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In volume fluorescence microscopy, refractive index matching is essential to minimize aberrations. There are, however,
common imaging scenarios where a refractive index mismatch (RIM) between immersion and a sample medium cannot
be avoided. This RIM leads to an axial deformation in the acquired image data. Over the years, different axial scaling
factors have been proposed to correct for this deformation. While some reports have suggested a depth-dependent axial
deformation, so far none of the scaling theories has accounted for a depth-dependent, non-linear scaling. Here, we derive
an analytical theory based on determining the leading constructive interference band in the objective lens pupil under
RIM. We then use this to calculate a depth-dependent re-scaling factor as a function of the numerical aperture (NA),
the refractive indices #; and 7, and the wavelength A. We compare our theoretical results with wave-optics calculations
and experimental results obtained using a measurement scheme for different values of NA and RIM. As a benchmark,
we recorded multiple datasets in different RIM conditions, and corrected these using our depth-dependent axial scaling
theory. Finally, we present an online web applet that visualizes the depth-dependent axial re-scaling for specific optical
setups. In addition, we provide software that will help microscopists to correctly re-scale the axial dimension in their
imaging data when working under RIM.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this work
must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.

https://doi.org/10.1364/OPTICA.520595

1. INTRODUCTION

Optical sectioning has enabled imaging of large volumes by a
fluorescence microscope (FM), as realized in confocal, two-photon
microscopy [1], structured illumination microscopy (SIM) [2],
and light sheet microscopy [3]. For optimal imaging, aberrations
need to be minimized by avoiding a RIM between the detection
microscope objective immersion medium 7; and specimen #; [1].
Failing to do so results in the blurring of the point spread function

(i.e., the true axial distances) be re-scaled using the re-scaling factor
¢ = AFP/NFP. The accurate knowledge of the re-scaling factor
enables reliable quantitative volumetric microscopy.

While it is generally unfavorable to have a refractive index mis-
match for, e.g., illumination intensities in confocal microscopy,
there are common imaging scenarios in which a mismatch is still
present in the most optimal configuration [1,4]. For instance, as
the resolving power of the microscope depends on the NA of the

(PSF) of the microscope and therefore a loss in resolving power, as
well as in a deformation of the recorded volume along the optical
axis.

This axial deformation arises from the refraction of the periph-
eral rays on the RIM interface, causing an axial shift of their focal
point with respect to the focal point of the paraxial rays [4]. This
effect can be characterized using focal shift A f'= AFP — NFP,
where AFP is the actual focal position (the real position of the
object) and NFP is the apparent or nominal focal position (the
microscope z-position where the object is found in focus) [1]. Just
as the true lateral distances are recalculated back from an image
using the magnification of the objective M, so ought the AFPs

2334-2536/24/040553-16 Journal © 2024 Optica Publishing Group

detection objective, high-NA oil immersion objectives (7 = 1.52)
are used to image water-like specimens (7, & 1.33). In addition,
embedding and fixation media rarely match exactly, in terms
of refractive index, the immersion media of air, water, silicone,
glycerol, or oil objectives, leading to the axial deformation of the
imaged volumes.

Refractive index mismatches are often more pronounced in
integrated cryogenic fluorescence and/or correlative microscopy
[5-8]. In such systems, light and electron microscopies are com-
bined in a single setup, and air objectives are often used for imaging
specimens with a higher refractive index. The use of air objectives
is a straight-forward choice, as the specimen resides in a vacuum
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chamber for electron microscopy. In cryogenic fluorescence
microscopy the specimen is cooled to temperatures below 120 K,
which makes the use of a non-touching air objective favorable, as
any other (touching) immersion objectives are challenging in terms
of engineering [9-12].

The development of the confocal microscope, along with its
optical sectioning capability, allowed for 3D imaging, and hence
the need for axial scaling theories arose. In the paraxial approxi-
mation, the axial distances are simply re-scaled using the ratio
of the two refractive indices [13], which works well for low-NA
objectives. Visser ez al. presented a scaling theory that is based on
the contribution of the high-angle (or marginal) rays to the axial
scaling [14]. More recently, several scaling theories have been
presented that result in re-scaling factors somewhere in between
the paraxial and high-angle approximations [4,15,16]. The most
accurate method to determine axial scaling is full wave-optics
calculations of the microscope’s point spread function under RIM
[17-19]. As these calculations are computationally expensive and
complex, they are hardly used by microscopists to calculate the
axial re-scaling factor.

The re-scaling factor can also be measured experimentally
by observing the NFP of a fluorescent bead or interface through
a medium with refractive index 7, while knowing the AFP of
said bead or interface. This can be done by constructing a sam-
ple cell where the fluorescence is present far from the coverslip,
which is later filled with a liquid with 7, [4,20,21]. The AFP can
be obtained through imaging with an objective where 7; = n;
[4,20,21] or by measuring Fabry—Pérot fringes in the transmission
spectrum of the cell [21]. Alternatively, the apparent axial defor-
mation of a spherical object, larger than the PSF of the microscope,
can be used to measure the axial scaling [14,22]. Recently, a differ-
ent approach was presented where a coverslip was step-wise coated
with a low-index polymer (7; & 1.33) and the AFP was measured
using stylus profilometry [23]. With this method, the axial scaling
can be measured in the range of a few microns from the coverslip,
while the former methods are used to measure tens of microns away
from the coverslip.

While the explicit axial scaling theories in literature are all depth
independent, there exist some reports in literature that this factor
isactually depth dependent. In 1993, Hell ez al. wrote “. . . it can be
expected that the regions close to the cover glass are slightly more scaled
than those in deeper regions of the specimen.” [17]. Later, wave-optics
calculations showed a non-linear dependence of the focal shift
A f on the imaging depth for high-NA objectives and large RIMs
[18,19]. For instance, Sheppard and Térdk reported a non-linear
dependence of the focal shift A f at a depth <30 pm from the
coverslip using wave-optics calculations (NA=1.3, n; =1.52,
ny = 1.33) [18], where the re-scaling factor was 5% larger close to
the coverslip than at large distances. More recently, the measure-
ments by Petrov et al. showed significant non-linear axial scaling
forimaging depths <4 um [23].

There is, up to now, no straightforward equation that can be
used to explicitly calculate the re-scaling factor as a function of
depth. Moreover, a depth dependence of the re-scaling factor has
not been measured experimentally for large depths, and for several
NAsand multiple RIM conditions.

Here, we present an analytical theory that calculates the depth-
dependent re-scaling factor as a function of the NA, the refractive
indices 7; and 7,, and the wavelength A. The gist of the theory
is in the determination of the leading constructive interference
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band in the objective lens” pupil under RIM. We compare the the-
ory to both full wave-optics calculations and experiments. In the
experiments, we have imaged the gap between two substrates that
were brought closer to each other step by step. By filling the space
between the substrates with a liquid with index 7, we were able to
measure the NFP, while the AFP was determined independently
from the microscope by the piezo-stage holding the top substrate.
We have measured the re-scaling factor ¢ for several objectives
with various NAs, immersion refractive index 77, and sample
refractive index 75, with both RIMs where 71 < 7, and 77 > 7, in
awide range of depths and compared them to the analytical theory
and the wave-optics calculations. We demonstrate that the axial
re-scaling of 3D microscopy data, recorded with a refractive index
mismatch, using the depth-dependent re-scaling factor outper-
forms the re-scaling using existing linear re-scaling theories from
literature. Finally, we provide the reader with an online web applet
where one can visualize the depth-dependent axial re-scaling factor
for their specific optical setup and PyTHON software to re-scale data
acquired under RIM.

2. SCALING OF AXIAL DISTANCES DUE TO
REFRACTIVE INDEX MISMATCH

A. Geometrical Optics

Given a fluorescent object emitting light in an ideal, spherical
fashion, a flat interface with a refractive index mismatch will cause
disturbance to the fluorescent light propagation—in the form of
refraction. When an objective lens is collecting light under RIM,
this effect will be more pronounced with increasing NA of the
objective lens (OL) (and therefore collection angle); see Fig. 1(a)
for the overall geometry.

This is further illustrated using geometrical optics in Fig. 1(b)
through Fig. 1(d), where a light source is located 10 pm away from
the interface between 7; and 7,. In Fig. 1(b) no RIM is present
(n1 = ny = 1.0), where the undisturbed wave-fronts and rays are
shown in solid blue and black, respectively. The dotted horizontal
line depicts the interface with the RIM. Figures 1(c) and 1(d)
show two cases where RIMs are present, respectively, for 71 < 7,
and 7; > 7. The black rays follow Snell’s law when crossing the
interface, resulting in the wave-fronts (solid blue) deviating from
the ideal spherical shape (dashed blue). The caustic surface (pur-
ple) indicates where geometrical optics breaks down. From this
simple illustration, we see that the effect of RIM becomes more
pronounced with increasing collection angles (numerical aperture)
and increasing RIM contrast An = |ny — n].

When imaging with a microscope, there are two (independent)
axial coordinates to be considered: the actual depth of the fluores-
cent emitter z 4, as measured from the RIM interface (z4 = 10 um
in Fig. 1) and the nominal depth of the focal plane of the micro-
scope into the sample zy. A 3D image stack recorded with a
microscope under RIM has z, as an axial coordinate. Similar to
using the magnification M to re-calculate the true lateral dimen-
sions, the axial coordinates should be re-scaled using the re-scaling
factor ¢ = z4/zn to obtain a 3D stack with the actual depth z 4 as
an axial coordinate.

Geometrical optics can produce several estimates for the re-
scaling factor ¢. The paraxial rays are nicely focused, even under
RIM, producing the estimate [13]

é‘paraxial = 772/”1 . (1)



Research Article

Fig. 1.
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Effects of RIM demonstrated with geometrical optics. (a) OL imaging a fluorescent object (green star) without and with refractive index mis-

match, left and right, respectively. The dotted boxes are detailed out in (b)—(d). (b) A fluorescent object (green star) sits z4 = 10 pm deep from the refractive
index interface (dotted line) between 71 and 72,. With 7; = n, = 1.0, rays (black) and wave-fronts (blue) are depicted. (c) In the case where 7, = 1.0, 7, =
1.33 the ideal spherical wave-fronts (dashed blue) are deformed (solid blue) after crossing the refractive index (RI) interface. Rays are depicted in red to indi-
cate RIM and the caustical surface (purple) shows where geometrical optics breaks down. (d) In the opposite RIM case, where 7, = 1.52, 7, = 1.33, again
the wave-fronts are deformed under RIM and total internal reflection occurs. The NA is (b), (c) 0.95 and (d) 1.4.

Another geometrical optics estimate comes from Visser ez al.,
obtained from the marginal rays still fitting into the NA [14]:

(73 — NA?)

(n7 —NA?) @

é.mar inal =
8

The two re-scaling factor values paraxial and marginal are
irreconcilable in modern high-performance objective lenses
(with NA — 0.95 x 7). For the example shown in Fig. 1(c),
Cparaxial = 1.33 and  Cmarging = 2.98,  while for Fig. 1(d)
Cparaxial = 0.88 and margina — 0. Although these estimates are
derived from geometrical optics, {paraxial aNd Emarginal do provide
lower and upper bounds when 7; < 7, (reverse when 7y > 7,) and
are still useful checks in the wave-optics treatment.

B. Analytical Expression Describing Depth-Dependent
Axial Scaling

When considering the PSF of a wide-field microscope under RIM
two intrinsic length scales need to be considered: (i) several strictly
geometrical parameters 71, 712, 24, 2N, and NA, and (ii) the physi-
cal parameter of the (vacuum) wavelength of light used A = 27 /4,
which is independent of the exact RIM geometry, where £ is the
wave number. With changing imaging depth, the geometrical
parameters z4, zy do change, while the wavelength of light A
does not. Following the derivation outlined below, we find it is
exactly the interplay between the two length scales that yields a
depth-dependent re-scaling factor:

é. — { min[é‘univv Ccrit]’ if ny = nm (3)

max[&univ, Ceicl, otherwise ’

with

ny (=€) + Vel —¢)
X

univ —

" 1—(”—2)26(2—6)

ny

m —,/n%—NA2
ny — \/n3 — NA?

9

Ceric = Re

a4

ZAN)

€

{—H, if 7y >m

—1, otherwise ’

where ¢ is the axial re-scaling factor (¢ = z4/zn), 71 the immer-
sion refractive index, 7, the sample refractive index, A the
wavelength (in vacuum), z4 the actual depth of the imaged object,
and NA the numerical aperture. The re-scaling factor ¢ is a combi-
nation of the depth-dependent and NA-independent ¢ypiy, which
approaches the paraxial limit {parayial for large depths, and the
depth-independent and NA-dependent ¢, at shallow depths. &g
becomes relevant at such shallow depths where the assumptions
used to derive &yp;y breakdown (see for details Section 2.D).

C. Derivation of Analytical Theory through Wave-Optics

With geometrical optics ambiguous in defining the re-scaling
factor ¢ we have to turn to wave-optics. The most complete wave-
optics theory describing aberrations occurring under RIM was
developed by Hell ez a/. [17]. Their calculation scheme takes into
account the vectorial nature of light and is, in essence, equivalent
to the three-fold application of the scalar model described in [24].
The scalar model in turn is based on the general diffraction integral
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applied to the ray fans in RIM [25-27]. A scalar (radially symmet-
ric) PSF of a wide-field microscope under RIM is an integral over
Bessel beams:

2

)

(4)
where the PSF is dependent on both the actual depth z,4 and on
the nominal depth zp, as an image with intensities /(x, y, zx)
is a convolution of fluorophore distribution f(x, y, z4) and the
PSF(x, y, z4, zy). Furthermore, r =/x2 + y? as the PSF is
cylindrically symmetric, the amplitude factor A(0) = 1/+/cos 0 is
due to the Abbe-sine condition, Jj is the Bessel function, i = —1,
and the integral is taken over the NA of the objective lens. The
effects of RIM are engraved in the phase function @ (9):

PSE (x, y, 24, 2n) = ‘/ AB) % Jo(rk,) x ¢’®@ sin 6d6

DO) = k,(0) x 24 — k(0) x 2, ©)

where k, and #, are the axial wave numbers of the Bessel beams,
respectively, for a matched case and one undergoing RIM. In the
full vectorial treatment, there are three integrals of the form of
Eq. (4): Iy, I, and I, (one for each of the E-vector directions, with
different orders of Bessel functions). The first integral 7y has a
Bessel function of the order zero and s, in essence, the diffraction
integral used in the scalar-light theory. The other two integrals /4
and 7 of the full vectorial theory contain the same phase function
®(0) as in Iy, and, moreover, they vanish at » = 0. Thus, we will
consider only the scalar-light version of the wave-optics Eq. (4) for
finding an explicit analytical form of the re-scaling factor ¢ in the
following paragraphs.

Compared to the ambiguous behavior of geometrical optics,
Eq. (4) provides a clear prediction of the behavior of a microscope
imaging under RIM. For a given depth z4 of a fluorescent object
there is a focal plane depth zy(z4) where the PSF is maximal
(i.e., the object is in focus), and ¢(z4) =z4/2n(24). Under
RIM, two intrinsic length scales need to be considered: (i) several
strictly geometrical parameters 71, 72, 24, 5, and NA, and (ii) the
(vacuum) wavelength A =27 /k, which is totally independent

™~

(@

Fig. 2.
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of the RIM geometry. These two length scales are fused together
in Eq. (4) via the phase function ®(#). With changing imaging
depth, the geometrical parameters also change (e.g., the path
length difference between the paraxial and the marginal rays).
Reversely, the wavelength of light does not depend on the depth.
Soitis the interplay between geometrical and physical length scales
that results in a depth-dependent re-scaling factor ¢ (z4) # const.

To find ¢ without calculating the integrals like Eq. (4) we esti-
mate the maximum of such an integral by finding the leading terms
ofasimpler integral:

To estimate the maximum positions of J,pprox and assuming that

2

(©)

¢'® is oscillating fast (for example, at large depth), we try to find the
stationary points 6* where d®/d0 = 0 [28]. The structure of O (0)
in the case of 7; < 7, is shown in Fig. 2. The axial wave numbers
under RIM and without RIM, £, and #,, belong to the Ewalds’
spheres [Fig. 2(a), red and black], with £/(0) = £, () = k; X sin 0
conserved under RIM due to Snell’s law. Radial wave number
conservation allows the use of sin 6d0 = dk, /k,, making Eq. (4)
more similar to Zprox. The two integrals [Eqs. (4) and (6)] are
taken over spherical segments having the same width, but different
radii due to RIM, where the larger sphere is flattened compared
to the smaller one. The RIM phase-function ® () re-scales these
spheres in the axial directions in z4 and zp; see Fig. 2(b). The
stationary points 6* are found where the two re-scaled spheres are
running in parallel to each other (dashed lines, d®/d6 = 0). There
is always a stationary point at § = 0, and a stationary point might
appear for a single non-zero 6. For a given z4 and zy, there is an
interference between the contributions from the two critical points
(e"®© and ¢®*®) which controls the shape of the PSF. And when
the interference is the most constructive, then the object appears in
focus.

To find the non-zero stationary point 0* we rewrite ® using
Ewalds’ spheres and Snell’s law:

! do
do

Rty SRR

VZ x O

Nz Iy

(b)

Structure of @ (0) for ny < n,, where the diffraction integral in k-space is illustrated with the arcs of Ewalds’ spheres. £/ and #, are the axial wave

numbers with and without RIM. (a) After transition to a new medium the NA is preserved (due to the Snell’s law) while a different Ewalds’ sphere is used,
going from black (no RIM) to red (under RIM). (b) The RIM phase-function ® () re-scales (multiplies) the spheres in the axial directions in z4 (red) and
z (black), and the phase derivative can be set to zero only at one point on the arc depending on the exact values of zy and z4 (for non-zero 0). The Ewalds’
sphere curvature under RIM changes with changing depth (red translucent, Azy) and with it the stationary point d®/d6 = 0.
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K (0) =k* — k. (0)°, k(0)* =k — k. (0)°,

so that when differentiating & by £,,
dd & k,

h T A + Rk 7)
and ata stationary point6* : j—g’ =0(k: Z% =0),
k| _ za ®
/ez 9% B zN’

that is, the larger radius and thus flatter spherical segment were
multiplied by the larger depth z4 and the smaller radius and more
curved spherical segment by the smaller z (respectively, red and
black in Fig. 2). The distance in the vertically stretched segments
is the phase function ® () as sketched in Fig. 2(b). The single
intermediate stationary point has to be a minimum for 77 < 75, as
the difference £, (0) — £,(6) in Fig. 2(a) increases for larger angles
6 (radial wave numbers £,) thanitisatd = 0 (£, = 0):

ZA > ZN,
kg(o) - kz(o) < kg(emax) - /ez(emax)»
D(0) < P(Omax)-

The stationary phase points of the integral in Eq. (6) correspond
to the rays of geometrical optics [26-28]. Hence, the re-scaling fac-
tor must fall within the bounds set by ¢araxial and {marginal. Contrary
to the purely geometrical optics approach, we have now two contri-
butions to balance: the paraxial one ¢’®® and the intermediate one
PP

We estimate for which z,4/zy the two stationary point con-
tributions ¢/®©@ and ¢’®®) build the largest constructive
interference. The relative strengths of the two leading contri-
butions in the integral Z,prox [Eq. (6)] depend on the width of
the stationary points of ®, and hence on the second derivative
of @. The contributions of stationary-points in Eq. (4) are also
weighted by pupil-amplitude factor A(f). Instead of finding the
exact weight of each contribution, we study how the phase func-
tion @ (0) behaves in several focal positions zy(z4), which can be
determined by full vectorial PSF calculations.

This is shown in Fig. 3(a) for NA =0.95, 7; < 1. The phase
function at the second stationary point lies between —% and — 27”
from the phase function at the first stationary point. Therefore, we
select the following condition when deriving an explicit formula

for¢:
b/
@(9")-@(0)“—5, )

where a fixed —77 /2 separation is assumed, as if the two stationary
points constitute a single and uninterrupted constructive interfer-
ence area when the microscope is in focus. With this approximate
condition set, Snell’s law, and the Ewalds’ spheres scaling Eq. (8)
established, we solve a quadratic equation to derive an explicit
formula for ¢. From Eq. (9) and the definition of ¢ we have

®(0) = narkozg — nikozy,
Q(0%) =k, (0%)z4 — k(07 2N,
/?Z(e*) ﬂ]/?o T

— oy — :
¢ 2R ¢ 2z4

O RO (1220,

ko ko n2z4

k.(0%) —
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where the dimensionless parameter € = % appears. This param-
eter embodies the before-mentioned interplay between the purely
geometrical and purely physical length scales of the RIM. Applying
Eq. (8),
R(0%)* — ko(6%)
k2 (0%) ko
Using Ewalds’ spheres, Snell’s law, and Eq. (8) yields

=n¢(1 —€) —ny. (10)

K.(0)? + k,(6)> = n3kZ,
k(0)? + k, () = n2 k2,
k(0)* — k(0) = (n5 — nd) kg = m* kg,
k(022 = 1) = m*k.
Goingback to the left hand-side of Eq. (10),
K(0%) —k(0%)  mPhy
ROk RO

;2_11

and hence for the equation

my 2 —1=n(1 —€) — ny, (11)

2
¢? ((1 —e)? - (nﬁ) ) —2%“(1 —o+1=0, (12
2 2

which, when solved for ¢ leads to

ny =€)+ 2Ve2—¢)

{(z4) = — X

™ 1— (3)26(2—6)

n

(13)

When imaging under the RIM condition 7y > 75, the deriva-
tion is similar, with some slight differences. The red and black
colors in Fig. 2 should be switched, which changes the second
stationary point from a minimum to a maximum:

ZA < ZN,
k;/(()) - 'Z"z(()) < k;/(‘gmax) - kz(emax)9
@(0) > P (Omax)-

as is shown in Fig. 3(b) where the second stationary point is
observed between +1/3 and +27 /3 from the first. With a fixed
separation of +m/2 assumed, we start the derivation with a
reversed sign on the right-hand side of Eq. (9) and thus obtain a
reversed sign of €. Together with 7% < 0 the same formula Eq. (13)
therefore remains valid for the case of #; > 7,.

D. Critical Value at Shallow Depths

Atvery large depths, the re-scaling factor ¢ approaches the paraxial
regime [Eq. (1)], as € — 0. At very shallow depths (i.c., large €)
Eq. (13) becomes problematic: {(z4 =0) =00 when 7, > n;
and ¢ (z4 =0) =0 for n, < n, going beyond the bounds of the
geometrical optics [{marginal in Eq. (2)]. This is related to the fact
that the actual value of the NA of the objective lens was omitted in
the derivation so far. At ever decreasing depths, the second critical
point 6* moves to higher wave numbers 4, and higher angles 0
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z, =100 pm — n,=133 n, =1.52
50 um --- m=10
rd - \~
/2 10 um /2 4 .
s S
& 0 s 04 \
LS S 1
1 \
1 1
1 1
1 1
/2 -1/2 A [
50 um [
N 1 1
SaLt — n,=1.33 || ‘l
n, =10 --- n,=152 10 pm o
- T T T T - T T — T
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1
k. / ko k; / ko

(@)
Fig. 3.

RIM phase function difference ® — ®(0) taken in the focal position zx(z4), determined from the wave-optics calculations for fluorophore

depths z4 set to 10 um (red), 20 pm (green), 50 pm (blue), and 100 pm (black). (a) Objective NA of 0.95, #; = 1.0, 7, = 1.33 (solid lines) and 72, = 1.52
(dashed lines). (b) Objective NA of 1.4, n; = 1.52, n, = 1.33 (solid lines) and 7, = 1.0 (dashed lines). For both cases, the second stationary point is
somewhere between 77/3 and 277 /3 from the paraxial stationary pointat k, /ky = 0.

(peak of the phase difference in Fig. 3) undil it falls outside the
NA of the optical system [Fig. 2(a)]. Hence, there is some (NA-
dependent) depth below which the assumptions we used to derive
Eq. (13) break down. We will hence derive a NA-dependent critical
value of re-scaling i to be used at small depths.

With the whole range of phase function values ®(0) becoming
smaller than 77 /2 at small depths, the eatlier condition on the sep-
aration of the critical points [Eq. (9)] cannot be satisfied anymore
within the confines of the NA. At such small depth, the entire pupil
participates in constructive interference and the breakdown condi-
tion can be written as

®(0) = D(6*) — % = D (Onar). (14)

From the definition of ® (0) and 4, (Oma) = ko x NA,

nakozg — nikozy =/ n3 — NAZkoz 4 — +/ ni — NAZkoz,

andas¢ = 4 onegets

7/11—,/;’1f—NA2
ny — /3 — NA?

Equation (15), together with the universal NA-independent
expression for ¢ Eq. (13), forms Eq. (3) and describes the
depth-dependentaxial scaling when imaging under RIM.

é’cri( = (1 5)

E. Re-scaling Microscopy Data

When re-scaling microscopy data from the native zy coordinate
into the true depth coordinate z4, it is convenient to use the re-
scaling factor as a function of the nominal depth zy instead of
the actual depth z4 utilized in Eq. (13). In this case, a different
dimensionless parameter § can be used for the derivation:

AJ4

b
n1ZN

1)

(16)

and Eq. (12) can be re-written as

my/ 2 —1=m¢ —ni(1+9),

2
n m
=221+ 8 + (—) +(1+8)? =0,
n1 1
yielding the re-scaling factor as a function of zy:

;“(zzv):? x (1+s>+nﬁ,/a<z+a>. (17)
1 1

3. METHODS
A. Wave-Optics Calculations

For the wave-optics calculations of the PSFs we adapted the most
complete description from Hell ez a/. [17]. The radially symmetric
fields (of both excitation and emission light) are represented as
integrals over component Bessel beams. The wave-optics is linked
with geometrical optics through an elegant mathematical corre-
spondence between Bessel beams and light-cone sections of the ray
manifold [25,26,29]. The effects of RIM are taken into account
as (RIM-dependent) phase shifts of the component Bessel beams,
resulting in a new interference pattern of the field and thus in a
new PSF shape. The (dimensionless) intensity of a focal spot can be
found by computing three integrals /y, /1, and /;:

PSF = |o|> + 4> + | &I, (18)

Integrals /; each have a Bessel function of the first kind
Ji(rk,(0)) weighted by some coefficients of geometric origin.
The common factors are sin @ (from the Jacobian), 4/cos 8 (from
Abbe’s sine condition), and ¢’®® (the RIM induced phase shifts).
The argument of the Bessel functions is 74, (0) =7 X nakg sin 6.
Taking into account the light polarization, the following factors
appear: [y contains a factor of (1 + cos0), /[; a factor of sin#6,
and 7, a factor of 1 —cosf. For each polarization orientation
s and p, the partial transmission is taken into account as  (6)
and #,(0) coefficients. Thus, the polarization factors become
£,(6) + £,(0) cos 0 in Iy, £,(0) sin € in I}, and 7, (0) — £ (0) cos O
in 7. The integrals then become



Research Article

Omax

Vol. 11, No. 4 / April 2024 / Optica 559

Iy= Jo(rk, (0))e"®® sin 0(2,(0) + #,(0) cos )~/ cos O sin 0, £ =0.003 nm™") to remove high-frequency ringing oscillations.
0 The axial focal position z}, was determined by taking the maxi-
Omax 4 mum of the filtered profile and the re-scaling factor was computed
I = J1(rk, (0)e'® @1 () sin 04/ cos 0 sin 6d6, as{ =z4/2%.
0
Omax . B. Axial Scaling M t
L=[ " L0k )@ (,0) — 1,(8) cos0)v/cos 0 sin 06, el Sealing Teastirements

0

with O, = Re(arcsinNA/7;) the maximum angle of the light
cone, the phase function

D) =ky x (nzzA cosO — mizny/ 1 — ng/n%sinze) ,

and the transmission coefficients £ (9) and 7, (6):

2 cos 6
(0) = )
cosf +,/1— n%/n%sinze
2 cos 6
o) ="2 = :
"2 cos@ + /1 — n3 /n3sin’0

The computations of the integrals were performed through
a MarLaB script producing 2D PSF cross-sections (7 X zy,
10 x 20 pm) onan V* = 2048 x 2048 pixel grid from M = 2000
Bessel beam components. To minimize the number of Bessel func-
tion invocations, each of the integrals /; was represented asa double
matrix product:

I :][NXN x AIMXM x EMXN’
where iN *Nis the matrix containing the Bessel function, AZM *Mig
the diagonal matrix created from all the position-independent fac-
tors, and E*V is the matrix containing the zy-dependent phase
change of M Bessel beams.

For every RIM condition, a series of 2D PSF cross-sections
(lateral x axial, X Z planes) was generated with the actual depth
z4 changing from 0.2 to 5 pm with a step of 0.2 um. Step sizes of
0.5 and 1.0 pum were used respectively from 5.5 to 25 pm and from
26 to 150 pm. The axial center of the calculated PSF frame was
shifted with the actual depth z,4 using the paraxial scaling factor
Z(z)v = z4(n1/n2). In the lateral center of each frame, the Z profile
was extracted and passed through a Butterworth low-pass filter

(fifth order, sampling and critical frequencies f; =0.1 nm™',

We measured the depth-dependent axial scaling using a fluores-
cence microscope setup described earlier [9], for different refractive
index mismatches and numerical apertures, as listed in Table 1. A
schematic of the measurement scheme is shown in Fig. 4(a), where
asapphire ball (BA, Ceratec, 2 mm diameter, grade 10) is separated
from a coverslip (CS, Thorlabs #CG15CH2, 22 x 22 mm, #1.5H
thickness). The sapphire ball was glued to a glass strip (GS) with
a small droplet of UV curable glue (Norland Optical Adhesive
63). Fluorescent beads (FB, diameter 190 nm, excitation 480 nm,
emission 520 nm, Bangs Labs #FSDG002) were dropcasted on the
coverslip using a micropipette. Both surfaces were cleaned with
acetone and isopropyl alcohol and dried with nitrogen. The glued
sapphire ball was dipped in the solution and dried three times to
apply the beads to the surface. Beads on both surfaces were imaged
by acquiring a z-stack with the fluorescence microscope using
an excitation wavelength of 485 nm (Lumencor SPECTRA X),
dichroic mirror (Semrock #FF410/504/582/669-Di01-25%36),
and an emission filter (Semrock #FF01-525/30-25). The objec-
tive lens was mounted upright and was moved by stick-slip piezo
positioners (SmarAct GmbH) in X, Y, and Z. The correction
collar setting of the OL was optimized to minimize spherical aber-
rations when imaging beads on the coverslip. The glass strip with
a sapphire ball was mounted to the sample shuttle holder (SSH),
Fig. 4(b). This holder was moved by piezo positioners, and hence
the distance between the coverslip and the ball was controlled.
Details on the positioning systems can be found in [9].

We used different objective lenses, but all were compatible with
the Nikon CFI60 optical system, and were used together with a
200 mm tube lens (Nikon #MXA20696). Care was taken to center
the pupil of the objective lens to the center of the tube lens, after
which the objective lens was solely moved along the optical axis.
With the distance between ball and coverslip set, a z-stack was
acquired by moving the objective lens. In Fig. 4(c) the maximum
intensity projection along ¥ is shown for such a z-stack, where the
fluorescent beads were imaged using a 100, 0.85 NA objective
(Nikon #MUE35900) in the absence of a refractive index mis-
match (7; = n; = 1.0). The bottom fluorescent signal originates

Table 1. Overview of Microscope Objectives and Refractive Indices in the Measurements

NA Nikon # M Pixel Size [nm] FOV [um] Correction Collar n n,
0.70 MRHO08630 60x 108.3 110.9 Yes 1.0 1.0

| | | | | | 1.0 1.34
| | | | | | 1.0 1.52
0.85 MUE35900 100 x 65 133.12 Yes 1.0 1.0

| | | | | | 1.0 1.34
| | | | | | 1.0 1.52
0.95 MRDO00605 60x 108.3 110.9 Yes 1.0 1.0

| | | | | | 1.0 1.34
| | | | | | 1.0 1.52
1.25 MRD77400 40x 162.5 166.4 No 1.34 1.34
1.40 MRDO01901 100 x 65 133.12 No 1.52 1.52
| | | | | | 1.52 1.34

| | 152 1.0
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Fig. 4.

Experimental setup, and data analysis procedure, used to measure depth-dependent axial scaling. (a) Schematic showing the movable optical

objective lens (OL) and sapphire ball (BA) at opposite sides of the static coverslip (CS), with fluorescent beads (FB) on their surfaces. (b) Photograph
showing the objective lens (OL), coverslip (CS), and sapphire ball (BA). The ball is glued to a glass strip (GS), which is mounted to the sample shuttle holder
(SSH). Scale bar 3 mm. (c) Maximum intensity projection along the ¥ axis of a recorded z-stack where 7, = 7, = 1.0. The bottom fluorescent signal orig-
inates from beads residing on the coverslip, and the signal at the top from beads on the sapphire ball, shown by the visible curvature. (d) Schematic showing
three different distances between ball and coverslip, going from clear separation (I) to contact (II) and deformation of the coverslip (III). The dashed lines
indicate the position of both ball (red) and coverslip (black). () Position of the coverslip and ball versus the set ball-coverslip distance z; (top) and the same
data near the coverslip (bottom). (f) Landing curve (in zy coordinates), plotted against the set depth zg (top). The fit values from a piecewise linear fit
are used to determine the contact point between ball and coverslip, and this yields the observed focal depth z versus the actual depth z,4 from which the

re-scaling factor { = z4/zy was calculated (bottom).

from fluorescent beads residing on the coverslip. The signal at the
top comes from the beads on the sapphire ball, as recognized by the
visible curvature.

The AFP was varied by changing the distance between ball and
coverslip, and the contact point between them was first approxi-
mately set by having both the fluorescent beads on the coverslip
and bottom side of the ball in focus of the microscope. Next, the
starting AFP (z4, typically around 100 pm) was set by moving
the ball away from the coverslip and the AFP was reduced step by
step [see Fig. 4(d), I through III]. At each set depth z4, a z-stack is
recorded around the coverslip and ball separately (by moving the
objective lens, —4 to 8 pmand —8 to 8 pm, respectively, both with
a step size of 0.25 pum). To ensure the second z-stack was acquired
around the beads on the surface of the ball, we used {marginat and
Cparaxial €Stimates for <20 pm and >20 pum, respectively. At the
end of the measurement sequence the ball was forced into contact
with the coverslip, slightly deforming it by setting negative values
of AFP on purpose (to about—2 pm); see Fig. 4(d), I11.

The 3D positions of all fluorescent beads in the recorded z-stack
were acquired using the PSF Extractor software [9,30] and the
X, Y, and Z locations of all fluorescent beads were extracted.
From these, the position of the coverslip z¢s was determined by
taking the median of the z positions of the beads on the coverslip,
and a least squares paraboloid fit on the coordinates of the beads

residing on the ball surface was used to determine the lowest point
of the ball zp. These z positions are plotted against the set depth z
in Fig. 4(e) for the ball (black) and coverslip (red). Around 5.5 pm
the ball and coverslip make contact, effectively deforming the
coverslip at lower set depths. The coverslip position was subtracted
from the lowest point of the ball (zy =25 — z¢s) and plotted
against (zs); see Fig. 4(f) (top). A piecewise linear function of the
form

anlzs) = | 20 if z5 < zg9
NAZS zno + (25 — z50)/m, otherwise

is used to determine the offset zyp between coverslip and ball,
the inflection point zsg, and the slope of the curve m. The fit is
performed using a Levenberg-Marquardt non-linear least squares
algorithm. We fit the data from —2 to 20 pm around the inflection
point, and pass the measured values to the uncertainty param-
eter sigma in SCIPY.OPTIMIZE.CURVE_FIT [31]. This artificially
increases the uncertainty with increasing depth, and ensures that
the inflection point can be found reproducibly for all datasets.
The fit values are used to calculate the AFP for each set depth
24 = 25 — zno + mzso. The result is shown in Fig. 4(f) (bottom),
where the observed nominal depth zy versus the actual depth
z4 is plotted, from which the re-scaling factor (¢ = z4/zy) was
computed.
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C. Re-scaling of 3D Microscopy Data

To demonstrate and test the re-scaling of 3D microscopy data,
we recorded z-stacks of fluorescent beads embedded in an agarose
hydrogel for n; < n3, n; = ny, and n; > ny, where the #; = n,
case serves as a ground truth for the re-scaling of the mismatched
cases. To prepare the sample, we first coated a coverslip with fluo-
rescent beads (190 nm, excitation 480 nm, emission 520 nm,
Bangs Labs #FSDG002) by dropcasting from isopropyl alcohol
(IPA). Next, an agarose gel was prepared (2w%) by mixing Milli- Q
water and agarose (Low EEO, Fisher Scientific) and heating to
boil in a microwave. 25 pL of the same beads in IPA were added to
225 mL agarose gel while warm. The mixture was pipetted into a
glass sample cell composed of a microscope slide to which two small
pieces of microscope slide as spacers were glued (using Norland 81
optical adhesive) roughly 0.5 cm apart, on top of which a #1.5
coverslip (180 um thickness) was glued. After filling the cell with
the agarose gel containing the beads, the cell was sealed with optical
adhesive. After each gluing step, the sample was cured by exposure
to UV light (~350 nm) for 90 s, and during the last curing step the
beads were protected using a piece of aluminum foil.

Confocal z-stacks of the same volume were repeatedly recorded
with different objectives using a Nikon C2-SHS C2si confocal
on a Nikon Eclipse Ti inverted microscope with a 488 nm exci-
tation laser. If the microscope objective had a correction collar,
we optimized its position to minimize spherical aberrations while
inspecting beads on the coverslip before the recording of the z-
stack. We used the following procedure to record the z-stacks (with
a 500 nm z step size). On the back of the sample (i.e., the side of
the microscope slide) a spot was drawn using a felt marker. We then
imaged this spot in bright field using a 10 x /0.4 NA air objective
and chose a reference feature in this spot to find back the same
position in the sample. Next, we switched to the 100 x /1.4 NA
oil objective, and recorded a confocal z-stack including the cov-
erslip interface. We then removed the immersion liquid from the
sample, and found the same position again using the 10 x /0.4 air
objective. At this position, we again recorded a z-stack, but now
with the 100 x /0.85 NA air objective. Finally, we recorded at the
same position a (ground truth) z-stack using a 40 x /1.25 NA
water objective. For single bead comparison, we cropped volumes
in the three stacks comprising the same beads in the ground truth
(water immersion) stack and the axially deformed stacks (air, oil
immersion). We determined the coverslip-to-sample interface
as the intensity peak of the beads deposited on the coverslip and
cropped the z-stack above the coverslip.

1.70 ﬂ m=10 n,-133

Lesp . NA = 0.95

1.60 0.85
= 1.55 0.70
s - -

1.50

1.45

1.40 ]

0 20 40 60 80 100
AFP [um]
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Re-scaling of the data was done either using the linear theo-
ries [4,13,15,16] where the voxel size in z was simply corrected,
or using the depth-dependent re-scaling. For the latter, the AFP
of each slide in the stack was calculated using Eq. (17), with the
Lyakin scaling factor as the critical value instead of Eq. (15). Next,
a linear z-stack was generated with a z step size corresponding to
the original stack and a range corresponding to the final AFP. The
intensities in this z-stack were interpolated (using inverse distance
weighting) from the two nearest slices in the (non-linear) AFP
z-stack. A Jupyter Notebook to perform the linear and non-linear
re-scaling is available at [32].

D. Refractive Index Measurements

The refractive indices of the immersion oils used in this study were
measured using an Abbe refractometer (Atago 3T). The indices
were measured at 7= 25°C and at a wavelength A , = 589.3 nm.
Using a measured dispersion value, the indices were converted
using Cauchy’s relation to A = 520 nm [33]. This resulted in the
following refractive indices: 725, = 1.5197 (type DF immersion
oil, Cargille) and ”%go =1.3421 (Immersol W 2010 immersion
oil, Zeiss).

4. RESULTS
A. Validation through Wave-Optics Calculations

We first validate the derived analytical expression by comparing it
to wave-optics calculations, performed as described in Section 3.A.
This is shown in Figs. 5(a) and 5(b), respectively, for RIM contrasts
of n; =1.0 = ny, =1.33 and n; = 1.52 — n, = 1.33. The axial
re-scaling factor ¢ is plotted versus depth, as obtained through
analytical expression Eq. (3) (colored solid) and as calculated using
wave-optics (colored dashed). For 7; < n, [Fig. 5(a)] the re-scaling
factor increases at shallow depths, where the re-scaling (constant)
maximum is determined by the numerical aperture of the opti-
cal system (i.e., the z4-independent value of ¢u;). At increasing
depths it levels towards the 7,/7; limit, following the universal
(i.e., NA-independent) curve {yniy. The wave-optics calculations
deviate from the analytical expression due to some oscillations
remaining after data processing of the computed 2D PSFs. Despite
this, they follow the general trend in the NA-independent regime
[Zuniv in Eq. (3)] for the different NAs plotted. At shallow depths,
the plateau from the analytical expression [£; in Eq. (3)] is repro-
duced by the wave-optics calculations, though the exact re-scaling

0.85
0.801 -
0.75
< 0.70
0.65
0.60
n, =1.52
0.55 n,=133  NA=140
0 20 40 60 80 100
AFP [um]
(b)

Fig.5. Axial re-scaling factor ¢ versus AFP for different NAs and RIM contrasts, obtained through analytical expression Eq. (3) (colored solid) and as
calculated using wave-optics (colored dashed). For each NA the re-scaling factor as calculated by Lyakin ez 4/. is included as a black solid line [16]. (a) ¢ asa
function of AFP for NAs of 0.95, 0.85,and 0.70 at z; = 1.0 and 7, = 1.33. (b) ¢ asa function of AFP foraNA of 1.4 at »; = 1.52 and n, = 1.33.
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factor value fits between the analytical expression and the re-scaling
factoras calculated by Lyakin ezal. [106].

In the case of #1 > n, [Fig. 5(b)] the re-scaling factor as given
by Eq. (3) decreases at shallow depths, also reaching a plateau value
determined by the numerical aperture. For this RIM contrast the
plateau is very small, yielding a fast changing re-scaling factor in
the first 10 pm after the refractive index interface. Imaging deeper,
the re-scaling factor again levels towards the 7;/7; limit. The
wave-optics calculations show less extreme axial scaling at shallow
depths, while we find good agreement for depths >15 pm.

B. Validation through Experiments

Five different objective lenses are used to measure depth-
dependent axial re-scaling factors as explained in Section 3.B,
varying in numerical aperture, immersion refractive index 7, and
magnification. Immersol W 2010 immersion oil (Zeiss, ”%go =
1.3421) and type DF immersion oil (Cargille, ”ggo =1.5197)
were used in experiments. We will first discuss two cases in
detail below, 7n; =1.0—> n, =1.34 for a NA of 0.85 and
n; =1.52— ny, =1.34 for a NA of 1.4. For the other cases
listed in Table 1, figures are presented in Supplement 1 and will be
discussed afterwards.

1. NA=0.85,n,=1.0,n,=1.34

In Fig. 6, the axial re-scaling factor ¢ is plotted against the actual
depth z4. The measurements (solid blue dots) are plotted along-
side the wave-optics calculations (dashed blue lines), analytical
solution (solid black lines), and literature theories (solid colored
lines). From our individual sets of measurement data, the mean
(solid black dots) is computed by binning along z4, plotted in
the center of each bin (bin sizes of 1 and 10 pum, respectively, for
0 to 10 pm and 10 to 100 pm). We estimate an upper error limit

Measurements —— Stallinga (2005)
®  Mean + error —— Lyakin (2017)
-- Wave optics calculations — Diel median (2020)

—— Analytical theory

Diel mean (2020)

48

zx [um]

Fig. 6. Axial re-scaling factor ¢ versus AFP for a NA of 0.85, imaging
under a RIM contrast of #; = 1.0 — 7, = 1.34. Measurement data (solid
blue dots) are plotted alongside the wave-optics calculations (dashed
blue lines), analytical solution [solid black lines, Eq. (3)], and depth-
independent theories (solid lines). Two sets of measurement data are
plotted individually and from these data the mean (solid black dots) is
computed by binning along z4, plotted in the center of each bin (bin
sizes of 1 and 10 pm, respectively, for 0 to 10 pm and 10 to 100 pm).
The measurement error (shaded blue area) is the sum of the measurement
standard deviation and an estimated upper error limit.
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of (100 nm/zy + 100 nm/z4)¢, in determining the various z
positions, composed of errors from: (i) positioning of the piezo
stages, (ii) determining the position of ball and coverslip by fluores-
cent bead localization, and (iii) fitting uncertainties in the landing
curve. The total measured error for the re-scaling factor (shaded
blue area) is the sum of the rolling standard deviation of the mea-
surements and the upper error limit. It increases significantly at
shallow depths, which is confirmed by acquiring data without RIM
present, and applying the same data analysis as shown in Figs. S4
and S10.

Results are shown for a RIM contrast of 7; = 1.0 — n, = 1.34
in Fig. 6, where the uncertainty in the measurement data increases
at shallow depths, while at larger depths the measurements cap-
ture the decay of the re-scaling factor but are slightly higher than
the wave-optics calculations and analytical theory. Although we
have taken care to align the optical system, we do expect some
misalignment and/or residual optical aberrations to be the cause
of this deviation. Especially, residual spherical aberration induced
by a non-perfect correction collar setting could influence the
measurements.

Looking at the exact value of the plateau at shallow depths, the
analytical expression overestimates the re-scaling factor compared
with the measurements and wave-optics calculations. In fact, both
re-scaling factors from Lyakin and Stallinga give better agreement
with the measured data [15,16] and in practical terms seem to pro-
vide a better value for ... At extreme depths of z4 = 10 mm the
depth-dependent re-scaling factor approaches the n,/7; = 1.34
limit set by Carlsson ez /. (not shown in Fig. 6) [13]. At more real-
istic imaging depths of 100 pm, the median from Diel coincides
with the depth-dependent re-scaling factor and their mean gives a
good agreementatz4 = 40 pm.

2. NA=14,n=1.52,n,=1.34

In Fig. 7, the axial re-scaling factor ¢ is plotted against the actual
depth z4. We find good agreement between measurement data
and the analytical theory when imaging under a RIM contrast
of n; =1.52— ny =1.34, as shown in Fig. 7. The measure-
ments presented agree with the analytical theory and only start to
drop more at shallow depths (<4 pm). The relative error when
approaching z4 = 0 increases for z4 and zp as the error in both
is affected by determining the point at which the sapphire ball
touches the coverslip. We have also included re-scaling factors
as measured by Petrov ez al. where they use a method with much
smaller measurement errors (see also inset) [23]. Combining the
measurement data from Petrov at shallow depths, and our own
measurements data at larger depths, we find very good agreement
with the analytical theory presented. Although the analytical
expression provides a plateau for the re-scaling factor { i = 0.64,
this is not reproduced in the measurement data from Petrov.

Our wave-optics calculations also match the analytical theory
at larger depths, but deviate below z4 =4 pm. At the same time,
they do overlap with wave-optics calculations from Egner and Hell
[19]. At these shallow depths, an offset of a few tens of nanometers
in the NFP has a dramatic effect on the re-scaling factor and hence
super-critical angle fluorescence (SAF) effects are significant [34].
Although SAF is not included in the analytical derivation, it is
considered in the wave-optics calculations through the Fresnel
transmission coefficients when using the vector PSF model. The
axial deformation is, however, enhanced by SAFE as the NFP shifts
< 40 nm away from the objective [34]. Therefore, the difference in
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Fig. 7.  Axial re-scaling factor ¢ versus AFP for a NA of 1.4, imag-

ing under a RIM contrast of 7; =1.52 — n; = 1.34. Measurement
data (solid blue dots) are plotted alongside the wave-optics calculations
(dashed blue lines), analytical solution [solid black lines, Eq. (3)], and
depth-independent theories (solid lines). Three sets of measurement data
are plotted individually and from these data the mean (solid black dots)
is computed by binning along z4, plotted in the center of each bin (bin
sizes of 1 and 10 pm, respectively, for 0 to 10 pm and 10 to 100 pum).
The measurement error (shaded blue area) is the sum of the measurement
standard deviation and an estimated upper error limit. Measured data
and theory as presented by Petrov e al. and wave-optics calculations from
Egner and Hell are included [19,23].

the re-scaling factor between the wave-optics calculations and the
analytical theory has already been reduced by the incorporation of
SAF in the calculations.

Up to depths of z4 =1 pum, there is a ~250 nm difference in
the NFP found between ¢ = 0.64 (analytical theory) and ¢ = 0.78
(wave-optics calculations). This is too large to be caused by the
chosen method of determining the focal position (i.e., maximum
axial intensity [19] versus minimal lateral width [23]). As such,
we do not have a fitting explanation for the discrepancy between
the wave-optics calculations and the analytical theory along with
measurements from Petrov ez /.

3. Otherlmaging Scenarios

The measurement data for the remaining cases listed in Table 1
are shown in Figs. S1 through S11, where the re-scaling factor ¢ is
plotted against z 4, alongside the wave-optics calculations, analyti-
cal solution, and depth-independent theories. For each objective
lens used we acquired data without a refractive index mismatch
present and applied the same data analysis procedures as for axially
scaled measurements (Figs. S1, S4, S6, S9, S10). In all cases, the
spread in the measurement data increases below z4 = 10 um as
uncertainties in determining both z4 and z, increase. At higher
depths, no reproducible deviations away from ¢ = 1.0 are found
in these data, and we note a maximum error of about 2% in the
measurements. The data shown in Fig. S9 are of special interest
where we have used a water immersion objective to verify our
measurement method and analysis when having immersion oil
(n =1.34) present between the coverslip and sapphire ball. We
find a mean re-scaling factor of 0.99 & 0.05 (standard deviation)
over the entire depth range, and apart from the increased scatter
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near z4 = 0, the re-scaling factor remains approximately constant
(¢ = 1.0) asa function of depth for each individual dataset.

The objective lens with the lowest numerical aperture that we
used in our measurements had a NA of 0.7, of which the results
are presented in Figs. S2 and S3 (#; =1.0 > n;=1.34 and
n1 = 1.0 > n, = 1.52). In both cases, the wave-optics calcula-
tions reproduce the analytical expression, while the measurements
only reproduce the general trend for higher RIM contrast of
n1=1.0— n,=1.52. In the case of n; =1.0— n, =1.34,
the measurement uncertainties obscure a clear trend in the
measurement data.

The RIM of #; = 1.0 — 5, = 1.52 for the 0.85 NA objective
lens is shown in Fig. S5. Both the wave-optics calculations and
measurement data reproduce the behavior of the re-scaling factor
as predicted by the analytical expression. Comparing against the
measurement data, Lyakin and Stallinga again provide the best
critical value ¢ ;.

In the case of the 0.95 NA air objective (Figs. S7 and S8), again
the wave-optics calculations reproduce the analytical expression
over the entire depth range. For the measured data, however, the
trend of the NA-independent regime yniversal is reproduced, but
the measurements fail to replicate the strong increase to the plateau
given by {ir below z4 =20 pm. Along with depth-dependent
re-scaling being more prominently present with increasing NA, so
is the sensitivity to any remaining (i.e., spherical or tilt) aberrations
in the optical setup. We have taken care to minimize these, but we
estimate that residual aberrations lower the effective NA, obscuring
the rise to the plateau in the measurements.

For the 1.4 NA oil immersion objective, we present the RIM
case of 73 =1.52— n, =1.0 in Fig. S11. Again the general
depth-dependent behavior is reproduced in the measurements, but
the re-scaling factor is underestimated at the coverslip while it is
overestimated when imaging deeper into the sample.

C. Axial Re-scaling of 3D Microscopy Data

To test axial re-scaling of 3D microscopy data using our
depth-dependent theory, we recorded confocal z-stacks of
beads suspended in an agarose hydrogel, from the coverslip to
100 pm depth (zp). These z-stacks were recorded using the
100 x /0.85 NA air, 40 x /1.25NA water, and 100 x /1.4
oil objectives (see Table 1). As the refractive index of the agarose
gel (n, = 1.3356 [35]) is very close to the refractive index of the
immersion medium of the water objective, we can use these z-
stacks as a ground truth for the axial re-scaling of the data. We
recorded the z-stacks at the exact same location in the sample to
allow for direct comparison of the same beads in different imaging
scenarios.

1. n <n,

The case of #; < n; is particularly relevant for cryo-fluorescence
microscopy where air immersion is used to observe a frozen or vitri-
fied sample. Thus, we evaluate a typical situation with NA = 0.85,
n1 = 1.0, and 7, = 1.336 [9]. Before re-scaling the data, we quan-
titatively compare the re-scaling factors of the depth-dependent
and linear theories, as plotted in Fig. S12. As we have found that the
theories of Lyakin and Stallinga result in approximately equal re-
scaling factors, we choose to plot only the Lyakin re-scaling factor.
As the critical value of the depth-dependent re-scaling factor, we
use the Lyakin re-scaling factor. Therefore, the depth-dependent



Research Article

re-scaling factor is 1.532 close to the coverslip and falls off to ~1.4
deeper into the sample (see Fig. S12a). When plotting the focal
shift A f"asafunction of depth (AFP) we see that depth-dependent
focal shift equals the Lyakin focal shift close to the coverslip and
gradually transitions to the Diel (median) focal shift at larger depth
(see Fig. S12b).

To see how significant the difference between the theories is for
this imaging scenario, we plot the absolute and relative difference
between the depth-dependent and linear theories as a function
of depth (AFP). Figure S12¢ shows that for Lyakin the difference
is obviously zero near the coverslip, but quickly increases to a
large difference (>1 pum) after a depth of >25 um. On the other
hand, Diel (median) differs significantly (~1 pm) at a depth of
20 pm, but is the linear theory with the smallest relative difference
at >50 um depth. Finally, Diel (mean) is in between the other
two linear theories, having a smaller difference close to the cov-
erslip than Diel (median), and a smaller difference at large depth
than Lyakin. Where the relative difference between the depth-
dependent theory and the theories of Lyakin and Diel median can
exceed 5%, the relative difference for the Diel mean theory is below
3% (see Fig. S12d).

Figure 8 shows the re-scaling of the 3D microscopy data of
beads in an agarose hydrogel with NA =0.85, »; = 1.0, and
ny = 1.336. Overlays are plotted of the re-scaled z-stacks (grays)
and the ground truth z-stack recorded with the water immersion
objective (reds). As 7; < n,, the recorded z-stack was stretched in
the axial direction to return to the ground truth axial distances.

Depth-dependent

Diel et al. mean
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Deep into the sample (z4 &~ 90 pm), Diel (mean) shows the
largest re-scaling error where the z-stack is overstretched, whereas
the depth-dependent and Diel (median) re-scaling collapses onto
the ground truth data, although the PSF is elongated in the axial
direction due to spherical aberrations induced by the refractive
index mismatch. Closer to the coverslip (z4 2~ 20 um), both the
depth-dependent and Diel (mean) re-scaling overlap with the
ground truth z-stack, whereas Diel (median) has a slight (absolute)
error as the axial distances have not been stretched enough. This
agrees with the re-scaling factors plotted in Fig. S12.

2. ny>n,

The case of n; > n, is relevant for oil immersion observation
of samples in water. Thus, we here evaluate a typical situation
with NA=1.4, n; =1.52, and n, = 1.336. We quantitatively
compare the re-scaling factors of the depth-dependent and linear
theories in Fig. S13. As NA>7,, we cannot use Diel (mean). The
depth-dependent re-scaling factor equals the Lyakin re-scaling
factor close to the coverslip, but surpasses the Diel (median) at
z4 ~ 30 um. The same trend is seen in the focal shift A /. In this
imaging scenario, the axial positional difference between Lyakin
and the depth-dependent re-scaling theory increases after a few
micrometers in depth, resulting in a significant difference >6%.
While the absolute difference between Diel (median) and the
depth-dependent theory is small close to the coverslip (<1 pm)
and ~2 pm um at large depths, the relative error is large (~20%)
close to the coverslip and small atlarge depths (~2%).

Diel et al. median
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Fig. 8.

Axial re-scaling of 3D microscopy data with NA =0.85, 7; = 1.0, 7, = 1.336 using the depth-dependent and linear theories. Maximum

intensity projections along Y of the (re-scaled) confocal z-stack of beads embedded in an agarose hydrogel. The stacks have been re-scaled using the depth-
dependent (left), Diel (mean) (middle), and Diel (median) (right) re-scaling factors. Overlays are plotted of the re-scaled z-stacks (grays) and the ground
truth z-stack recorded with the water immersion objective (reds). The two bottom rows are cut-outs of the upper row, where the cut-outs at larger depths
appear noisier due to the intensity re-scaling due to fluorescence intensity loss at large depths. The beads are slightly displaced in X due to imperfections in

the manual overlay of the z-stacks.



Research Article

Depth-dependent Diel et al. median
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Fig. 9. Axial re-scaling of 3D microscopy data with NA=1.4,

ny =1.52, n, = 1.336. Maximum intensity projections along ¥ of the
(re-scaled) confocal z-stack of beads embedded in an agarose hydrogel.
The stacks have been re-scaled using the depth-dependent (left) and Diel
(median) (right) re-scaling factors. Overlays are plotted of the re-scaled
z-stacks (grays) and the ground truth z-stack recorded with the water
immersion objective (reds). The two bottom rows are cut-outs of the
upper row. The beads are slightly displaced in X due to imperfections in
the manual overlay of the z-stacks.

In Fig. 9 the re-scaling of the 3D microscopy data is plotted. As
n1 > ny, the recorded z-stack was compressed in the axial direc-
tion to return to the ground truth axial distances. At larger depth
(z4 ~ 65 pm), the depth-dependent re-scaling nicely coincides
with the ground truth, whereas the axial distances in the Diel
(median) re-scaling have been compressed too much (see second
row). Closer to the coverslip (z4 = 15 pm) the depth-dependent
re-scaling again nicely coincides with the ground truth, but the
Diel (median) re-scaling has been compressed too little.
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3. Quantitative Comparison

To quantify how well the acquired data can be corrected using
the depth-dependent re-scaling factor, we localize all individual
fluorescent beads present in the data recorded using the PSE-
ExTrACTOR software [30]. We compare the z position found in
the re-scaled data to the ground truth value z4 and divide this
difference over z4. This is shown in Fig. 10 for both imaging
scenarios, where we bin the data (bin size 10 um), plot the mean
of each bin along with the standard deviation as the error bar,
and plot the data centered with respect to the bin. In Fig. 10(a)
(NA =0.85, n; = 1.0, n, = 1.336), we omit the first bin (0 to
10 pm) as it only contains three data points. The depth-dependent
theory outperforms both Diel theories in the axial re-scaling of this
data, where we note a maximum error of 2% when using depth-
dependent axial re-scaling, whereas the error for the linear theories
approaches 5%.

The same analysis and data processing are done for NA = 1.4,
ny = 1.52, np = 1.336, to quantify the error in re-scaling using the
Diel (median) and depth-dependent theory; see Fig. 10(b). There
is not one theory that outperforms the other over the depths mea-
sured here. Still, the depth-dependent theory results in a smaller
error closer to the coverslip, as is to be expected following Fig. 7. In
addition, this measurement did not include beads near the cover
glass (z4 < 20 um) where a relative difference up to 20% between
the two theories is expected (see Fig. $13).

We should note that the objective lens used in this experiment
did not have a correction collar. This means that we could not
completely get rid of spherical aberration (SA) when imaging close
to the coverslip. The presence of SA near the coverslip contradicts
the optical conditions in the derivation of the analytical theory and
therefore affects the legitimacy of the depth-dependent re-scaling
factor, resulting in a higher re-scaling error. This shows that proper
re-scaling also requires an optimization of the correction collar
before the acquisition of the 3D microscopy data.

D. Software for Depth-Dependent Re-scaling

1. Re-scaling Acquired z-stacks Using Python

To re-scale the z-stack acquired under RIM, we have written
PyrHON software, which is available at https://github.com/

hoogenboom-group/SF [32]. Jupyter Notebooks are used to read
image data and, based on the specific imaging conditions, use
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Fig. 10.

Relative error of the re-scaled z position compared to the ground truth z 4 as recorded using a water immersion objective. The relative error is

binned along z4 in bins of 10 pm and the mean of each bin is plotted in the center of each bin. The standard deviation is plotted as an error bar. The dashed
gray line indicates zero and acts as a guide to the eye. (a) Results for NA = 0.85, ; = 1.0, 7, = 1.336, where we measure an error in the axial re-scaling using
the depth-dependent theory below 2%, whereas the linear theories result in errors close to 5%. (b) Results for NA = 1.4, n; = 1.52, , = 1.336, where we
find that the maximum error in the axial re-scaling using the depth-dependent and Diel (median) linear theory is 5%.
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inverse distance weighting to rescale the intensities along the axial
coordinate correctly. The same axial pixel size from the original
data is used, but depending on the RIM mismatch, the re-scaled
z-stack will map a shorter or larger axial range.

2. Interactive Online Tool for Plotting the Re-scaling Factor
versus Imaging Depth

We have made an online interactive tool where the depth-
dependent re-scaling factor can be plotted and compared to
existing depth-independent scaling theories using PLoTLy DasH
[36], the source code of which is available at [32]. The code is acces-
sible via the URL https://axialscaling.pythonanywhere.com/. The
refractive indices 71 and 75, the NA, and the wavelength A can be
varied. In addition, the focal shift A £ can be plotted for the depth-
dependent re-scaling factor, as well as for two depth-independent
scaling theories. Both the re-scaling factors and the focal shift
resulting from the depth-dependent theory can be exported to file.
All the measurement data and wave optics calculation results found
in this manuscript and the accompanying Supplement 1 are also
included in the interactive plot.

5. DISCUSSION

The various re-scaling theories found in the literature can be
understood as a result of different (overt or covert) assumptions
on which maximum constructive interference contribution is
leading. For example, Lyakin ez al. used an analysis similar to
ours, but explicitly sets the critical point 6* such that £,(6*) =
% X (£.(0) + £.(6max)), and then from Eq. (8) follows [16]

ny +/n? — NA?
=
4(n%—n%)+ (n1+,/n%—NA2)

The same value was proposed earlier by Stallinga while pos-
ing different criteria of minimal variation of the phase function:
6* : min((® — ®(6*))?) [15]. For Diel et al. the {imedian corre-
sponds to setting 6% : £, (0%) =1/2k, (Omax) = %/eo x NA [4],
such that

(19)

é‘Lyakin =

Cmedian = (20)

These estimates for ¢ are geometrical in nature, where the actual
wavelength is not taken into account—with the radii of the Ewalds’
spheres being cancelled out of the fraction in Eq. (8). This results
in an implicit omission of the interference nature of the PSF under
RIM. Somewhat less obviously, the criterion of Stallinga is also
geometrical [15]. While it does demand minimal variation in the
value of @ in order to achieve the highest possible constructive
interference, it does not take into account that the well minimized
phase function can become several 27 in range (when both z4
and z are large enough) and thus lead to destructive interference
anyway.

In order to be able to correct for depth-dependent axial scaling
in experiments where imaging under RIM is unavoidable, it is cru-
cial that (i) the position of the coverslip (or more general, the RIM
interface) is determined precisely and (ii) spherical aberration at the
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interface is reduced to an absolute minimum by selecting the cover
glass the objective is optimized for, or by optimizing the position of
the correction collar. In practical terms, this would require that the
objective lens used is fitted with a correction collar, which is often
the case for high-NA objective lenses.

One such case would be cryo-fluorescence microscopy used in
the cryo-electron tomography workflow, where a RIM is generally
present due to the large temperature difference between the optical
objective and the sample. With fluorescence microscopy, targets
can be identified in frozen hydrated cells and consequently suffi-
ciently thin sections can be prepared by ablating the excess cellular
material surrounding the target with a focused ion beam [37-39].
The aimed thickness of this frozen section is approximately 100 to
200 nm, which makes it crucial to precisely determine the target
position with respect to the RIM interface (outer cell surface) [40].
If axially scaled distances measured with the light microscope are
not corrected, targeting errors in the range of 300 to 1200 nm will
occur with cell thicknesses ranging up to micrometers. Moreover,
the depth dependence of these errors will be important when
fabricating sections out of thicker ice while using fluorescence
microscopy to find targets in, for instance, organoids, as can be
done in high-pressure frozen samples [41,42].

With the provided software [32], one can easily plot the depth-
dependent re-scaling factor for the relevant imaging scenario, but
also re-scale their 3D microscopy data, without having to judge
which linear theory will hold in this scenario or perform full wave-
optics calculations. We should note, however, that although the
data will be axially re-scaled, our software does not provide any
correction of the shape of the point spread function (PSF) due
to spherical aberrations. To correct for this, one would require
deconvolution with a depth-dependent PSF as demonstrated
in [43].

Our measurements are limited by the relatively high uncer-
tainty in determining the re-scaling factor near z4 = 0. It would
therefore be interesting, for future research, to use the method from
DPetrov et al. to measure the re-scaling factor for the scenario with a
0.85 NA air objective when imaging 7; = 1.0 — 7, = 1.33.

6. CONCLUSION

We have presented an analytical theory to correct for the depth-
dependent axial deformation when imaging with light microscopy
in the presence of a refractive index mismatch between the sam-
ple and the microscope objective immersion medium. Using the
resulting equation, a re-scaling factor as a function of depth can
be calculated from imaging parameters’ numerical aperture (NA),
the refractive indices of the objective (7;) and sample (7,), and
the wavelength (1), for a RIM with both 77 < 7 and 7y > 7,. We
performed wave-optics calculations to verify the theory and find a
very good agreement between the two. In addition, we performed
experiments to measure the axial scaling, where we find a good
agreement at larger depths, whereas closer to the coverslip, the
measurements suffer from large uncertainties. We do find good
agreement with the accurate measurements done by Petrov et al.
[23] in the case when imaging with a high-NA oil immersion
objective into a water sample.

Next, we tested the depth-dependent theory versus existing lin-
ear theories in the literature on 3D microscopy data with a known
ground truth. We find that for NA=0.85, n; =1, n, = 1.33 the
depth-dependent theory outperforms existing linear theories for
depths up to 80 um with a maximum relative error of 2%. For
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NA =14, n; =1.52, n, =1.33, the depth-dependent theory
performs as good as the best linear theory in literature. However,
we think its performance was compromised by the presence of
a small spherical aberration near the coverslip, which could not
be corrected for as the objective did not have a correction collar.
Moreover, we could not compare close to the cover glass (<10 pm),
where the linear theory used in the comparison was expected to
break down.

Finally, we have presented a web applet to be used by micro-
scope users to calculate the re-scaling factor for their imaging
parameters. In addition, we have shared software to re-scale 3D
data sets using the depth-dependent scaling factor.

Our re-scaling theory is the first to include the depth depend-
ence of axial scaling due to a refractive index mismatch. It will
be of use in imaging scenarios where the refractive indices of the
sample and objective cannot be matched, such as in integrated,
cryogenic, and correlative light and electron microscopy setups, or
in the imaging of water-like samples using high-NA oil immersion
objectives.

Funding. Nederlandse Organisatiec voor Wetenschappelijk  Onderzoek
(17152).
Acknowledgment. We thank Hans C. Gerritsen and Gerhard A. Blab for

the useful discussions, Bernd Rieger for feedback on our results, and Alfons van
Blaaderen for the use of the refractometer. This work is part of the Cryo3Beams
project financed via the High Tech Systems and Materials programme of the
Applied and Engineering Sciences domain of the Dutch Research Council
(NWO).

Disclosures. SVL, MNFH, and EBW declare no conflicts of interest. DBB is
employed by Delmic BV, and JPH has a financial interest in Delmic B.V.

Data availability. Data underlying the results presented in this paper are
available in [44].

Supplemental document. See Supplement 1 for supporting content.

REFERENCES

1. J. Pawley, Handbook of Biological Confocal Microscopy (Springer,
2006), Vol. 236.

2. M. Saxena, G. Eluru, and S. S. Gorthi, “Structured illumination micros-
copy,” Adv. Opt. Photon. 7, 241-275 (2015).

3. E. H. Stelzer, F. Strobl, B.-J. Chang, et al., “Light sheet fluorescence
microscopy,” Nat. Rev. Methods Primers 1, 73 (2021).

4. E. E. Diel, J. W. Lichtman, and D. S. Richardson, “Tutorial: avoiding
and correcting sample-induced spherical aberration artifacts in 3D
fluorescence microscopy,” Nat. Protocols 15, 2773-2784 (2020).

5. P. De Boer, J. P. Hoogenboom, and B. N. Giepmans, “Correlated light
and electron microscopy: ultrastructure lights up!” Nat. Methods 12,
503-513 (2015).

6. T. Ando, S. P. Bhamidimarri, N. Brending, et al., “The 2018 correlative
microscopy techniques roadmap,” J. Phys. D 51, 443001 (2018).

7. G. Wolff, C. Hagen, K. Griinewald, et al., “Towards correlative super-
resolution fluorescence and electron cryo-microscopy,” Biol. Cell 108,
245-258 (2016).

8. R. Kaufmann, C. Hagen, and K. Grinewald, “Fluorescence cryo-
microscopy: current challenges and prospects,” Curr. Opin. Chem.
Biol. 20, 86-91 (2014).

9. D. B. Boltje, J. P. Hoogenboom, A. J. Jakobi, et al., “A cryogenic,
coincident fluorescence, electron, and ion beam microscope,” Elife
11, 82891 (2022).

10. S. Gorelick, G. Buckley, G. Gervinskas, et al., “Pie-scope, integrated
cryo-correlative light and FIB/SEM microscopy,” Elife 8, e45919 (2019).

11. W. Li, J. Lu, K. Xiao, et al., “Integrated multimodality microscope for
accurate and efficient target-guided cryo-lamellae preparation,” Nat.
Methods 20, 268-275 (2023).

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Vol. 11, No. 4 / April 2024 / Optica 567

. S. Li, Z. Wang, X. Jia, et al., “Eli trifocal microscope: a precise system to
prepare target cryo-lamellae for in situ cryo-ET study,” Nature Methods
20, 276-283 (2023).

K. Carlsson, “The influence of specimen refractive index, detector signal
integration, and non-uniform scan speed on the imaging propetrties in
confocal microscopy,” J. Microsc. 163, 167-178 (1991).

T. Visser, J. Oud, and G. Brakenhoff, “Refractive index and axial distance
measurements in 3-d microscopy,” Reprinted in Selected Papers on
Confocal Microscopy SPIE Milestone Ser., vol. MS 131 (SPIE, 1996)286
S. Stallinga, “Finite conjugate spherical aberration compensation in high
numerical-aperture optical disc readout,” Appl. Opt. 44, 7307-7312
(2005).

D. Lyakin, L. Maksimova, A. Y. Sdobnov, et al., “The influence of the
numerical aperture of a beam probing an object on the determina-
tion of the thickness of a layered object in confocal microscopy,” Opt.
Spectrosc. 123, 487-494 (2017).

S. Hell, G. Reiner, C. Cremer, et al., “Aberrations in confocal fluores-
cence microscopy induced by mismatches in refractive index,” J.
Microsc. 169, 391-405 (1993).

C. Sheppard and P. Torok, “Effects of specimen refractive index on con-
focal imaging,” J. Microsc. 185, 366-374 (1997).

A. Egner and S. W. Hell, “Aberrations in confocal and multi-photon
fluorescence microscopy induced by refractive index mismatch,” in
Handbook of Biological Confocal Microscopy (2006), pp. 404-413.

C. J. de Grauw, J. M. Vroom, H. T. van der Voort, et al., “Imaging proper-
ties in two-photon excitation microscopy and effects of refractive-index
mismatch in thick specimens,” Appl. Opt. 38, 5995-6003 (1999).

T. H. Besseling, J. Jose, and A. V. Blaaderen, “Methods to calibrate and
scale axial distances in confocal microscopy as a function of refractive
index,” J. Microsc. 257, 142-150 (2015).

A. Diaspro, F. Federici, and M. Robello, “Influence of refractive-index
mismatch in high-resolution three-dimensional confocal microscopy,”
Appl. Opt. 41, 685-690 (2002).

P. N. Petrov and W. Moerner, “Addressing systematic errors in axial
distance measurements in single-emitter localization microscopy,” Opt.
Express 28, 18616-18632 (2020).

S. F. Gibson and F. Lanni, “Experimental test of an analytical model of
aberration in an oil-immersion objective lens used in three-dimensional
light microscopy,” J. Opt. Soc. Am. A8, 1601-1613 (1991).

C. J. Bouwkamp, “Diffraction theory,” Rep. Prog. Phys. 17, 35 (1954).

J. B. Keller, “Geometrical theory of diffraction,” J. Opt. Soc. Am. 52,
116-130 (1962).

E. Wolf, “A scalar representation of electromagnetic fields: Il,” Proc.
Phys. Soc. 74, 269 (1959).

J. J. Stamnes, “Waves, rays, and the method of stationary phase,” Opt.
Express 10, 740-751 (2002).

H. Green and E. Wolf, “A scalar representation of electromagnetic
fields,” Proc. Phys. Soc. Sect. A 66, 1129 (1953).

D. B. Boltje, E. B. van der Wee, and R. Lane, “PSF-Extractor,” GitHub
(2022), https://github.com/hoogenboom-group/PSF-Extractor.

P. Virtanen, R. Gommers, T. E. Oliphant, et al., “SciPy 1.0: fundamen-
tal algorithms for scientific computing in Python,” Nat. Methods 17,
261-272 (2020).

E. B. van der Wee, D. B. Boltje, and S. Loginov, “Re-Scaling Factor
Online Plotting Tool,”GitHub (2023), https://github.com/hoogenboom-
group/SF.

F. A. Jenkins and H. E. White, “Fundamentals of Optic,” (McGraw-Hill,
1976).

M. E. Siemons, L. C. Kapitein, and S. Stallinga, “Axial accuracy in locali-
zation microscopy with 3D point spread function engineering,” Opt.
Express 30, 28290-28300 (2022).

E. Fujiwara, T. D. Cabral, M. Sato, et al., “Agarose-based structured opti-
cal fibre,” Sci. Rep. 10, 7035 (2020).
Plotly Technologies Inc.,
https://github.com/plotly/dash.

E. Y. Chiang, A. Hidalgo, J. Chang, et al., “Imaging receptor
microdomains on leukocyte subsets in live mice,” Nat. Methods 4,
219-222 (2007).

E. Villa, M. Schaffer, J. M. Plitzko, et al., “Opening windows into the cell:
focused-ion-beam milling for cryo-electron tomography,” Curr. Opin.
Struct. Biol. 28, 771-777 (2013).

R. K. Hylton and M. T. Swulius, “Challenges and triumphs in
cryo-electron tomography,” Iscience 24, 102959 (2021).

“Dash,” GitHub (2023),


https://doi.org/10.6084/m9.figshare.25392217
https://doi.org/10.1364/AOP.7.000241
https://doi.org/10.1038/s43586-021-00069-4
https://doi.org/10.1038/s41596-020-0360-2
https://doi.org/10.1038/nmeth.3400
https://doi.org/10.1088/1361-6463/aad055
https://doi.org/10.1111/boc.201600008
https://doi.org/10.1016/j.cbpa.2014.05.007
https://doi.org/10.1016/j.cbpa.2014.05.007
https://doi.org/10.1016/j.cbpa.2014.05.007
https://doi.org/10.7554/eLife.82891
https://doi.org/10.7554/eLife.45919
https://doi.org/10.1038/s41592-022-01749-z
https://doi.org/10.1038/s41592-022-01749-z
https://doi.org/10.1038/s41592-022-01749-z
https://doi.org/10.1038/s41592-022-01748-0
https://doi.org/10.1111/j.1365-2818.1991.tb03169.x
https://doi.org/10.1364/AO.44.007307
https://doi.org/10.1134/S0030400X17090235
https://doi.org/10.1134/S0030400X17090235
https://doi.org/10.1134/S0030400X17090235
https://doi.org/10.1111/j.1365-2818.1993.tb03315.x
https://doi.org/10.1111/j.1365-2818.1993.tb03315.x
https://doi.org/10.1111/j.1365-2818.1993.tb03315.x
https://doi.org/10.1046/j.1365-2818.1997.d01-627.x
https://doi.org/10.1364/AO.38.005995
https://doi.org/10.1111/jmi.12194
https://doi.org/10.1364/AO.41.000685
https://doi.org/10.1364/OE.391496
https://doi.org/10.1364/OE.391496
https://doi.org/10.1364/OE.391496
https://doi.org/10.1364/JOSAA.8.001601
https://doi.org/10.1088/0034-4885/17/1/302
https://doi.org/10.1364/JOSA.52.000116
https://doi.org/10.1088/0370-1328/74/3/305
https://doi.org/10.1088/0370-1328/74/3/305
https://doi.org/10.1088/0370-1328/74/3/305
https://doi.org/10.1364/OE.10.000740
https://doi.org/10.1364/OE.10.000740
https://doi.org/10.1364/OE.10.000740
https://doi.org/10.1088/0370-1298/66/12/308
https://github.com/hoogenboom-group/PSF-Extractor
https://doi.org/10.1038/s41592-019-0686-2
https://github.com/hoogenboom-group/SF
https://github.com/hoogenboom-group/SF
https://github.com/hoogenboom-group/SF
https://doi.org/10.1364/OE.461750
https://doi.org/10.1364/OE.461750
https://doi.org/10.1364/OE.461750
https://doi.org/10.1038/s41598-020-64103-3
https://github.com/plotly/dash
https://doi.org/10.1038/nmeth1018
https://doi.org/10.1016/j.sbi.2013.08.006
https://doi.org/10.1016/j.sbi.2013.08.006
https://doi.org/10.1016/j.sbi.2013.08.006
https://doi.org/10.1016/j.isci.2021.102959

Research Article

40. M. Vulovi¢, R. B. Ravelli, L. J. van Vliet, et al., “Image formation modeling
in cryo-electron microscopy,” J. Struct. Biol. 183, 19-32 (2013).

41. O. H. Schigtz, C. J. Kaiser, S. Klumpe, et al., “Serial lift-out: sampling the
molecular anatomy of whole organisms,” Nat. Methods (2023).

42. K. Kelley, A. M. Raczkowski, O. Klykov, et al., “Waffle method: a general
and flexible approach for improving throughput in FIB-milling,” Nat.
Commun. 13, 1857 (2022).

43.

44.

Vol. 11, No. 4 / April 2024 / Optica 568

B. Kim and T. Naemura, “Blind deconvolution of 3D fluorescence micros-
copy using depth-variant asymmetric PSF,” Microsc. Res. Tech. 79,
480-494 (2016).

D. Boltje, S. V. Loginov, M. N. F. Hensgens, et al., “Data underlying the
publication: Depth-dependent scaling of axial distances in light micros-
copy,” 4TU.ResearchData, (2024), https://doi.org/10.4121/ebdd9ff7-
5797-406f-a512-abae2102a021.


https://doi.org/10.1016/j.jsb.2013.05.008
https://doi.org/10.1038/s41467-022-29501-3
https://doi.org/10.1038/s41467-022-29501-3
https://doi.org/10.1038/s41467-022-29501-3
https://doi.org/10.1002/jemt.22650
https://doi.org/10.4121/ebdd9ff7-5797-406f-a512-abae2102a021
https://doi.org/10.4121/ebdd9ff7-5797-406f-a512-abae2102a021
https://doi.org/10.4121/ebdd9ff7-5797-406f-a512-abae2102a021

