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Tomographic reconstruction in soft x-ray microscopy

using focus-stack back-projection
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Tomographic reconstruction in soft x-ray microscopy is a powerful technique for obtaining high-resolution 3D im-
ages of biological samples. However, the depth of focus of such zone-plate-based microscopes is typically shorter
than the thickness of many relevant biological objects, challenging the validity of the projection assumption used in
conventional reconstruction algorithms. In order to make full use of the soft x-ray microscopes’ high resolution, the
tomographic reconstruction needs to take the depth of focus into account. Here we present a method to achieve high
resolution in the full sample when the depth of focus is short compared to the sample thickness. The method relies
on the back-projection of focus-stacked image data from x-ray microscopy. We demonstrate the method on theo-
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Tomography in water-window x-ray microscopes
(XRMs) allows for 3-dimensional (3D) imaging of intact
cells in their near-native “hydrated” state with nanoscale
resolution [1-5]. The tomographic reconstruction algo-
rithm typically assumes classical projections, i.e., straight
line integrals [2—4]. However, in cellular bio-imaging, the
XRM depth of focus (DOF) is often shorter than the sam-
ple thickness, challenging the validity of the projection
assumption. Here we demonstrate a method that im-
proves the reconstruction when the DOF is short com-
pared with the sample thickness, resulting in a higher
resolution in the full sample.

Soft x-ray microscopes operating in the water window
exploit the natural contrast between carbon and oxygen
in the E' = 284-543 eV energy region (1 = 4.37-2.29 nm)
and rely either on synchrotron sources [3,6,7] or labora-
tory sources [8]. The imaging is performed with zone
plates having a numerical aperture (NA,,) of 1/2Ary,
where 1 is the wavelength, and Ary is the outermost zone
width [9]. The Rayleigh resolution is 0.611/NA,,, and
since the DOF is 4 /NAﬁp, there is a tradeoff between high
resolving power and long DOF. The degree of coherence
of the imaging is characterized by the coherence param-
eter m = NA;;/NA,,, where NA;, is the numerical aper-
ture of the condenser illumination. For m =0, the
imaging is fully coherent, for 0 < m < 1 the imaging is
partially coherent, and for m > 1 the imaging can be con-
sidered incoherent.

In a typical XRM tomography system, a tilt series of 2D
images I, are recorded at tilt angles 6. Assuming I, are
projection data, the 3D volume R can be reconstructed
using, e.g., filtered back-projection (FBP) [10]. Here a
ramp- or related filter is applied to each image, producing

the filtered dataset I, 9, Which is back-projected over the
reconstruction volume as

R(x,y.2) =Y Io(&n), €3]
0
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where (£,7) = M(z sin 6 + x cos 6,y) defines the map-
ping from the image coordinates (&,#) at tilt angle 6 to
the coordinates (x,y,z) in the reconstructed volume at
magnification M. Although simple, this method has been
very successful in producing results of high biological rel-
evance [1,2]. Iterative methods such as ART, SIRT, etc.
are also widely used [4,11], notably due to their better
capabilities to incorporate regularization conditions and
cope with missing data. However, all methods discussed
above assume projection data, constraining the experi-
mental parameters to cases where the projection
assumption is sufficiently valid. Figure 1 illustrates a
situation where the DOF is shorter than the object thick-
ness, weakening the validity of the projection assumption
since the whole volume cannot be simultaneously im-
aged sharply. Many bio-samples studied with XRM
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Fig. 1. TIllustrating the problem of a depth of focus (DOF)
smaller than the sample thickness. With high NA-optics, not
all features are simultaneously in focus. The sample—zone plate
distance determines the amount of defocus Az in the sample
volume.
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tomography are thicker than the DOF of high-resolution
zone plates [3,5], and some experiments have therefore
settled for a lower-resolution zone plate in order to better
fulfill the DOF requirement [4].

There have been attempts to develop improved
reconstruction methods for XRM tomography [12,13], but
experimental success has yet to be demonstrated, and
the validity of the used forward model is under discus-
sion [14]. The DOF problem is also present in optical
microscopy, where techniques such as wavelet-based im-
age fusion [15] and deconvolution microscopy [16] are
employed to obtain an overall sharper image and a 3D
image, respectively. However, these methods have not
been explored for tomography.

In tomographic electron microscopy of thin objects,
there are methods to correct for object planes extending
outside the DOF when tilting [17]. For thick objects,
“Defocus-gradient corrected back-projection” (DGCBP)
[18] may greatly improve the quality of the reconstructed
data.

In DGCBP the images I, in the tomographic data set
are deconvolved with a defocus-dependent PSF h,.
before they are filtered and back-projected as in FBP
according to

R@.y.2) =y IoEn) & ha(En). @)
0

where Az = z cos 0 + x sin 6 defines the defocus posi-
tion in the reconstruction volume, and ® ! denotes de-
convolution.

In the present paper, we demonstrate FSBP—focus-
stack back-projection. Figure 2 illustrates the method.
This novel reconstruction method for XRM tomography
makes use of an experimentally acquired focus stack
Iyy,1yy...1ys at S defocus positions Az, Az,,...Azg
for each tilt angle. As in the previously discussed
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Fig. 2. Focus-stack back-projection (FSBP) with the focus
stacks at 3 defocus positions for each tilt angle in the tomo-
graphic data set. Each image in the focus stack is filtered,
back-projected, and weighted with a longitudinal window func-
tion, forming a windowed back-projection. The windowed
back-projections are fused for every tilt angle, before proceed-
ing with a sum over all angles as in the filtered back-projection
algorithm (FBP).

Reconstructed volume

methods the images are first appropriately filtered, pro-
ducing the filtered dataset I, for all tilt angles and
defocus positions. By forming a linear combination of
all back-projections of the images in the filtered dataset,
where each back-projection is subject to a weighting
function w, operating in the defocus direction, the
reconstruction is performed as

R@.y,2) =Y > Tos(&n) xwy(A2). 3)
4 s

The voxel dependent weighting factors w,(Az) are
chosen so that the total weight assigned to each voxel
in the reconstruction volume equals 1. One natural
choice of weighting factors is a set of asymmetric triangle
functions:

(Az-Az, 1)/ (Azs— Az 1), Az, 1 <Az<Az

Ws (Az) = (AZ - Aszrl)/(Azs - Azs+1)s Azs <Az< Aszrl ’
0, else
4)
with Azy = —co0 and Azg,; = +o0.

We will not give a rigorous proof of the proper oper-
ation of the FSBP method, but a qualitative argument can
be made as follows: With sufficient sampling in the defo-
cus direction, every feature will be sharply imaged in at
least one image in the focus stack for every tilt angle.
During reconstruction, those images will all act on the
sub-volume where the feature is located, thus achieving
a sharp local reconstruction. Although this does not pro-
vide formal criteria defining the range of validity of the
method, the simulations and experiments presented be-
low indicate that the method works well for the typical
high-resolution imaging task.

In Fig. 3, we compare the effectiveness of the FBP,
DGCBP, and FSBP reconstruction methods at different
microscope parameters. The comparison is performed
for the water-and-carbon phantom of Fig. 3, where the
carbon content is 10% for the shell and 50% for the
50-200 nm spheres. For a 20-nm zone plate (NA,, =
0.06), simulations were made with condenser illumina-
tion NA;; = 0.02 (Figs. 3(a), 3(c), and 3(e)) and NA;; =
0.06 (Figs. 3(b), 3(d), and 3(f)). For a 40-nm zone plate
(NA,, = 0.03), simulations were made with condenser il-
lumination NA;; = 0.02 (Figs. 3(g)-3(i)), corresponding
to the experimental parameters of Fig. 4.

Simulations start with generating a tomographic data
set using the 3D wave propagation method of Ref. [14].
This data set is at 4 = 2.4 nm, in 1° steps over 0°-179°,
with the focus stack at three defocus positions -3, 0,
+3 pm. To include the effect of photon noise, Poisson
distributed noise is added to each simulated image.
For a fair comparison, the FSBP method divides its
photons among the images in one focus stack, i.e.,
all methods use the same total dose. All three methods
are compared at two condenser settings and two
levels of photon flux incident on the sample, 7 x
107 ph/pm? /proj. and 7 x 10°ph/um? /proj., and assum-
ing a zone plate efficiency of 5%.

We first compare the algorithms for the 20-nm
zone-plate case, Figs. 3(a)-3(f). In the classical FBP
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Fig. 3. Comparison of reconstruction methods on simulated tomographic data sets with different microscope parameters at
A = 2.4 nm. The zone plate has outermost zone width 20 nm in (a)—(f) and 40 nm in (g)—(i). The condenser illumination has NA =
0.02 in (a), (¢), (e) and (g)—(i) and 0.06 in (b), (d) and (f). The different combination of microscope parameters of each column yields
the values 0.33, 1.00, and 0.67, respectively, for the coherence parameter m = NA;;/NA,,. The reconstructions in (a), (b), and (g)
are performed with FBP, (¢), (d), and (h) are performed with DGCBP and (e), (f), and (i) are performed with FSBP. The insets in
each sub-figure show a magnified view of the region in the white rectangle at two noise levels. For a fair comparison between the
methods, the simulated recordings are made at the same total dose delivered to the sample: 7 x 10” ph/pm? /proj. angle (dotted line),

7 x 10° ph/pm? proj. angle (solid line).

reconstruction, there are artifacts that increase with dis-
tance from the rotation center. At distances >3 pm, the
tangential resolution is severely lowered by elongation
artifacts, and the line profiles exhibit phase shifts at
NA;; = 0.02 [Fig. 3(a)] and contrast reversal at NA;;, =
0.06 [Fig. 3(b)].

The DGCBP reconstruction algorithm improves con-
trast at NA;; = 0.02 [Fig. 3(c)], but still suffers from
the same artifacts as FBP in the tangential direction.
At NA;; = 0.06 [Fig. 3(d)] the contrast enhancement
is lost.

Our FSBP reconstruction algorithm produces a signifi-
cant improvement in reconstruction, even at lower
signal conditions, albeit only for the NA;; = 0.02 — data
[Fig. 3(e)]. For the NA;; = 0.06 — data [Fig. 3(f)], the con-
trastis severely degraded, but the method does not exhibit
the contrast reversal of FBP at the same parameters.

For low m-values (NA;,/NA,, = 0.02/0.06), the FSBP
clearly produces superior reconstructions. This is prob-
ably due to the somewhat longer DOF and higher
contrast that the partial coherence leads to. For higher
m-~values (NA;;/NA,, = 0.06/0.06), the difference be-
tween the methods is less. We note that increasing the

range and sampling density in the focus stacks did not
improve FSBP’s reconstructions noticeably for the case.
These observations support claims that partially coher-
ent illumination may be desirable for high-resolution
XRM tomography [2,3] despite the fact that the m =1
case is often cited as the preferred [6,7].

As expected, FBP produces a better reconstruction for
the 40 nm zone-plate data [Fig. 3(g)] due to the longer
DOF, albeit at low contrast. The artifacts in DGCBP were
not mitigated, however [Fig. 3(h)]. FSBP again greatly
improves the quality of the reconstruction [Fig. 3(i)],
but not as much as in the more coherent NA;,/NA,, =
0.02/0.06 case.

To confirm our theoretical findings, we collected a full
tomographic data set including a focus stack at each tilt
angle at the HZB Transmission X-ray Microscope in
Berlin [3]. The object is a pair of overlapping diatom frus-
tules occupying an area of ~13 pm x 8 pm perpendicular
to the rotation axis. The silica-rich frustules contain both
larger structures, such as valves and ribs, and smaller
structures, such as pores. The spatial scales are typical
for wet bio-samples, while the contrast is larger than
bio-samples normally exhibit.
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Fig. 4. One slice from the reconstruction of the diatom frus-
tules (a). Insets (b) and (c) show magnified views of a frustule
rib at 3-5 pm from the rotation axis from data reconstructed
with FBP and FSBP, respectively. Tangential blur in the FBP
data is removed in the FSBP-data, here visible at the raphe
(red arrows) and pore structures (green arrows).

The frustule-pair was imaged at 510 eV (A = 2.4 nm)
with a 40-nm zone plate. The resulting numerical aper-
ture of the zone plate is NA,, = 0.03, and the DOF is
2.7 pm. The numerical aperture of the condenser is
NA;; = 0.02, yielding the coherence parameter m =
NA;;/NA,, = 0.67. The zone plate and condenser param-
eters thus match the theoretical used in Figs. 3(g)-3().
Images were acquired at tilt-angles —55°- 4 55° in 1°
steps with 1-second exposures. All images were back-
ground corrected with a measured flatfield intensity im-
age, and aligned to the rotation axis. Reconstructions
were performed using FBP with the Az = 0 pm image,
and using FSBP with the Az = -3 pm, 0 pm, +3 pm im-
ages at each tilt angle, and with Az = 0 pm defined as the
plane containing the tilt axis. A slice of the reconstructed
volume perpendicular to the rotation axis is shown in
Fig. 4(a), and Figs. 4(b)-4(c) shows a magnified view
of a frustule rib at distance 3-5 pm from the rotation
center reconstructed with FBP and FSBP, respectively.

The tangential blur of FBP that is observed in the sim-
ulations [Fig. 3(a)] is also present in the experiments [cf.
arrows in Fig. 4(b)]. As in the simulations, the artifacts
seem to be eliminated with the FSBP algorithm, thereby
increasing the resolution in the reconstructed data.
However, artifacts are still present because of the miss-
ing wedge of 70° in the experimental tomographic data
set. Furthermore, image alignment was performed as
carefully as possible, but streaks in the reconstructed
data indicate that it was not perfect. Still, FSBP offers
a significant improvement in reconstruction quality on
the features considered.

To conclude, we have demonstrated that our FSBP al-
gorithm utilizing focus stacks improves the resolution
and quality in XRM tomographic reconstructions for

the partially coherent imaging case. The algorithm is
demonstrated on theoretical as well as experimental
data. Furthermore, it appears as the increased partial co-
herence that comes from using higher-resolution zone
plates can be a desired property in XRM tomography,
when taken properly into account in the reconstruction
algorithm. Consequently, FSBP unlocks the higher reso-
lution power available to XRMs for 3D bio-imaging. The
method comes at no cost as regards dose but increases
the number of images that needs to be acquired.
However, our results show that this increase may well be
worth the effort considering the gain in resolution over
the full volume.
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