 

the geometric center of the axon. Reflected beams (blue) at the interfaces follow the input 

trajectories and thus detected through a confocal pinhole. a, Off-centered: input beam is 

focused out of the geometric center. Reflected beams (blue) at the interfaces is tilted to the 

input trajectories and thus rejected by a confocal pinhole. 
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Supplementary Figure 5 | Optical characterization. a-b, Spatial resolution. Normalized 

visible reflectance from a myelinated axon in the brain cortex are plotted along the lateral (a) 

and axial (b) axes. Dotted lines in magenta show Gaussian fit to the experimental data (R2 > 

0.97). FWHM (full-width-half-maxium) is 305±10 nm for lateral axis and 1.56±0.07 μm for axial 

axis. c, Depth of penetration. Attenuation of visible reflectance is plotted over depth from the 

dura mater. Dotted lines in magenta show linear fit. 

 

 

 

 

 
 
 
 
 

 
Supplementary Figure 6 | Depth and angle dependency. a, Reflectance spectra measured 

at the indicated axial distance from the focus. b, Quantification of spectral shift (n = 6). c, 

Angular limit of spectral reflectometry. Angle of the axons to image plane is quantified by 

trigonometry in image stack (total 34 axons). Highest observed angle (θmax) was 13.5°. 
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Supplementary Figure 7 | Myelin enhances visible reflectance. a, Spinal nerve imaged by 

reflectance (cyan) and flouromyelin fluorescence (red). At the node (unmyelinated), both 

fluoromyelin fluorescence and reflectance are nearly absent. b, Quantification of visible 

reflectance (470–670 nm) signal at the internode and node (n = 6 axons). 

 

 

 

 

 

 

Supplementary Figure 8 | Applicability to polymer microfibers. a, Polymethly 

methacrylate (PMMA) microfibers imaged by SpeRe (Cyan) and bright-field microscopy (grey). 

b, Representative reflectance spectra in (a). c, Theoretical relationship between diameter and 

wavenumber periodicity (𝑣") acquired by simulation. d, Comparison between SpeRe and 

bright-field measurements (R2 = 0.97). Error bar indicates diffraction-limited precision of bright-

field data.  
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Supplementary Figure 9 | Precision of SpeRe. a, SpeRe on a monodisperse polystyrene 

bead with a nominal diameter of 10 μm. b, Scanning electron microscopy (SEM) on the 

monodisperse polystyrene beads. c, Comparison of diameters quantified by SpeRe 

(9.99±0.07, n = 20) and SEM (9.97±0.10, n = 20). 

 

 

 
Supplementary Figure 10 | Robustness of SpeRe. a, Repeated SpeRe measurements on 

a synthetic PMMA fiber and a spinal axon over time (n = 8 each). b, Reflectance spectrums 

over time. c, Reflectance spectrums from the dotted wavelength regions in (a). d-e, 
Quantification of spectral shifts (standard deviation: ±0.39 nm for the PMMA fiber, ±0.89 nm 

for the axon). 
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Supplementary Figure 11 | Experimental setup for osmotic challenge. a, Tissue sample 

is mounted on a fluidic chamber filled with artificial cerebrospinal fluid (aCSF) of varying 

osmotic strength. b, The sample is imaged through an inverted optic setup depicted in the 

Supplementary Fig. 3.  

 

 
 
 

 
Supplementary Figure 12 | Fluorescence-based quantification of myelin swelling. a, 
Confocal fluorescence images on flouromyelin-stained myelinated axons in a sliced cortical 

tissue under osmotic challenge. Scalebar, 3 μm. b-c, Quantification of the outer diameter and 

the inner diameter. Full-width-half-maximum (FWHM) was quantified from the intensity profile 

(n = 7 axons). 
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Supplementary Figure 13 | Histological examination of the brain cortex with 
compressive injury. a, A coronal section of the whole brain with Nissl stain. Dotted lines 

indicate the region of cranial window. Atlas on the right is adapted from Allen Mouse Brain 

Atlas (http://mouse.brain-map.org/static/atlas). b, Cortical layers of the Nissl stained sections 

for the sham control (craniotomy only) and for the compressed brain (craniotomy and 

compressive injury of 1 mm indentation of 30 s). 

 
 
 
 
 

 
Supplementary Figure 14 | Correction of g-ratio. Estimated axon caliber by spectral 

reflectometry (SR) and by flouromyelin fluorescence are plotted. When injured axons are 

assumed to have physiological g-ratio of 0.7 (uncorrected), injured axons (grey square with a 

dotted fitting line) are notably deviated from the unity line (dotted line in magenta). When g-

ratio was corrected according to swelling ratio for each axon (cyan square), axon calibers 

estimated by SR is well matched with fluoromyelin data (R2 = 0.93). 
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Supplementary Figure 15 | Partial-volume artifact. Reflectance spectrums measured in the 

indicated axon segments are shown. Note that spectral periodicity (i.e. axon diameter) is 

heterogeneous along the axon. The partial-volume artifact, such as the bump-like feature 

(arrow in the lower right panel), can be introduced if the region-of-interest contains 

heterogeneous structures. Scalebar, 5 μm. 
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Supplementary Figure 16 | Polarization decomposition of focused wave. a, Amplitude of 

the polarization decomposition matrix	 𝐷& . Each circular map corresponds to a component of 

the polarization decomposition matrix, which is delimited by NA of 0.7. Colorbar indicates the 

amplitude. b, Contour plot of the intensity distribution at S polarization on the focal 

plane.		𝐼()*,, 𝐫  scale bar, 300 nm. c, Contour plot of the intensity distribution at P polarization 

on the focal plane.		𝐼()*,& 𝐫 . Colorbar indicates normalized intensity. 

 
 
 
 
 
 
 

 Thickness Refractive index 

Cytosol for the axon 200 nm – 5 μm 1.36 
Lipid membrane 5 nm 1.47 / 1.50 
Periaxonal space 12 nm 1.35 

Cytosol for the myelin 3 nm 1.47 
Extracellular space 5 nm 1.35 
Extracellular region - 1.36 

 
Supplementary Table 1 | Simulation parameters. Detailed methods for determination of the 

parameters are described in Supplementary Note 1. 
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Supplementary Note 1. Simulation parameter 
1.1 Layer thickness 
Structural parameters for myelin substructures are previously reported by electron microscopy 

and X-ray diffraction studies. Axon diameter is variable from 100 nm up to 5 μm1. Axons with 

their diameter below 200 nm are excluded because they are not myelinated2. Thickness of 

cell membrane is reported to be ~5 nm, including contribution of transmembrane proteins (e.g. 

phospholipid protein, PLP)3. Periaxonal space is reported to be ~12 nm measured by 

transmission electron microscopy4. Myelin cytoplasm is reported to be 3 nm, formed by 

compaction mediated by myelin basic protein (MBP)5. Extracellular layer is set to 5 nm, 

considering that spatial period of each myelin layer is about 18 nm6. Structural parameters 

used in the simulation are summarized in Supplementary Table 1. 

 

1.2 Number of myelin layer 
The g-ratio is defined as the ratio of the inner axonal diameter (d) to the total outer diameter 

(D).  

𝑔 − 𝑟𝑎𝑡𝑖𝑜 =
𝑑
𝐷

 

If the g-ratio is 0.7, the myelin thickness can be expressed as follows. 

𝑚𝑦𝑒𝑙𝑖𝑛	𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 𝐷 − 𝑑 =
𝑑
0.7

− 𝑑 =
3
7
𝑑	 

In our geometric model, the myelin thickness has a discrete value determined by the number 

of myelin layers, N (Supplementary Fig. 2 and Supplementary Table 1). 

𝑚𝑦𝑒𝑙𝑖𝑛	𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 𝑝 + 𝑁 𝑚 + 𝑐 + 𝑚 + 𝑒 − 𝑒 

where p, pericellular space = 12 nm; m, membrane = 5 nm; c, cytosol = 3 nm; e, extracellular 

space = 5 nm; N is an integer. For example, if d = 1 μm, myelin thickness is ~428 nm. The 

number of myelin layer (N) is determined as follows. 

𝑁 = 𝑟𝑜𝑢𝑛𝑑
428	𝑛𝑚 − 𝑝 + 𝑒
2𝑚 + 𝑐 + 𝑒

= 𝑟𝑜𝑢𝑛𝑑
428	𝑛𝑚 − 12	𝑛𝑚 + 5	𝑛𝑚

18	𝑛𝑚
= 23	𝑙𝑎𝑦𝑒𝑟𝑠 

 

1.3 Refractive index 
Refractive indices for each substructure was either obtained from previous literatures or 

estimated based on reported values. Reported refractive indices were variable among 

literatures presumably due to difference in sample preparation, measurement condition, and 

experimental noise but mostly fall within a narrow range. Refractive index of axonal cytosol 

(nc) is set to 1.367, which is previously reported by phase microscopy technique8. This value 

is also in agreement with cytosolic refractive index of other cell types7,9. For cytosolic layer of 

the myelin, which is direct measurement is not available, we estimated the index based on its 

composition, by applying Arago-Biot method. Using refractive index and volume fraction for 
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each amino acid, refractive indice of myelin-associated proteins were estimated, resulting in 

1.587 for PLP, 1.588 for MBP and 1.596 for CNP (cyclic nucleotide phosphodiesterase)10,11. 

Volume fraction of MBP on the cytosol is calculated to be ~44% using specific density of 1.38 

g/cm3 and surface concentration of 1.8 mg/m2. Assuming that cytosol is composed of 

isosmotic solution (nS ~ 1.34) with ~44 % of MBP (n ~ 1.59) and with ~2.1 % of CNP (n ~ 1.60), 

we obtain refractive index of ~1.45 for the cytosol (Eq. 1). 

𝑛*MNOPOQ = 1 − 0.456 𝑛P + 0.435	𝑛ST& + 0.021	𝑛UV&	~	1.452  [1] 

Refractive index of a phospholipid bilayer (nb) is reported to be 1.46-1.483,12,13. Refractive 

index of the myelin membrane (nm) is estimated by weighted sum of a phospholipid bilayer 

(1.47) and transmembrane proteins, PLP (i.e. Arago-Biot method). In myelin sheath, amount 

of PLP is about two-fold higher than that of MBP14. As MBP constitutes about 44% v/v of the 

myelin cytoplasm (3 nm in thickness), we estimated that PLP constitutes about 28% v/v of 

lipid bilayer (10 nm in thickness). With estimated PLP refractive index, nm is calculated to be 

1.50 (Eq. 2). 

𝑛X = 0.277	𝑛&Y& + 1 − 0.277 	𝑛Z~	1.502   [2] 

Lastly, refractive index for extracellular space (ne) is estimated. Refractive index of the myelin 

sheath is consistently reported to be ~1.458,15. Each myelin layer (18 nm in thickness) is 

composed of 2 layers of membrane (10 nm in thickness), a single layer of cytosol (3 nm in 

thickness) and extracellular space (5 nm in thickness) as described in Supplementary Fig. 1. 

As fractional volume for each layer is proportional to each thickness, overall refractive index 

of the myelin sheath can be written as linear weighted summation (Eq. 3) 
[\	)X
[]	)X

𝑛X + ^	)X
[]	)X

𝑛* +
_	)X
[]	)X

𝑛`	~	1.45   [3] 

Solving Eq. 3 yields ne ~ 1.3516,17. We used the same index for periaxonal space. Structural 

parameters for each substructure is summarized in Supplementary Table 1. 

 

Supplementary Note 2. Wave simulation 
Numerical simulation based on the theory of electromagnetic waves was performed in order 

to estimate and predict the spectral reflectance from the myelinated axons of various 

structures. The distribution of the electric-field reflected from the myelinated axons can be 

explained by the thin-film matrix theory18, since myelin layers can be considered as dielectric 

multilayers. By thin-film matrix theory, matrix components of myelin layers can be defined as, 

𝑀b =
cos 𝛿b 𝑖/𝜂b sin 𝛿b

𝑖𝜂b sin 𝛿b cos 𝛿b
 

𝜂b =
𝑛b cos 𝜃b ,			𝑓𝑜𝑟	𝑆 − 𝑝𝑜𝑙
𝑛b /cos 𝜃b ,			𝑓𝑜𝑟	𝑃 − 𝑝𝑜𝑙

 

𝛿b = 2π𝑛b cos 𝜃b 𝑑b 

where 𝜂b is optical admittance for S and P polarization at given angle of the ray and 𝛿b is the 
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phase delay at the layer. S polarization is perpendicular and P polarization is parallel to the 

meridional plane, which is defined by plane of incidence. Film matrix 𝑀b is composed of two 

polarization states since Fresnel reflection coefficient of the medium is dependent on the 

polarization of the incident light. Then the amplitude reflection coefficient of the myelin is 

expressed as 

𝑟,	𝑜𝑟	𝑟&	 =
𝐵𝜂\ − 𝐶
𝐵𝜂\ + 𝐶

 

𝐵
𝐶

= 𝑀b

V

br[

1
𝜂\

 

where, 𝜂\ is the optical admittance at the extracellular region. 

      Focusing the incident wave into myelin layers at high NA and collecting the reflected 

light at epi-detection configuration can be described by the wave diffraction theory. The electric 

field at the position 𝐫 on the image plane focused by an objective lens is described by a 

general scalar form19. 

𝑬 𝐫 = −
𝑖𝑓
𝜆

𝐴 𝛼, 𝛽
𝑒x(𝐤∙𝐫

𝛾

V|

\

𝑑𝛼𝑑𝛽 

where 𝐴 𝛼, 𝛽  is the given electric field at the pupil plane of the objective lens, for example, 

𝐴 𝛼, 𝛽 = 𝐴O𝑒x(~
����)/V| for a Gaussian beam, 𝑓 is the focal length, NA is the numerical 

aperture of the objective lens, 𝛼, 𝛽, 𝛾  are direction cosines which are related to the 

propagation vector 𝐤. 

𝐤 = 𝑘�, 𝑘M, 𝑘� =
2𝜋𝑛
𝜆

𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜑, 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜑, 𝑐𝑜𝑠𝜃 =
2𝜋𝑛
𝜆

𝛼, 𝛽, 𝛾 	 

𝛼� + 	𝛽� + 𝛾� = 1  

where 𝜃, 𝜑 are the polar angle and the azimuthal angle along the optical axis. In the scalar 

form of the electric field, however, variation of polarization according to propagation vector 

cannot be explained. Polarization decomposition of the incident wave should be considered 

due to the polarization dependence of multilayers in order to analyze the interaction of the 

focused light with myelin. To account for local polarization at the incident plane in our high NA 

optical system (NA of objective lens = 0.7), the vector diffraction theory was employed20,21. 

Thereby, the distribution and polarization of electromagnetic wave focused into multilayered 

thin-films can be properly described, whereas it cannot be explained in scalar diffraction theory. 

      The local polarization variation can be described by polarization decomposition factor 

	𝑃�Q� , where 𝑞	 is the initial polarization state, 𝑙  corresponds to the local S, P  coordinate 

defined on the meridional plane, 𝑢 corresponds to the global 𝑥, 𝑦, 𝑧 coordinate system along 

the optical axis. The polarization decomposition factor can be derived from the projection of 

local polarization into global coordinate system as below, which accounts for rotation of the 

polarization along the propagation vector. 	𝑃�,�, 𝑃M,�  are null value since projection of 
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perpendicular polarization into 𝑧 axis is zero.  

𝐷& =
𝑃�,�
𝑃M,�

			𝑃�&�
𝑃M&�

			𝑃�,M
			𝑃M,M

			𝑃�&M
			𝑃M&M

			𝑃�&�
			𝑃M&�

=

𝛽�

1 − 𝛾�
			

𝛾𝛼�

1 − 𝛾�
			
−𝛼𝛽
1 − 𝛾�

			
𝛼𝛽𝛾
1 − 𝛾�

			− 𝛼

−𝛼𝛽
1 − 𝛾�

			
𝛼𝛽𝛾
1 − 𝛾�

			
𝛼�

1 − 𝛾�
			

𝛾𝛽�

1 − 𝛾�
			− 𝛽

	 

The figure below indicates amplitude of the polarization decomposition matrix 𝐷& , which has 

ten circular maps corresponds to the each polarization decomposition factor. The radius of the 

circular map is determined by the numerical aperture of the objective lens (Supplementary Fig. 

16). Then the electric field incident on the myelin can be expressed as a vector form including 

polarization decomposition. 

	𝑬()* 𝐫 = −
𝑖𝑓
𝜆

	𝑃�Q� 𝛼, 𝛽 	𝐴� 𝛼, 𝛽
𝑒x(𝐤∙𝐫

𝛾

V|

\

𝑑𝛼𝑑𝛽 ⋅
𝒖
𝑢

�r�,MQr,,&�r�,M,�

 

The intensity distribution of the focused beam is given by 	𝐼()* 𝐫 = 	𝑬()* 𝐫 �. In order to 

demonstrate the rotation of local polarization, the contour maps of intensity distribution via 

each local polarization states S and P	are indicated in the lower panel of Figure SN, for the 

given incident Gaussian wave at 𝑥 polarization.   

      The electric field reflected from multi-layers of myelin can be derived by multiplying the 

reflection coefficient into the decomposed electric field at each local polarization state, 	

𝑬�`� 𝐫 = −
𝑖𝑓
𝜆

𝑟Q 𝛼, 𝛽 	𝑆 𝛼, 𝛽 	𝑃�Q� 𝛼, 𝛽 	𝐴� 𝛼, 𝛽
𝑒x(𝐤∙𝐫

𝛾

V|

\

𝑑𝛼𝑑𝛽 ⋅ 𝑂 𝐫
�r�,M

𝒖
𝑢

Qr,,&�r�,M,�

 

where 𝑂 𝐫  is the overlap function by cylindrical volume of the myelin, 𝑆 𝛼, 𝛽  is the angular 

weighting function according to structure of myelin. Gaussion function distributed 

perpendicular to the direction of myelin is suitable for angular weighting function to take into 

account of the variation of coupling angle of the focused wave due to the concentric cylindrical 

shape of the myelin. The intensity distribution collected at the epi-confocal geometry is given 

by 

	𝐼�`� 𝐫 = 	𝑬�`� 𝐫 ⨂	𝜓* 𝐫
�
. 

where 	𝜓* 𝐫  is the point spread function of the collection system involving confocal detection. 

Hence, the total reflectance from the myelin at the optical system is given by  

𝑅 =
	𝐼�`� 𝑟 𝑑𝑥𝑑𝑦
	𝐼()* 𝑟 𝑑𝑥𝑑𝑦

	. 
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