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S1 Attenuation-compensation of an Airy beam light-sheet

The following Note summarises the approach to attenuation compensation of Airy beams as de-
scribed by Preciado, Dholakia, and Mazilu (28). This approach is expanded and discussed in
the context of light-sheet microscopy. Throughout this discussion, we are consistent with the mi-
croscope coordinate system we have defined earlier, with the illumination propagation along the
r—axis and optic axis of the detection optics along the z—axis.

Derivation of attenuation-compensation Airy field equation in linearly attenuating
medium

The spatial Fourier spectrum of a 1+1D (1 lateral dimension + 1 longitudinal dimension) Airy
beam propagating through a linearly absorbing medium can be approximated as

9 :31.3
E(k.,z) ~ exp (Mf(jk—sz,ms — inkox — Ca§sx> exp <22%k2) (S1)
where k. is the spatial frequency of the transverse coordinate, z, = is the longitudinal coordinate,
ko = 2w /) is the vacuum wave vector, zo is a scaling factor that dictates the extent of the Airy
beam, and n and Cy;s are the real refractive index and absorption coefficient of the absorbing
medium respectively.

The Fourier transform of (S1) yields the propagation of the Airy field in the absorbing medium
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The middle term, exp(—Cypsz/2), characterises the decay of the field upon propagation. As

this stems from a real exponential term in the Fourier spectrum of the beam, it can be accounted
for by introducing another exponential, exp(—bpk,) which results in the field equation
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The total intensity loss due to absorption, C’, . is now given by
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For by = zpx9Caps, the beam will completely counteract attenuation and the intensity of the
main lobe will propagate without decay, as if in free-space. In free-space, by # 0 will result in a
beam where the intensity of the main lobe increases or decreases with propagation.

For a light-sheet with a cylindrical pupil function P = P(k,) the above expressions are sufficient
but this treatment can easily be extended to 241D Airy beams (P = P(k., k,)), where the overall
compensation is the sum of the compensation along each individual axis
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Attenuation-compensation is essentially the application of an amplitude mask in the pupil
plane which weights each spectral component based on the path length of that component before
it contributes to the main lobe of the beam. The above treatment considers only attenuation in
a linearly absorbing medium (Cgps = constant), but it can be readily applied to complex systems
where non-linear attenuation is encountered (Cyps = Caps()).
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Ray optics approach to attenuation-compensation of Airy beam

Attenuation-compensation can be considered from a ray optics perspective as is shown in Fig. 1
(Main Text). The ray optics representation readily shows how the characteristic parabolic shape
of the main caustic of the Airy beam arises from the cubic phase profile in the pupil plane. In



an attenuating medium, all the rays attenuate at equal rates but the rays which form the caustic
furthest from the lens have travelled further than rays that form earlier parts of the caustic and
have also therefore attenuated more at this point. Attenuation-compensation is achieved when the
amplitude of each ray, at the point it forms the main caustic, is equal.

Normalised pupil function for an attenuation-compensated Airy light-sheet

The cylindrical pupil function of an attenuation-compensated Airy light-sheet is given by

P(u) = Ay exp(2miau®) exp(—u®) exp(ofu — 1)) H (V2 — |ul) (S6)

where v in the normalised pupil coordinate corresponding to the z—axis, A, is a real scaling factor,
« dictates the propagation-invariance of the Airy light-sheet (13), o dictates the degree of linear
attenuation-compensation, and H(-) denotes the Heaviside step function. The addition of the
"soft-edge" 8th-order super-Gaussian apodization function (middle term in eq. (S6)) is used to
eliminate sharp discontinuities which occur at the edge of the pupil function when attenuation-
compensation is used and is consistent with the approach of Preciado, Dholakia, and Mazilu (28).
To accommodate the "soft-edge" of this pupil function, the "hard-edge" apodization (H(-)) is
extended from |u| = 1 to |u| = v/2. A, is chosen such that the maximum amplitude of the pupil
function with any o is unity and such that all light-sheets have the same peak intensity at the
beginning of their field-of-view (FOV).

Experimentally, our light-sheet is formed either by cylindrical focussing of a 141D Airy beam
with pupil function given by (S6) or by digital scanning of a spherically focussed 241D Airy beam
(13) with pupil function given by:

P(u,v) =A, exp(2miafu® 4+ v?]) exp(—u®) exp(oy,[u — 1])
exp(—v®) exp(o,[v — 1)) H(V2 — Vu2 + v2)

where the pupil function remains separable in Cartesian coordinates (P(u,v) = P(u)P(v), except
for minor contributions from H(-)), and o, and o, denote modulation along the u— and v—axes
respectively.

Due to the separable nature of (S7) and the fact that the focussed beam is scanned along the
y — axis for formation of the light-sheet, the exact form of P(v) is somewhat irrelevant to the
cross-section of the light-sheet as long as the scan range is larger than the y—axis transverse extent
of the beam. We therefore set ¢, = 0 in all further discussions and (S6) is an accurate description
of the light-sheet pupil function. Modulation only compensates for attenuation of the light-sheet
profile when applied along the u—axis. Figure S1 shows examples of the pupil functions given by
(S6) and (S7).

(S7)

Attenuation-compensated Airy light-sheet in terms of normalised pupil parameters

Considering the normalised pupil functions used to describe an Airy light-sheet, the transverse
coordinate, k, is related to the normalised transverse coordinate, u, by

A
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Similarly, zg and «, and by and o are related by the following equations
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We denote the second term of (S4) x, the degree of compensation. Re-expressed in terms of
normalised coordinates this becomes

oNA?
X = 3naA (S11)

There is little that limits the degree of compensation that can be achieved for an Airy beam
with a given a—parameter other than the amount of power that can be delivered in the beam.




More practically for imaging, though, the extra energy delivered to deeper locations of the beam
causes a non-negligible distortion of the beam profile. As the rays of the main caustic at greater
depth influences the side-lobe structure earlier in propagation, the extra energy added to the beam
causes the intensity of the side-lobes to increase. We define a practical limit for the maximum
attenuation-compensation that can be applied as the degree of compensation at which the peak
transverse intensity of the beam no longer follows the parabolic trajectory expected of the Airy
beam within the longitudinal range set by the FOV of the Airy beam as given by

FOVigipy = 22 !
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Using these criteria, and simulations of beam profiles with various a— and o—parameters,
compensation must satisfy the following inequality

(S12)
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or expressed in real-space parameters

2rNA (S14)

It is expected that different choices of "soft-edge" apodization in the pupil function will yield
different results for the maximum permitted compensation, as well as small differences in the
maximum achievable FOV.

Figure S2 shows the degree of compensation, y, that can be achieved for a—values commonly
used for light-sheet microscopy (13). The lines of constant x in Fig. S2(a,b) define a linear relation
between ¢ and «. This is fundamentally linked to the relationship between the FOV and the
a—parameter of the Airy beam. If the FOV is doubled in a given linearly attenuating medium, the
total attenuation across the FOV will also double, and so the o—parameter will also have to be
doubled to maintain full attenuation-compensation. The product of y, for a given o—parameter,
and the FOV is a constant.
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S2 Attenuation-compensation of a Bessel beam light-sheet

The following Note summarises the approach to attenuation-compensation of Bessel beams as
described by Cizmar and Dholakia (26). Throughout this discussion, we are consistent with the
microscope coordinate system we have defined earlier, with the illumination propagation along the
r—axis and optic axis of the detection optics along the z—axis.

Derivation of method for producing Bessel beam with arbitrary axial envelope

The spatial Fourier transform of an azimuthally independent beam (E(r,x = 0)), such as a Bessel
beam, can be expressed as a zero-order Hankel transform

B,z = 0) = /O " B, = 0)Jo(r)rdr (S15)

where k. = |/kZ +kZ is the wave vector of r = \/2? + y?, r is the longitudinal coordinate, and

Jo(k.r) is the zero-order Bessel function.
It then follows by the inverse transform of (S15) that, for a Bessel beam, the on-axis propagation

of the field (E(r =0, z)) is linked with the radial mapping of the pupil (FE(k,,z = 0)) by:
k ~
E(r=0,2)= / E(ky,z = 0) exp(ikyx)dk, (S16)
0

where k, = \/kZ — kZ and ko = 27/) is the vacuum wave vector.

For a quasi-Bessel beam, Epegser(r = 0,2) = A(x) exp(iky,z), where A(x) is the desired axial
envelope function, k,, = \/k? — k2, kr, is the radial wave vector corresponding to an ideal Bessel
spectrum, the radial pupil function that can yield this envelope is found by the transform:

. 1 o0
E(ky,z =0)= / A(x) exp(iky,x) exp(—ikyx)dz (S17)
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A quasi-Bessel beam with a uniform intensity profile can be generated using a pupil function
determined by solving (S17) with the axial envelope defined by

1 if 2] € Zmas

Aunifo’r‘m(x) = { (818)
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where 2% 4, is the maximum longitudinal extent of the Bessel beam.

To compensate for attenuation in a linearly absorbing medium, we have already established
that the beam intensity must increase exponentially on propagation. Quasi-Bessel beams with
exponentially increasing intensity on-axis can be generated from (S17) with the axial envelope
defined by

exp(0BT/Tmaz) i 2] < Timas
A, = S19
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where op is a constant that controls the degree of linear attenuation-compensation.

Consistent with the method described by Cizmar and Dholakia (26), and similarly to the
method presented by Preciado, Dholakia, and Mazilu (28), a "soft-edge" apodization is applied to
the determined pupil function in order to suppress high-frequency on-axis field oscillations which
would otherwise distort the desired intensity profile. The apodization is a radial Gaussian centred
on ky, with a width of k., /4

~ —8(ky — kpy)? A
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where H (-) is the Heaviside step function which limits the pupil to a finite extent and is consistent
with our approach in Supp. Note S1.
Figure S1(e,f) shows numerically determined radial pupil function profiles for attenuation-
compensated Bessel beams with various degrees of compensation.



Through numerical determination of the pupil function for attenuation-compensating Bessel
beams and beam propagation simulations in linearly absorbing media, the relationship between
compensation parameter, og, and the degree of compensation, x, was determined and is shown in
Fig. S2. The lines of constant y define an inverse relationship (o5 o 371). This is consistent with
the trend between o and o observed in Fig. S2 as the FOV of a Bessel light-sheet scales inversely
with 5 (13).



S3 Modification of deconvolution protocol incorporating at-
tenuation and attenuation-compensation

The following Note describes modifications to the Airy light-sheet microscopy deconvolution strat-
egy required to incorporate attenuation-compensated beams and attenuation. The original decon-
volution strategy is described by Vettenburg et al (13).

Airy light-sheet microscopy deconvolution strategy

The recorded image stack can be considered as a convolution of the specimen fluorophore distri-
bution with the light-sheet profile. The light-sheet profile dictates only the axial resolution but is
spatially-variant along the propagation axis of the illumination. Therefore, a 1D spatially-variant
Wiener filter is suitable to deconvolve the recorded image stack, given by

B H(z,v,)*
|H(z,v.)|* + SNR(v.)~2

where H(z,v,) = F,[LS(x, z)] is the 1D optical transfer function (OTF; Fourier transform) in z
of the light-sheet profile, LS(z,2), SNR(v.) = kVcui—ofs/V- is related to the signal-to-noise of
the recorded images, modelled as a power law distribution, where k is a filter constant (typically
k = 5) and Veyt—off = 2NA/X where NA and A are the numerical aperture and wavelength of
the light-sheet respectively. To prevent edge artefacts in the deconvolution process, the light-sheet
profile is zero-padded in z to double its axial dimension before calculation of the OTF.

The deconvolved image stack (Igec(,y,2)) is then determined by multiplication of the 1D
Fourier transform along the z—axis of the image stack (Ipec(x,y,v.) = Fu[lrec(®,y, 2)]) with the
Wiener filter (Hy (z,v,)) and taking the 1D inverse Fourier transform along the z—axis to return
this to real-space coordinates, given by

Hy (z,v,) (S21)

Idec(xa Y, Z) = fuzl[jrec(xv Y, Vz) : Hw(x, Vz)] (822)

Again, before taking the Fourier transform of I...(z,y, z), the first and last frames of the image

stack are replicated in order to double its axial dimension and reduce the potential impact of

deconvolution artefacts. After deconvolution, Ig..(x,y,z) is cropped to the size of the original
image stack to remove the replicated frames.

Determination of attenuation-compensated light-sheet profile

The only modifications required to deconvolve image stacks acquired with attenuation-compensated
Airy light-sheets are the determination of the light-sheet profile, LS(z, z), and the relative weight-
ing of its OTF, H(z,v,).

The light-sheet profile, LS(x, z), is determined by generating a 3D model of the attenuation-
compensated Airy beam in the sample, and integrating this along the y—axis to yield the light-sheet
profile. The beam profile is determined from the Fourier transform of the pupil function given by
(S7) and propagated along the z—axis by multiplying the pupil function by a defocus term given
by

Piefocus(u,v) = exp(2mid[u® + v?]) (S23)

where d is a defocus parameter related to the physical longitudinal displacement, Az, by

d= Ax% <1 —y/1— <1\LA>2) (S24)

where n is the refractive index of the sample medium.

The light-sheet profile must be determined at z— and z—coordinates corresponding to the z—
and z—pixel locations in the recorded image stack. As the beam profile is integrated along the
y—axis to determine the light-sheet profile, accurate pixel-registration along the y—axis is not
critical and can simply be Nyquist sampled.

The light-sheet profile is then modulated by a Gaussian envelope along the z—axis with width
given by the depth-of-field (DOF) of the detection objective lens to suppress contributions from
the light-sheet profile that generate fluorescence outwith the DOF and not contributing to signal.



To model attenuation, the light-sheet profile is further modulated by an exponential
(exp(—=CPL,, x)), where CL), is the estimate of Cyy,, used in the deconvolution process.

The OTF of the attenuated light-sheet profile is then determined from the 1D Fourier transform
along the z—axis as described above. This is typically normalised such that |H(0,0)| = 1. To ac-
count for the additional energy delivered by the light-sheet when using attenuation-compensation,
the OTF was normalised such that |H(0,0)] = 1, and then multiplied by an additional scaling
factor, Aorr (o), given by

A2 exp(—20
Aorr(o) = 2220750 Ap§ ) (525)
0
where A, is a pupil amplitude scaling factor described in Supp. Note S1.
Deconvolution was then performed as described above using the weighted OTF.



S4 Effect of incorrect attenuation estimation on deconvolu-
tion

The following Note discusses the effects on the deconvolution of Airy LSM images caused by
incorrect estimation of the sample attenuation.

In addition to determining the necessary degree of attenuation-compensation, precise knowledge
of the attenuation profile is crucial for determining an accurate light-sheet PSF in an attenuating
medium, which in turn is necessary for accurate deconvolution (see Supp. Note S3).

Here we consider error from the point of view of accurate deconvolution. Fig. 1 in the Main
Text shows simulated images of the University Crest imaged with various degrees of attenuation-
compensation in a linearly absorbing medium (Cy,, = 64.95cm™!). During the deconvolution
process, the light-sheet profile as it would appear in free-space is modulated by an exponential
function (exp(CL,,x)) to model attenuation, where CL, is the estimate of Cyy, used for de-
convolution. The images shown in Fig. 1 have been deconvolved with the correct attenuation
coefficient (CL), = Cun = 64.95cm ™). However, if the estimate for the attenuation coefficient,
Ca%tn, deviates from the true attenuation, Cy;4y, then the deconvolved image will contain artefacts.

Figure S4 shows simulated images of the University Crest (Cgsn, = 64.95cm™!) imaged with
a standard (o = 0; Fig. S4(a-g)) and attenuation-compensated (o = 0.54; Fig. S4(h-n)) Airy
light-sheet with an error in CL, of £10%, +50%, and £100% Cisn.

Figure S4 shows that the deconvolution artefacts resulting from incorrect estimation of specimen
attenuation are essentially negligible if the magnitude of the error is below 10% Cly,,. However,
even in the absence of compensation, large underestimates of the sample attenuation shift the peak
intensity towards the left of the image, whereas overestimates shift it towards the right. When
CD. matches the sample attenuation, the image intensity is fairly uniform across the FOV. This
can be understood because the deconvolution utilises knowledge of the light-sheet PSF, including
knowledge of its intensity as it propagates, to restore the sample fluorophore distribution.

Errors in CL,  also introduce errors in the estimate of the light-sheet OTF. As discussed in
the Main Text, attenuation of the Airy light-sheet reduces the MTF, and therefore the maximal
achievable axial resolution. If the attenuation is underestimated, the MTF will be overestimated,
and noise will be amplified as the light-sheet propagates (Fig. S4(a-c,h-j)). If the attenuation is
overestimated, the MTF will be underestimated, and high spatial frequency details will be rejected
from the image as noise. Underestimation of the MTF effectively leads to excessive axial low-pass

filtering of the image, as observed in Fig. S4(e-g,l-n).



S5 Determination of specimen attenuation

The following Note discusses strategies for determining the attenuation of a specimen in order to
achieve effective and correct attenuation-compensation.

In the attenuating phantom seeded sparsely with fluorescent beads (Fig. 3), the background is
weakly fluorescent. A mean projection over a data volume will be dominated by the background
signal, which decays with attenuation and therefore can be accurately fit to give the absorption
coefficient.

In a non-fluorescent attenuating phantom or a biological specimen (Fig. 4 - 6), the signal as a
function of depth in the data cube will depend on the density and distribution of fluorophores as well
as the attenuation, so a mean projection cannot be used to estimate the absorption coefficient. We
found that it was necessary to perform a maximum value projection and estimate the attenuation
on a per-image basis. Depending on the uniformity of the sample, it may be necessary to perform
this procedure per-image or simply per-sample. We assumed exponential intensity decay across
the image, and divided the image by a decaying exponential as a function of z—axis coordinate.
The attenuation was determined to be the decay parameter which yielded approximately uniform
intensity structures throughout the image after division.



S6 Sample-based geometric effects on attenuation

The following Note discusses the effects of specimen geometry on the attenuation profile of the
light-sheet.

In a microscope with collinear illumination and detection, the intensity of fluorescence signal
at any point in the specimen is given by the Beer-Lambert law

IFiuor (T) = exp[*cattnr} (826)

where Cy, is the attenuation coefficient, which we assume to be constant for simplicity, and r is
the specimen thickness (in transillumination) or the imaging depth (in epi-illumination).

In the case of light-sheet microscopy, the orthogonal illumination and detection pose additional
geometric challenges for attenuating specimens. The observed attenuation profile will be the prod-
uct of the light-sheet attenuation profile and the spatially-variant attenuation of the generated
fluorescence.

The simplest case is a sample with a square cross section, with illumination and detection
pathways parallel to two sides of the square (Fig. S5(a)). The attenuation profile of the light-sheet
is exponential on propagation, and the fluorescence attenuation profile is constant across the FOV.
Therefore the fluorescence intensity is given by

IFluo’r‘ (.’E) X exp[_cattnid (827)

In the case of tissue slices oriented at 45° to both illumination and detection pathways (Fig.
S5(b)), the attenuation of the fluorescence signal at any point across the FOV is equal to the
attenuation of the light-sheet at that point by symmetry. Therefore the total fluorescence intensity
is given by

IFluo’r (.’17) = eXp[_2Cattnm] (828)

Embryonic or spheroidal specimens will have a circular cross section (Fig. S5(c)). The flat plane
of the light-sheet and the circular edge of the specimen result in the spatially-variant fluorescence
intensity given by

Irior () = exp[—Catn(x + Rsin(nz/2R))] (S29)

where R is the radius of the specimen cross section.

Figure S5(d) summarizes the profiles given by (S27) - (S29). The additional optical path length
when imaging in tissue sections causes a more rapid attenuation of the fluorescence across the FOV,
as if the attenuation has effectively doubled). The morphology of spheroidal tissue results in a more
complex attenuation profile. As the light-sheet propagates from the initial edge of the specimen
(zp) to its centre the attenuation is rapid (approximating an exponential decay with coefficient
greater than twice the standard specimen attenuation coefficient). From the centre to the far edge,
the rate of attenuation decreases, and the intensity even increases slightly at the far edge.

In this study, we have only simulated attenuation according to the linear, constant-attenuation
model in equation (S27). We have used the linear constant-attenuation profiles (S27) and (S28) to
model attenuation in the specimens discussed in the Main Text. The fluorescent beads in atten-
uating phantom (Section 2.2) were prepared in a glass square-walled capillary tube and oriented
as in S5(a). Attenuation in the mouse brain tissue slice discussed in Section 2.3 was described
by eq. (S28). The S. lamarcki opercula imaged in Section 2.3 can be considered ‘quasi-circular’
in cross-section but since the effective radius is larger than the FOV of the microscope, it could
also be modelled using eq. (S27) rather than eq.(S29). However, the principle of attenuation is
more general than linear attenuation and can be used to counteract any decay profile. Indeed, an
important future step will be to determine accurate real-time methods to model and correct for
arbitrary decay profiles in dynamic specimens.



S7 Attenuation-compensation of multi-photon excitation
Airy and Bessel light-sheets

The following Note discusses the attenuation and attenuation-compensation of two-photon excita-
tion (2PE) schemes in Airy and Bessel beam-based light-sheet imaging.

Using the framework for attenuation-compensation described in Supp. Notes S1 and S2, we
extend our analysis to consider the effects of attenuation and attenuation-compensation on 2PE
light-sheet microscopy. 2PE is a non-linear optical process, and its efficiency scales with the
square of the illumination intensity. As highlighted in the Main Text, there are differences in the
performance of Bessel beam light-sheet imaging modes dependent on whether the beam is swept
rapidly or discretely stepped. In the non-linear regime, there are also subtle differences in the
generation of an Airy light-sheet, dependent on whether a 1+1D Airy beam is used in conjunction
with a cylindrical lens, or if a 2+1D Airy beam is used in conjunction with rapid, single-axis
scanning. Here, we consider all 4 scenarios for completeness.

The 2PE cross-section of an Airy light-sheet formed by cylindrical focusing of a 1+1D Airy
beam depends on the intensity distribution of the illuminating light-sheet. By contrast, when the
light-sheet is formed by digital scanning of a 2+1D Airy beam, the 2PE cross-section is defined
by the intensity distribution of the beam. Scanning of this 2PE beam cross-section gives the 2PE
cross-section of the light-sheet as a whole. Likewise, the 2PE cross-section of a stepped Bessel beam
is simply the square of the intensity of the illuminating Bessel beam, while the 2PE cross-section
of a digitally scanned Bessel beam light-sheet is the integral of the 2PE beam cross-section along
the scan axis.

For each scenario, the relevant beam or light-sheet profile was simulated for the centre wave-
length of the illumination (800nm); the effect of attenuation (absorption) was applied to the il-
lumination; and then the 2PE cross-section was determined from the resulting intensity profile.
Beam parameters were adjusted to give equivalent FOV and attenuation-compensation properties
to the single-photon excitation simulations shown in earlier Sections. In all four cases, the effect
of under-compensated attenuation has a much more dramatic effect on the effective FOV of the
2PE signal due to the non-linear dependence of the 2PE cross-section on illumination intensity, as
summarized in Tables S2 and S3.

2PE Airy light-sheet microscopy with a 1+1D Airy SPIM

Figure S10(a~d) show the intensity profiles of 1+1D Airy light-sheets with a centre wavelength of
800nm, o = 5, and various degrees of attenuation-compensation. For this light-sheet, o = 0.57
allowed compensation of Cyps = 65cm™! attenuation. Figure S10(f-i) show the associated 2PE
cross-sections for these light-sheets, and Fig. S10(e,j) show the transverse peak intensity of the
light-sheets on propagation.

2PE Airy light-sheet microscopy with a 2+1D Airy DSLM

Figure S10(k-n) show the 2PE cross-sections of light-sheets formed by digital scanning. The pa-
rameters are the same as for as their cylindrically focused counterparts shown in Fig. S10(f-i). The
illumination intensity profiles are the same for both light-sheet generation methods (Fig. S10(a-
d)). Like the 141D 2PE Airy light-sheet, the FOV of the 241D light-sheet is severely affected by
under-compensation (Fig. S10(0)).

2PE Bessel beam light-sheet microscopy with a stepped Bessel beam

Figure S11(a-d) shows the intensity profile of the illuminating, stepped Bessel beam with centre
wavelength of 800nm, 5 = 0.75, and various degrees of attenuation-compensation. For this beam,
op = 0.22 allowed compensation of C,ps = 65cm ™! attenuation. Figure S11(f-i) shows the associ-
ated 2PE cross-sections of these beams, and Fig. S11(e,j) show the on-axis profiles of these beams
on propagation. Again, the effect of under-compensation of attenuation is more pronounced on
the 2PE cross-section than on the illumination profile.



2PE Bessel beam light-sheet microscopy with a digitally scanned Bessel beam

The 2PE cross-section of a digitally scanned Bessel beam light-sheet is the integral of the 2PE
beam cross-section along the scan axis (Fig. S12(a-d)). Figure S12(f-i) shows the 2PE light-sheet
cross-sections of the Bessel beams shown in (a-d), and Fig. S12(e,j) show the on-axis profiles of
these light-sheets on propagation.
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fig. S1. Spherical attenuation-compensated Airy beam (o = 7) amplitude (a-c) and phase (d)
pupil functions and their cylindrical (e,f) counterparts respectively. For all o, the phase profile (d,f)
is unaffected. Amplitude (g) and phase (h) of radial pupil functions for attenuation-compensated
Bessel beams (3 = 0.05). Inset shows finer detail of amplitude structure. Bessel pupil amplitudes
in (g) have been normalised to their maximum value for display. See Supp. Notes S1 and S2 for
more details on the pupil function parameters.
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fig. S2. Look up tables for attenuation-compensated Airy light-sheet. Contour plot showing

lines of constant y for combinations of a— and o—values for (a) A = 488 nm and (b) A = 532 nm.
(c) Same plot as (b) but expressed in terms of real-space parameters, zyp and by. (d) lines profiles
taken through (b) for selected a—values. Black regions in (a-c) indicate forbidden regions not
satisfying the limits defined in (S13) and (S14). (e) Look up table for compensated Bessel beam.
Contour plot showing lines of constant x for combinations of f— and og—values for A = 532 nm,
NA = 0.42, n = 1.33.
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fig. S4. Simulated images of University Crest imaged by standard (o

attenuation-compensated (o = 0.54; (h-

= 0

(a-g)) and

n)) Airy LSM in absorbing medium (Cpps = 64.95cm™1)
with £10%, +50%, and £100% error in the estimation of the sample attenuation.
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fig. S6. Attenuation-compensated Airy light-sheet microscopy in a scattering sample. Isolated
sub-diffraction limited fluorescent microspheres imaged through a section of mouse brain tissue.
Maximum intensity projections (z —y: top, x — z: bottom) of recorded data (a-h) and deconvolved
images (i-p) for light-sheets with no attenuation-compensation (o = 0; a, ¢, e, g, i, k, m, o) and
with maximum attenuation (o = 0.54; b, d, f, h, j, 1, n, p). Beads were illuminated through various
thicknesses of mouse brain tissue - (a, b, i, j) No tissue, (c, d, k, 1) 0 — 20 um thickness, (e, f, m, n)
20 — 40 pm thickness, (g, h, o, p) 40 — 60 pm thickness. While the quality of PSF decreases with
increasing tissue thickness, the quality with and without attenuation-compensation for a given
thickness is effectively unchanged. Scale bar: 2 pm.
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fig. S7. (a) Maximum intensity projection of deconvolved Airy LSM image of nuclei (propidium

iodide) in the operculum of S. lamarcki (attenuation estimated at 85cm™!) with o = 0.46 as shown
in Fig. 3. 3 x 3 um? signal regions are highlighted by cyan squares on identified nuclei. Background
regions were selected in close proximity, and on the same r—axis coordinate, to identified nuclei
as shown by magenta squares. (b,c) Local signal-to-background ratio (SBR) and contrast-to-noise
ratio (CNR) plotted as a function of propagation coordinate, x, for o = 0 (blue), o = 0.23 (green),
and o = 0.46 (red). (d,e) Ratios of SBR and CNR with o = 0.23 (cyan) and o = 0.46 (magenta)
to o = 0. Even with partial attenuation-compensation, an improvement in the SBR and CNR is
observed. With o = 0.23, the effective attenuation after compensation is C7,,, = 57.5cm~! and
an improvement of between 5 — 20% in SBR and 5 — 50% in CNR is observed. With o = 0.46,
the effective attenuation after compensation is C’,,, = 30cm™! and an improvement of between

a

20 — 45% in SBR and 20 — 140% in CNR is observed.
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fig. S8. (a-d) Maximum intensity projection of deconvolved Airy LSM image of nuclei (propid-
ium iodide) in the operculum of S. lamarcki (attenuation estimated at 75cm~!) with o = 0.46 as
shown in Fig. 4. Regions [i|-[iv] indicate the same regions highlighted in Fig. 4. 3 x 3 pm? signal
regions are highlighted by cyan squares on identified nuclei. Background regions were selected in
close proximity to identified nuclei as shown by magenta squares. The same background region was
used for all signal regions within the ROL. (e-h) Local signal-to-background ratio (SBR) plotted
as a function of propagation coordinate, z, for o = 0, A, = 0.48 (blue), 0 = 0, A, = 0.71 (green),
and o = 0.46 (red). (i-1) Ratios of SBR with 0 =0, A, = 0.71 (cyan) and o = 0.46 (magenta) to
(continued on next page)



Figure S8: (continued from previous page) o0 = 0, A, = 0.48. In regions [ii]-[iv], the use of
compensation (red/magenta) increases the SBR by 20 —40% whereas increasing the power without
attenuation-compensation (green/cyan) increased the SBR by only 0—20%. In region [i], increasing
the power without attenuation-compensation improves the SBR more than the use of attenuation-
compensation but this is expected given the significant increase in intensity in the non-compensated
light-sheet at this point (see Fig. S9). (m-p) local contrast-to-noise ratio (CNR) plotted as a
function of propagation coordinate for the same illumination schemes and (g-t) the ratios of CNR
with 0 = 0, A, = 0.71 (cyan) and ¢ = 0.46 (magenta) to 0 = 0. At z =~ 60 um a datapoint
for the case of o = 0, A, = 0.71 (green.cyan) is missing from (n,r). The CNR for this feature
was negative, owing to low signal, and therefore the CNR ratio relative to the case of o = 0,
Ay, = 0.48 is ill defined. The same trend is observed for CNR as for SBR. In regions [ii]-[iv] the
use of compensation increased the CNR by 50 — 650%.
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fig. S9. (a) The integrated intensity profiles of simulated Airy light-sheets as a function of prop-
agation distance as used for deconvolution in Fig. 4. Black: uncompensated, unattenuated (ideal)
light-sheet (¢ = 0, Cattn, = 0). Blue: uncompensated light-sheet with Cgy, = 75cm ™! applied.
Red: compensated light-sheet with o = 0.46 and Cy, = 75cm™!. Green: an uncompensated
light-sheet with Cyi, = 0 and ¢ = 0, and the amplitude factor increased to A, = 0.71 such that
its total power is equal to that of the compensated light-sheet (red). (b) Ratios of the attenuated
and/or compensated light-sheet profiles to the ideal light-sheet (black curve in (a)). Blue: the
attenuated, uncompensated light-sheet decays exponentially with propagation distance. Green:
the peak power delivered by the attenuated, high-power light-sheet is more than twice the power
delivered by the ideal light-sheet. However, it also decays exponentially into the medium. Red:
due to strategic redistribution of power, the peak power delivered by the compensated light-sheet
is never more than 10% greater than the power of the original, even though its power at the back
aperture is equal to that of the high-powered beam (green). Its intensity profile is much flatter,
and it stays within 10% of the intensity of the ideal beam over a distance of about 150 um.



Illumination

2PE cross-section
(1+1D Airy/cylindrical lens)

2PE cross-section
(2+1D Airy/DSLM)

Intensity [a.u.] z-axis [pum] z-axis [um] z-axis [um] z-axis [pm]

0
-150 -100 -50 0
x-axis [um]

50 100 150

-150 100 -50 0 50 100 150
x-axis [um]

G6=0,Chps =0

-150

--0=0

-100 -50 ©0 50 100 150
x-axis [pm]

0=028 — 0=0.57

fig. S10. Illumination profiles (a-d) of attenuation-compensated 2PE Airy light-sheets and their

corresponding 2PE cross-sections for light-sheets formed by a 1+1D Airy beam and a cylindrical
lens (f-i) and by a 2+1D Airy beam and digital scanning (k-n) for no attenuation and no compensa-
tion (top row), attenuation (Cyps = 65cm 1) and no compensation (2nd row), partial compensation
(3rd row), and full compensation (4th row). Peak transverse intensity profiles for the illumination,
and 2PE cross sections are shown in (e,j,0) respectively. The illumination cross-section (a-e) does
not depend on the method of light-sheet generation.
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fig. S11. Illumination profiles (a-d) of attenuation-compensated 2PE Bessel beams and their
corresponding 2PE cross-sections (f-1) for no attenuation and no compensation (top row), attenu-
ation (Cyps = 65cm 1) and no compensation (2nd row), partial compensation (3rd row), and full
compensation (4th row). On-axis intensity profiles for the illumination, and 2PE cross sections are
shown in (e,j) respectively.
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fig. S12. Illumination profiles (a-d) of attenuation-compensated 2PE Bessel light-sheets and
their corresponding 2PE cross-sections, formed by digital scanning of the beams shown in Supp.
Fig. S11, for no attenuation and no compensation (top row), attenuation (Cyps = 65cm~!) and no
compensation (2nd row), partial compensation (3rd row), and full compensation (4th row). On-axis
intensity profiles for the illumination, and 2PE cross sections are shown in (e,j) respectively.
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fig. S13. Schematic of attenuation-compensated Airy light-sheet microscope. (a) Top-down and
front-side views of the optical setup (see Materials and Methods for (continued on next page)



Figure S13: (continued from previous page) full description). For DSLM operation, the cylindrical
lens (CL) is removed and the light-sheet formation is as shown in (b, ¢) where a focused 2+1D
Airy beam is rapidly scanned along the y-axis by the acousto-optic deflector (AOD). For SPIM
operation, the cylindrical lens (CL) is reinserted which focuses the beam into a line on the final
mirror perpendicular to the y-axis, the acousto-optic deflector (AOD) is switched off and the light-
sheet is generated directly as shown in (d, e). AOD: acousto-optic deflector; BD: beam dump;
BS: beam splitter (50:50); CAM: sCMOS camera; CL: cylindrical lens; F: fluorescence filter; L,:
lens; M: mirror; MO,: microscope objective; PBS: polarizing beam splitter; RA: round aperture;
S: sample; SA: slit aperture; SLM: spatial light modulator; SS: sample stage; TL: tube lens; A\/2:
half-wave plate; A\/4: quarter-wave plate.



Supplementary Tables

Table # Description Page #

S1 Experimental parameters for all data shown in Main | S30
Text.

S2 Field-of-view of 2-photon excitation SPIM and | S31
DLSM Airy light-sheet with attenuation and
attenuation-compensation.

S3 Field-of-view of 2-photon excitation Bessel beam | S31

and DLSM Bessel light-sheet with attenuation and
attenuation-compensation.




.@.ESU@OO.HQ TOTIN[OATOIIP UT Pasn JUIIDIPI00 UOT)RNUI}IR PIJBUIISO

TS o1qe)

“:ﬁ%w ‘omIT) UOTYeISIUI RISWIRD :#¥4) ‘Tomod Tejuowiriodxe 9injosqe : ‘A[[RjUoWIIIOdXe POUTULIO)OP Jomod OAT}RAT : %Mm@ ‘A1001]3 £q peururIo)ep ((8F'0 = °y ‘0 = ©
‘), = ) 199Ys-SI A1y pojesuedurod-uou e 0} 309dsor M) Jomod dATye[aY :Nm& "JXQ], UTRJA Ul UMOUS ®jep [[R I0] s1djoureled [ejuswiriodxy
. 0T F099€ | ¢0'0FLG°C 64°C €C'1 760 U0T}09s
0ot ¢o 00t 01 F 0271 1 1] 810 o] *“ WIS | ureaq osnopy | 9
¢F4r1¢e ¥0'0F92'¢ 1¢°C 20T 970
gl 70 0G ¢ F 00€ ¥O'0F¥I°C 61°¢C 1.0 0 ) INSTA W] "8 q
SFOvI ! ! 87°0 0
g FG1€ ¥0'0+9¢°¢ 1¢'¢ 20T 970
a8 ¥0 0¢ G F 061 VO'OFLET 8€'T 0.0 €c0 L INSTd i 4oup] G i
ST+ 0vI ! T 87°0 0
. g FGa1¢e wouoﬂwm”m ﬂmum NOHH @NO woyweyd
1 ¢0 54 G+ 061 YO'0FLE'T 3¢'T 0L°0 €20 L INSTd Suqosqy €
GF0vl ! ! 87°0 0
—Ei H u 1 194 194 0 d
3 d —mg_ 7 —B _ d &Hmm yrd vV Y 0 9dA)}
—HIEU_ urords—z d # .WM'm_”
Y0 | siejewrered uonismboy romod uorjeurwny(g siojowrered 100ys-pySIT | woskg ordmes




Caps[cm '] o FOV [pm| (141D Airy-SPIM) | FOV [um]| (241D Airy-DSLM)
0 0 230 192
65 0 98 (43%) 103 (54%)
65 0.285 150 (65%) 155 (81%)
65 0.57 230 (100%) 192 (100%)

table S2. Airy 2PE FOV given by the longitudinal FWHM for SPIM- and DSLM-style sys-
tems with various degrees of attenuation and attenuation-compensation (Supp. Fig. S10). The
percentage in brackets is the FOV relative to the case of no attenuation.

Cupslem™ [ op | FOV [um] (Bessel beam) | FOV [pum]| (Bessel-sheet)
0 0 127 127
65 0 62.5 (49%) 62.5 (49%)
65 0.285 117 (92%) 117 (92%)
65 0.57 127 (100%) 127 (100%)

table S3. Bessel 2PE FOV given by longitudinal FWHM for Bessel beams (fig. S11) and
Bessel-sheets (fig. S12) with various degrees of attenuation and attenuation-compensation.
The percentage in brackets is the FOV relative to the case of no attenuation.

S31
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