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ABSTRACT

Mapping the intricate network of nerve fibers is crucial for understanding brain function. Three-Dimensional Polarized Light
Imaging (3D-PLI) and Computational Scattered Light Imaging (ComSLI) map dense nerve fibers in brain sections with
micrometer resolution using visible light. 3D-PLI reconstructs 3D-fiber orientations, while ComSLI disentangles multiple
directions per pixel. So far, these imaging techniques have been realized in separate setups. A combination within a single
device would facilitate faster measurements, pixelwise mapping, cross-validation of fiber orientations, and leverage the
advantages of each technique while mitigating their limitations. Here, we introduce the Scattering Polarimeter, a microscope
that facilitates correlative large-area scans by integrating 3D-PLI and ComSLI measurements into a single system. Based on a
Mueller polarimeter, it incorporates variable retarders and a large-area light source for direct and oblique illumination, enabling
combined 3D-PLI and ComSLI measurements. Applied to human and vervet monkey brain sections, the Scattering Polarimeter
generates results comparable to state-of-the-art 3D-PLI and ComSLI setups and creates a multimodal fiber direction map,
integrating the robust fiber orientations obtained from 3D-PLI with fiber crossings from ComSLI. Furthermore, we discuss
applications of the Scattering Polarimeter for unprecedented correlative and multimodal brain imaging.



Supplementary 1: Mueller polarimetry

The Mueller polarimetry measurements with the Scattering Polarimeter were performed by setting the polarization state
generator and analyzer (PSG and PSA) to all possible combinations of the basic Stokes polarization states (vertical and
horizontal linear polarization, diagonal and anti-diagonal linear polarization, right-handed and left-handed circular polarization)
and measuring the transmitted intensity for each configuration, resulting in 36 measurements. The required polarization settings
were achieved with voltages previously determined for all four liquid crystal variable retarders (LCVRs). Subsequently, the

4 x 4 Mueller matrix elements were calculated by solving the resulting system of linear equations’.

Eigenvalue calibration method

To account for non-ideal behavior of PSG and PSA, all measured Mueller matrices were calibrated following the eigenvalue
calibration method (ECM) described by COMPAIN et al.”. The method determines the calibration matrices A and W from a
Mueller polarimetry measurement without sample, a measurement with a linear polarization filter in two different orientations,
and a measurement with a retarding element. An advantage of the ECM is that it does not require the azimuthal angle of the
calibration samples to be precisely aligned. Here, we used a linear polarization filter (Edmund Optics XP38) at azimuthal angles
of ~0° and ~45° and a quarter-wave plate (Newport 10RP34-532) at ~45°. From the known calibration matrices A and W,
every measured Mueller matrix Mp,e,s Was calibrated via: M = AMpeasW .

Lu-Chipman decomposition
To derive the (linear) retardance and the fast axis (fiber) orientation from the measured Mueller matrices, the Lu-Chipman
decomposition® was used. It rewrites the Mueller matrix M as the matrix product:

M = MAMgrMp (D

with My the depolarization matrix, Mg the retardance matrix and Mp the diattenuation matrix. The decomposition of the
retardance and the depolarization matrix includes solving an eigenvalue problem for the depolarization matrix>.

When M is decomposed according to Eq. (1), the Mueller matrix of depolarization M, yields the total depolarization A:

TrM,
A:I—M7 0<A<1 )

with Tr(My) denoting the trace of the matrix. A value of 1 indicates complete depolarization. A value of 0 indicates that no
depolarization occurs.

The total retardance R can be computed from the retardance matrix My via:
Tr(M, 0"
R=cos™! M -1 with Mp = l 0 3)
2 0 mg

It can be separated into an optical rotation and the linear retardance §*°:

8 =cos! (\/([mR,ll +mR,22]2 + [mg 21 +mR,12]2> - 1) 4
with the orientation of the fast axis with respect to the x-axis (fiber orientation) given by:

bx = ltan’l (mR,lz —mR21 ) . )

2 MR 13 — MR 31

Measured Mueller matrices of known optical elements

To test the performance of the Scattering Polarimeter as Mueller polarimeter, we performed Mueller polarimetry measure-
ments of test samples with known optical properties and calibrated the measured Mueller matrices with the ECM as described
above.
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The ideal Mueller matrix for a measurement without sample M iq. is the unit matrix®. The normalized calibrated Mueller
matrix M, for the empty setup was measured to be:

1.0000 0.0009 -0.0017 —0.0018
—0.0004 0.9978 —0.0023 —0.0004
0.0000 0.0027 0.9971 0.0047
—0.0004 0.0042 —0.0035 0.9967

My = My, 0. = (6)

[N eNell
(=N el )
O = O O
- o O O

The ideal Mueller matrix for measuring a horizontal linear polarizer My py, iq. contains only ones and zeros®. The normalized
calibrated Mueller matrix My py for a linear polarization filter (Edmund Optics XP38) in horizontal orientation (disregarding the
pre-factor of 0.5) was measured to be:

1.0000  0.9904  0.1171 —0.0001 1100
Moo | 1034909910 01192 0.0068 Moo _ |1 100 D
LPH 0.0174  0.0209 —0.0059 —0.0312 LPH, id. 0000

0.0032 —0.0064 0.0301  0.0201 0000

The matrix element m o = 1.0349 is larger than mgp. This can happen due to statistical fluctuations, but applying the criteria
suggested by DEL HOYO ET AL.” sets the matrix element to 1 which yields a physically correct Mueller matrix Mj pyy.

The ideal Mueller matrix of a birefringent plate Mqwp', ia. (Newport 10RP34-532) was modeled as a phase retarder with
6 =0.255,1.e.cos(2-m-0.255) ~ —0.03 and sin(2 - - 0.255) =~ 1, hence taking the offset from the ideal quarter-wave plate
(QWP) into account by using a phase shift of 0.255 instead of 0.25°. The normalized calibrated Mueller matrix Mqwp of the
birefringent plate was measured as:

1.0000  0.0203  0.0131  0.0222 1 0 0 0
Moo, ~ | 700136 —0.0518  0.1114  —0.8284 Mo [0 7003 0 1 ®
QWP 1 _0.0014 0.055  0.8889  0.0561 QWPLid™~109 0 1 0

0.0138  0.8910 —0.0990 —0.0601 0 1 0 —0.03

For the empty setup, the matrix elements are in accordance with the theoretical matrix down to the third or even fourth
decimal place. For the linear polarization filter, the matrix elements deviate mostly in the third or second decimal position.
For the birefringent plate, the matrix elements mostly deviate in the second decimal place. Overall, the performance of the
Scattering Polarimeter is comparable to other Mueller polarimeters in literature®°.
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Supplementary 2: Signal analysis in Three-dimensional Polarized Light Imaging (3D-PLI)

For a 3D-PLI measurement, the sample is illuminated by linearly polarized light under different azimuthal rotation angles
p. The linearly polarized light passes through the sample (thin cryo-sectioned brain tissue) and the optical anisotropy of the
myelinated nerve fibers introduces a phase shift depending on the local nerve fiber orientation which changes the polarization
to elliptical. To analyze the phase shift, the light passes through a circular analyzer. In the Scattering Polarimeter, polarization
state generator and analyzer are realized by a set of liquid crystal variable retarders and fixed linear polarizers (see main Fig.
la). In the state-of-the-art 3D-PLI setup that was used as reference measurement (LMP3D, see Methods), the ingoing linear
polarization is generated by a rotating linear polarizer, and the circular analyzer is realized by a quarter-wave plate followed by
another linear polarizer. The pixelwise evaluation of a 3D-PLI signal is depicted in main Fig. 2b. The light intensity I(p) of
every image pixel is described by a sinusoidal curve'?:

I(p) = ’50 (1 +sin(2p —2¢) - sin(5)), ©)

where 9 is the retardance, sin(9) is the retardation, p is the angle of ingoing linear polarization, and ¢ is the fiber direction
angle (projected onto the brain section plane with respect to the x-axis of the setup). The local fiber inclination (i.e., the
out-of-plane angle) o is connected to the local retardance:

2nd
§= TAncos2(<x). (10)
The retardation |sin(8)] is linked to the amplitude Al of the intensity curve I(p) via: Al o< |sin(0)|. The phase of I(p) is
determined by the fiber direction (i.e. the in-plane angle) ¢.
A discrete harmonic Fourier decomposition allows the evaluation of the curve I(p)'':

I(p)= 150 ~(1+sin(2p —2¢) -sin(38)) = ap +az - sin(2p) + by - cos(2p) (11)

with the coefficients

I I I
ag = 5" ay = Eo-sin(é) -cos(29), by = Eo-sin(S) -sin(2¢). (12)
The Fourier coefficients ag, a; and b, are calculated for each pixel from the individual light intensity I; for all equidistant angles
p; for N sampled angular steps i:

1 =1 pizl 5 i=l
ap = — Zli’ =3 Zli sin(2p;), by = v ZI" cos(2p;). (13)
N N

From the Fourier coefficients, the transmittance map, the retardation map, and the fiber direction map can be computed. The
transmittance map corresponds to the average of the signal and represents the birefringence-independent light extinction of the
sample. White and gray matter have distinct attenuation coefficients in the optical regime, with the attenuation through white
matter being generally larger due to higher absorption and scattering. The transmittance 7 is calculated pixelwise from the
zeroth Fourier coefficient as:

Iy =T = 2ay. (]4)

The retardation map shows the parameter |sin(8)| = Al/lp, i.e. the normalized amplitude of the light intensity profile. The
retardation | sin(8)| is computed from the three Fourier coefficients:

A/ a% + b%

[sin(0)] = —— €0, 1]. (15)
agp

The fiber direction map shows the azimuthal (in-plane) angle @pp 1 of each fiber given by:

arctan2(—ay, by)

—180°-
dpLI o

€ [-90°,90°] (16)

and shifted by 90° to be in the angular range € [0°, 180°].
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Supplementary 3: Fiber directions from all modalities

|$pLI — Psii

Miiller 3D-PLI ComSLI

ComSLI |ppri — Psii

Supplementary Fig. 1. Comparison of fiber directions from all modalities: Mueller polarimetry, 3D-PLI and ComSLI (all
three directions displayed in a fiber direction map). The fourth column shows the absolute difference in fiber direction between
3D-PLI and the closest direction obtained by ComSLI |@pr1 — ¢s11|- Background areas are displayed in black. (a) Human brain
section (high scattering, low transmittance). (b) Vervet brain section (low scattering, high transmittance).
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Supplementary 4: Calculation of systematic errors

To uncover statistical and systematic errors within the setup, image pixels from two characteristic regions of the human brain
section (low transmittance, high scattering) and the vervet monkey brain section (high transmittance, low scattering) were
investigated in detail.

The insets in Supplementary Figs.2a and 2c¢ show the transmittance map for the human and the vervet brain section,
respectively, with two locations marked for each: one in white matter (magenta star), where a sinusoidal curve with high
retardation (i.e. large amplitude) but comparatively low transmittance is expected. Reference measurements indicated parallel
fibers in the chosen white matter area. The phase of the sinusoidal curve depends on the fiber direction but also on the circular
analyzer setting of the PSA. The right-handed circular analyzer (RC) setting results in a 90° shift compared to the left-handed
circular analyzer (LC). This shift must be accounted for in the correct mathematical evaluation of fiber directions but has
no other consequences. Furthermore, a region without tissue (magenta diamond) was investigated, accordingly with high
transmittance and only statistical noise, both due to the absence of birefringent tissue.

Figures 2a and 2c display the raw intensities averaged over 20x 20 image pixels, thus limiting the impact of single pixel
artifacts, blood vessels, or crystals within the embedding medium. The statistical error 6;=17 a.u. was estimated from the
average standard deviation of 4 raw images. The sinusoidal curve is displayed for the right-circular (RC, blue) and left-circular
(LC, orange) setting. A dashed line indicates the fitted sinusoidal curve. Figures 2b and 2d show the corresponding residuals.
The coefficient of determination R? indicates the fit quality for each image pixel:

Yi— fi)?
Y(vi—y)?

where y; represents the measured data points (here, intensity in arbitrary units), f; the fitted data, and y the mean value of
the measured data. The closer R? is to 1, the better the fit quality typically is. With a coefficient of determination R” close to 1,
the Fourier coefficient fit can generally be considered successful, especially for white matter areas.

However, the mean amplitude (i.e. transmittance) differs slightly between RC and LC, indicating a polarization dependency
of transmittance. This phenomenon is not based on any physical tissue properties as confirmed by the reference measurements
but caused by minor ellipticities within the scattering polarimeter, i.e. unintended elliptical deviations from the ideal circular or
linear polarization.

Furthermore, the residuals indicate a systematic error in the shape of a higher-frequency sinusoidal curve. This systematic
error is relatively small compared to the maximum amplitude of the signal in white matter and even smaller for the background
signal, suggesting that the higher-frequency curve either originates from the tissue itself or is enhanced through interaction with
the tissue.

Mueller matrix calculus provides further insight into the observed systematic errors, as demonstrated in the following.
Fibrous brain tissue with a retardance & and a fiber direction ¢ can be modeled as a Mueller matrix of a retarder rotated around
an azimuthal angle ¢'%:

RP=1-="20 <o, an

Mtissue (18)
=R(¢)-M(8)-R(-¢) (19)
1 0 0 0 10 0 0 1 0 0 0
|0 cos(2¢) —sin(2¢) O] [0 1 0 0 0 cos(2¢) sin(2¢) O 20)
|0 sin(2¢) cos(2¢) 0] |0 O cosd sind 0 —sin(2¢) cos(29) 0
0 0 0 1 0 0 —sind cosd/ \O 0 0 1
1 0 0
|0 cos?(2¢) +sin*(2¢)cosS  cos(2¢)sin(2¢)(1 —cosS) —sin 2¢ )sin & @1
| 0 cos(2¢)sin(2¢)(1 —cos 8) sin?(2¢)+cos?(2¢)cos§  +cos(2¢)sind
0 +s5in(2¢)sin —cos(2¢)sind cos o
1 0 0 0
_ |0 witvgeosd  wev(1—cosd)  —vgsind )
0 wovg(l—cosd) vj+wscosd  +wysind
0 +vy sind —wg sind cosd

Here, the abbreviations vy = sin(2¢), wy = cos(2¢) are used. Diattenuation and depolarization are neglected.
Diattenuation is neglected because previous studies have shown that the diattenuation of brain tissue does not have much
impact on 3D-PLI signals'3
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Depolarization is neglected because depolarization values of healthy white matter are expected to be relatively low, also
in formalin-fixed tissues (GROS et al. 14 reported values between 0.9—1.0). Furthermore, depolarization effects do not affect
the in-plane fiber orientations from 3D-PLI or the transmittance, but only the determined retardance values, which were not
analyzed quantitatively in this study. This can be seen as follows: Assuming that brain tissue also acts as a non-uniform partial
depolarizer characterized by depolarization indices A,, Ap, A, it is possible to extend the mathematical model to incorporate
depolarization effects:

1 0 0 O
0 A O O
0 Oa Ab 0 : Mtissue (23)
0 0 0 A

&

Multiplying the resulting matrix with the matrix of a circular analyzer (from the left) and the Stokes vector of ingoing linear
polarization with polarization angle p (from the right) yields for the intensity of a 3D-PLI measurement:

= %0(1 + Asin(2p — 26)sin(8)) (24)

As can be seen, the amplitude of the signal (retardance) is affected by the depolarization index, but not the phase of the signal
(fiber orientation) or the average (transmittance).

Mueller calculus for a non-ideal Mueller polarimeter
Ideal and non-ideal Mueller polarimeters can be modeled using Mueller matrix calculus. In the following, the impact of
non-ideal optical properties (usually arising from the non-ideal optical components) within the polarization state generator
(PSG) and/or the polarization state analyzer (PSA) in a non-ideal Mueller polarimeter is mathematically described. The Mueller
polarimeter is composed of four variable retarders and two linear polarization filters, oriented in the same manner as in the
scattering polarimeter.

With ideal retarders at azimuthal angles 6 and the Stokes vector of horizontal linear polarization §H, the Stokes vector §p5G
for the ideal polarization state generator (PSG) is given by:

Spsa (25)
=M(8,0 =0°)-M(8,,0 =45°)-Sy (26)
1 0 0 0 1 0 0 0 1
10 1 0 0 0 cosd O —sind 1 7
10 0 cosd  sind 0 0 1 0 0
0 0 —sind cosd 0 sind; 0 cosd 0
1 0 0 0 1
o1 0 0 cos 0;
10 0 cosd sind 0 (28)
0 0 —sindy cosd sin §;
1
_ cos 0;
" | siné;sind (29)
sin 6y cos &,
1
&=+% | cos
o sin §; (0)
0

with &) the retardance of LCVR 1 and &, the retardance of LCVR 2. When LCVR 2 is set to a retardance of & = +m/2 for
3D-PLI measurements, the generated polarization is linear and its polarization angle spins counter-clockwise with increasing J;
around the plane of the Poincaré sphere.

A non-ideal PSG can deviate from the ideal values for §; and &, usually because of a minor voltage offset for LCVR 1 and
LCVR 2. While a deviation from &; only results in a global phase shift, a deviation for &, causes elliptical polarization that

712



propagates through the whole system. When (6, — w/2) = h, = 0, a Taylor approximation to the 1st order with
T

T
r-)=—(0—%)+...~—h 31
cos(8 7 5) = —(8= T) e —h G1)
T
sin(ézza)zl—...zl (32)
describes the Stokes vector §real as a sum of the ideal vector §pSG and a deviation S"hz:
1 1 0
s cos d | coso 0 g 2
Sreal = sin&;sind; |~ | sind; 0 = Spsc + S (33)
sin &1 cos &, 0 hy sin 8;

With the matrices for an ideal retarder and horizontal linear polarization filter at azimuthal angles 6, the ideal PSA can be
described by®:

Mpsa (34
= Mip(6 =0°)-M(8;,0 =45°)-M(8;,0 = 0°) (35)
1 1 0 O 1 0 0 0 1 0 0 0
11000 0 cosés 0 —sindy 0 1 0 0 (36)
210 0 0 0OJ|lO O 1 0 0 0 cosé; sind;
0 000 0 sinds 0 cosdy 0 0 —sind; cosd;
1 cosds sindssinds —sindscos &
_ 1|1 cosds sindysind; —sindycosd; 37)
210 0 0 0
0 0 0 0
8=0 1 0 0 =F1
5==31[1 0 0 =I
~ 210 0 0 o0 (38)
0 0 0 O

with 83 = 0 and 8; = £ /2 when analyzing either right- or left-circular polarization in 3D-PLI.
A non-ideal PSA can deviate from the ideal values for d3 and d, usually because of a minor voltage offset for LCVR 3 and
LCVR4, respectively. When (64 — w/2) = hy and (83 — /2) = h3, a Taylor approximation to the 1st order with:

cos(&;%ig):qi(&;—%)—&—...zq:m (39)
sin(64zj:g):ﬁ:1—. ~ £l (40)
cos(3~0)=1—..~1 41
sin(03 ~0)= (63 —0)—... ~ I3 (42)

describes the whole Mueller matrix for the PSA M., as a sum of two matrices, one for the ideal matrix Mpga and a
deviation M3 j4:

Mreal (43)
= Mip(6=0°)-M(84,0 =45°)-M(8,6 = 0°) (44)
1 cosés sindssindz —sindscos b3
_ 1|1 cosds sindysind; —sindycosd; 45)
210 0 0 0
0 0 0 0
1 0 0 =F1 0 Fhy +xhs O
{1 00 F1| 1|0 Fhy +h3 0
2lo 00 o]T2lo o o o (46)
00 0 O 0 0 0O O
=Mpsa + M3 pa 40
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It is important to note that A4 is not necessarily equal for 84 ~ 7/2 and 84 ~ —7/2, i.e.can be different for right- and
left-circular polarization because different voltage settings are applied to LCVR 4. However, /3 remains equal because the
setting for LCVR 3 83 ~ 0 is kept for both cases.

Error propagation in 3D-PLI

In the following, the error propagation in 3D-PLI caused by non-ideal optical elements in a Mueller polarimeter is calculated,
based on Mueller calculus and Taylor approximations of the first order. The mathematical results aid in identifying the sources
of non-ideal behavior.

Here, we assume that an offset in the retardance of the LCVRs is the primary source of systematic errors. In comparison, the
azimuthal angles of the LCVRs are of secondary importance. The main reason for assuming ideal angles lies in the hardware:
azimuthal angles can be set with high precision using rotation mounts. In contrast, the retardance of the LCVRs must first be
characterized to relate voltage settings to actual retardance values. Furthermore, the voltage-retardance curves exhibit inflection
points at retardance values of 7% (i.e., when operated as quarter-wave plates), where the curves are particularly steep and thus
highly sensitive to small errors. This increases the likelihood of deviations from the ideal retardance. By contrast, rotation
mounts offer straightforward, linear, and precise adjustment of angular settings.

The Mueller matrix for brain tissue Eq. (18), the ideal Mueller matrix of the PSA Mpga and the ideal Stokes vector of the
PSG S"pSG can be applied to calculate the Stokes vector §le for 3D-PLI which directly corresponds to the measured intensity.

In 3D-PLIL, 9 is variable, & = w/2, 63 = 0 and 84 = £7/2:

SpLi (48)
= Mpsa - Miigsue - Sesa (49)
1 0 0 0 1
M 0 cos?(2¢)+sin®(2¢)cosS  cos(2¢)sin(2¢)(1 —cosd) —sin(2¢)sind cos(6r) (50)
TUPSA L0 cos(29)sin(29)(1 —cos8)  sin®(29) +cos*(29)cosS  +cos(2¢)sin & sin(dy)
0 +sin(2¢)sind —cos(2¢)sind cos & 0
1 0 0 FI 1
11 0 0 F1|[cosd cos?(2¢)) +sin®(2¢) cos & 4 cos(2¢) sin(2¢)i(1 — cos §) sin § 1)
210 0 0 O cos(20)sin(2¢)(1 —cos §) cos §; +sin*(2¢) + cos>(2¢) cos § sin &
000 O +sin(2¢) sin § cos §; — cos(2¢) sin J sin §;
1 +sindsin(6; —2¢)
_ 1] 1+sinésin(; —2¢)
=3 0 (52
0
The first element of the Stokes vector Spy is directly equivalent to the 3D-PLI signal but with §; =2p
IPLI = % (] isinésin(él —2(1))) (53)

With the Taylor approximation in Eq. (33) and the abbreviations vy = sin(2¢), wy = cos(2¢), the non-ideal Stokes vector
§le’ for a non-ideal PSG and an ideal PSA can be calculated as:

SpLr (54)
= Mpsa - Missue - (SpsG -+ Sia) (55)
= SpLr +MPSAMtissue§h2 (56)

10 0 1\ /1 0 0 0 0
. 11 0 0 =TI 0 wé+vicos§ wovg(l —cosd) —vysind 0
= SpLI— z 2 42 i (57
2{0 0 0 O 0 wyve(l—cosd) vg+wycosd  +wysind 0
00 0 O 0 Vg sin & —wg sin & cos & hysin(8y)
1 £sindsin(8; —2¢) hy cos O sin &
1 1 £sindsin(8; —20¢) hy cos O sin &
=3 0 + 0 (58)
0 0
= Spr1+ SLevra(8,81) (59)
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The ideal 3D-PLI intensity curve in Eq. (53) is now modulated by a function with an amplitude 4, that depends on the fiber
retardance 8, the retardance 6; of LCVR 1 but not the fiber direction ¢:

Ipy = % (1£sindsin(0; —2¢)) + %20055sin(51). (60)

Using the Taylor approximation in Eq. (43) and the abbreviations vy = sin(2¢), wy = cos(2¢), the non-ideal Stokes vector
§le’ for an ideal PSG and a non-ideal PSA can be calculated as:

SpLr (61)
= (Mpsa + M3 1a) - Miissue - Sps (62)
= SpL1 + Mi ja - Miissue - SpsG (63)
0 Fhye +hy O 1
- 1{0 Fhy +h3 O cos5lwé+v§)cos§+w¢v¢(l—cos5)sin51
= SpLi+ - 2 2 . (64)
210 0 0 O [wyve(l—cosd)cos(r)+vy+wycosSsindy
0 O 0O o0 Vg sin § cos 8; — wy sin 0 sin
cos 61w§ +13 €08 8 +wy g (1 —cos §) sin &
- h — i
_ PLl:F74 cos 81wy + v cos 8 +wy vy (1 —cos §)sin by 65)
0
0
wgve (1 —cos &) cos & +v§ +w§ cos 8sin
ihi wgvy (1 —cos8)cos 8y + vy + wy cos §sin 6 66)
2 0
0
= SpL1+SLevrs (9,8, 81) + SLovra(9, 8, 81) (67)

The ideal 3D-PLI intensity curve in Eq. (53) is now modulated by two functions with amplitudes /3 and h4 that depend on
the fiber retardance 8, the retardance of LCVR 1 §;, and fiber direction ¢:

Ipip = %(1 +sindsin(d; —2¢)) o
HF% (00s51wg>+v%¢cos6+w¢v¢(1 — cos 8)sin 3y ) ©
ih;(W¢V¢(1—0055)005514”5+W%°0555m6‘> Y

With vé = sin?(2¢) = 1(1 —cos4¢) and wé = cos?(2¢) = 3(1 +cos4¢), a higher-order frequency is introduced into the
signal that depends on the fiber direction.
The transmitted Stokes vector Spsa: for a non-ideal PSG and a non-ideal PSA can be calculated:

Sout = (Mpsa + M3 p4) - Missue - (SpsG +Si2) (71)

= Spr1+ SLevr2 4 SLOVR3 + SLOVRA + Mis, ha - Miissue - Sh2 (72)

which is the sum of previous results and a higher-order term. However, the multiplication of the very small factors hy, h3
and /4 can be neglected.
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Supplementary Fig. 2. Fourier fit and residuals for exemplary pixels. 3D-PLI measurements with a left-handed circular
(LC) and right-handed circular (RC) setting of the PSA are compared. (a) Fourier fit for the human brain section (low
transmittance, high scattering). The two exemplary locations are marked in the transmittance map. (b) Corresponding residuals
and R?. (c) Fourier fit for the vervet monkey brain section (high transmittance, low scattering). The two exemplary locations
are marked in the transmittance map. (d) Corresponding residuals and R? values.
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