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Abstract: In X-ray computed tomography, the task of imaging only a local region of interest
(ROI) inside a larger sample is very important. However, without a priori information, this ROI
cannot be exactly reconstructed using only the image data limited to the ROI. We propose here
an approach of region-of-interest tomography, which reconstructs a ROI within an object from
projections of different fields of view acquired on a specific angular sampling scheme in the same
tomographic experiment. We present a stable procedure that not only yields high-quality images
of the ROI but keeps as well the quantitative contrast on the reconstructed images. In addition,
we analyze the minimum number of projections required for ROI tomography from the point of
view of the band region of the Radon transform, which confirms this number must be estimated
based on the size of the entire object and not only on the size of the ROI.
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

In X-ray computed tomography, a 3D image of an object is reconstructed from 2D projections
taken at multiple angular directions in a range covering 180 ◦ in general. The desired 3D image
can be reconstructed by applying the inverse Radon transform to the projection dataset [1, 2].
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However, the inverse Radon transform in two dimensions leads to artifacts on the reconstructed
images from truncated projections limited to the region of interest (ROI) of a larger sample,
which in turn hampers the extraction of quantitative information from the reconstructed image
gray level [1,3–5]. This implies that the entire object has to be imaged to allow the exact recovery
of the ROI, thus increasing the duration of the experiments and hampering the capability to zoom
into a ROI with higher resolution.

Several approaches have been proposed to deal with this issue in ROI tomography reconstruc-
tions. Lambda-tomography [6–8] can recover gradient-like features within a ROI from truncated
projections, but the reconstructed images are non-quantitative [9]. Sinogram truncation artifacts
can be significantly reduced by padding the sinograms with the edge value [10], an approach
called sinogram extension, which is mathematically equivalent to a computation from truncated
differential data [11,12]. However, while this approach reduces the artifacts, the reconstruction
remains non-quantitative [13]. An exact reconstruction is only possible if some prior information
about the ROI is available [14, 15].
Instead of dealing with only truncated data, some approaches which have been proposed are

based on dual sampling and dual reconstruction followed by data completion [16–20]. The idea
behind these methods is measuring conventional projections covering the entire object with
reduced resolution and moderately higher-resolution interior projections limited to the ROI. The
latter results in truncated sinograms that are completed with the lower-resolution sinograms and
fed to a conventional tomographic reconstruction routine. In this manner, the interior region can
be reconstructed with significantly reduced truncation artifacts and with quantitative contrast.

These techniques are mainly motivated by limitations of conventional imaging systems, such
as a finite number of pixels in the detectors. For scanning microscopy techniques, the field of view
is not limited by the detector size, but by the scanning range. Ptychography is a coherent imaging
technique working in scanning microscopy mode which is capable of providing highly detailed
and quantitative images of a sample's complex-valued transmittance [21]. Ptychographic X-ray
computed tomography (PXCT) [22, 23] is the combination of ptychography and tomography
which yields quantitative 3D maps of the complex-value refractive index of the sample [22]. For
X-rays, the refractive index is given by n = 1 – δ + iβ, where δ is the refractive index decrement
and β is the absorption index. However, this quantitative capability of PXCT is lost in case of
ROI tomography.

There is a recent approach in which ptychographic interior nanotomography with quantitative
contrast is achieved by numerical combination of high-resolution interior projections with a coarse
overview tomogram, both acquired separately [11]. Rather than patching truncated sinograms, an
optimization algorithm was previously developed to combine the two measurements in 3D [11].
An upsampled version of the overview tomogram is fed to this optimization algorithm, and the
volume is refined to match the high-resolution ptychographic projections. The technique was
demonstrated to an interior reconstruction of 130 nm resolution obtained with ptychographic
projections and an overview tomogram at 1µm resolution, and it was used to characterize the
3D arrangement of nanometer-scale vesicles in avian eggshell and to recover quantitatively the
expected density of bio-calcite to within 3% of its tabulated value [11]. The method relies on
iterative reconstruction and it was shown to be robust and accurate, however the upsampling of
the overview tomogram can introduce errors as a function of the chosen interpolation method.
In the present work, we introduce an approach of Pseudo Region-of-Interest Tomography

capable of overcoming these problems, which we will abbreviate PRofIT for the remainder of
this text. We used the word “pseudo” because projections covering the entire object are also
acquired in a sparse angular sampling along with localized projections of the region-of-interest.
The approach is inspired by the multiresolution method proposed by Olson and DeStefano [24].
In this approach projections covering different fields of view are measured in the same experiment
as schematically shown in Fig. 1, such that non-truncated projections are only acquired in a sparse
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angular sampling grid whereas the ROI is measured with fine angular sampling. This method
allows for measurements of a ROI with arbitrary diameter within the object while preserving
quantitative contrast. It can exploit, for example, the scanning modality of microscopy techniques
such as ptychography, scanning transmission X-ray miscroscopy (STXM) and X-ray fluorescence
tomography to alternate the sizes of the fields of view at each angle.
The remainder of this paper is structured as follows. Section 2 describes the PRofIT method,

including radial and angular samplings, alignment and interpolation of the projections of different
levels. Numerical simulations with the Shepp-Logan head phantom are considered in Section 3
to evaluate the role of the level decomposition, to compare to PRofIT to the classical ROI
tomographic reconstruction method of sinogram extension, and to estimate the minimum number
of projections required from the point-of-view of the bowtie-like band region of the Radon
transform. The performance of PRofIT is tested against experimental data in two ways: (i) using
digitally truncated experimental projections of a catalyst particle in Section 4; and (ii) carrying
out an PRofIT experiment to reconstruct a ROI within a hair shaft using X-ray ptychography to
acquire the projections in Section 5. We conclude with Section 6.

2. Pseudo region-of-interest tomography (PRofIT)

2.1. Projection acquisition scheme

In the PRofIT approach, the object is scanned with projections of variable sizes in a specific
angular sampling scheme. Figure 1 illustrates the scheme of projection acquisition in which full
size projections are acquired in a coarsely sampled angular range and smaller projections are
taken for the intermediate angles. In this example, the ROI is located in the center for simplicity,
but it can also be off-centered. The projections of different sizes are obtained in subsets of stacks
called levels as illustrated in Fig. 1(a), and a schematic representation over the corresponding
sinogram is displayed in Fig. 1(b).

Four levels are showed here for clarity, but this number can be adjusted to a different number
of levels if needed. The minimum number of levels is two, but more levels will help the transition
from the ROI imaging to the exterior region. The level L3 consists of full projections sized 2× `3
covering the entire object, which is necessary to obtain quantitative information of the object.
The level L0 comprises the truncated projections sized 2× `0, which corresponds to the ROI size.
The intermediate levels, L1 and L2, sized 2 × `1 and 2 × `2 respectively, are used for a better
reconstruction of the ROI. The projections are distributed over the levels in the following way:
1/8 of the projections are L3, 1/8 are L2, 1/4 are L1, and 1/2 are L0. This structure of levels is
inspired by the multiresolution analysis using wavelets in tomography previously proposed [24],
but with relaxed sampling condition for the size of each level. Later on, it was showed that a
linear interpolation of the projections could yield results at least as good as those achieved by
using the wavelets approach and that the reconstruction quality is largely determined by the use
of an appropriate angular sampling pattern [25].
Compared to previous works on dual sampling and dual reconstruction, PRofIT offers the

advantage of acquiring the projections of variable fields of view in the same experiments in a
specific angular sampling strategy. All projections have the same rotation axis, spatial resolution
and pixel size, which facilitate the alignment of the projections and interpolation of the missing
information. Due to the coarse angular sampling, the overview tomogram using only the L3
projections is of low resolution, but it is quantitative. When combining such a low-resolution
overview with the other levels, the angular distribution of projections is not undersampled
anymore. Consequently, we can reconstruct a high resolution image of the ROI which allows
us to accurately quantify the electron density of the sample within the ROI. In addition, we can
fully customize the field of view of the different levels as needed using scanning microscopy
techniques such as X-ray ptychography [21–23], which is relatively slow due to its scanning
nature. Therefore, PRofIT offers the option of acquiring less data via reduction of the field of view,
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Fig. 1. Schematic representation of the PRofIT approach. (a) Shepp-Logan head phantom
where the different sizes of the regions in different levels, named L0 (ROI), L1, L2, and L3.
(b) The corresponding sinogram where the different levels are indicated by colors. The size
of the projections are 2`0, 2`1, 2`2, and 2`3 for the levels L0, L1, L2 and L3, respectively,
and are related to the colored circles in (a). (c) Angular sampling of the different levels. Each
level contains equally spaced projections in the angular range. Their spacings are indicated
and ∆θ is the angular resolution when combining all the levels.

which can decrease the duration of the experiment relative to the conventional PXCT experiments.
Additionally, although the ROI receives the same dose as in conventional tomography, PRofIT
reduces the dose outside of the ROI.

2.2. Radial and angular sampling

Figure 1(c) illustrates the angular distribution of the projections for each level. Let ∆θ be the
angular step and θ1 be the first angle. Let us also define the tomographic angles for the levels as
θL0, θL1, θL2, and θL3. Thus, the angular sampling for each level can be generalized as:
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θ
(n)
L0 = θ1 + (2n – 1) ∆θ,

θ
(n)
L1 = θ1 + (4n – 2) ∆θ,

θ
(n)
L2 = θ1 + (8n – 4) ∆θ,

θ
(n)
L3 = θ1 + (8n – 8) ∆θ,

(1)

where n is a natural number representing the projection number and such that 0 ≤ n ≤ M, where
M is the total number of projections. This angular distribution provides subsets of projections for
each level which are equally spaced in angles if M is a multiple of 8, which could be individually
used for tomographic reconstruction if needed. In case of only two levels, the subsets of angles
θ
(n)
L1 and θ

(n)
L2 are included in the level L0.

Concerning the radial sampling, the width of the L0 projections is defined by the size of the
ROI and the size of the L3 projections is given by the total width of the sample plus a small
area around. For the decomposition of the dataset in only two levels, the width of the L1 and L2
projections is the same as the width of the L0 projections, i.e., the ROI size. In this way, we only
need to define the sizes of the L1 and L2 projections for the 4-level case, which are given by:

`1 = `0 (1 + k),
`2 = `1 (1 + k),

(2)

where k can take any positive real number whose value depends on many factors, including the
the signal-to-noise ratio of the images, the sample contrast, possible angular undersampling and
others. This means that its value needs to be chosen according to the experimental conditions for
each sample. At the present work, we chose values between 0.25 and 1 for k. Therefore, the search
for its optimum value is out of the scope of this work and has to be investigated in a future work.

2.3. Alignment and interpolation of the projections of different levels

The projections obtained in all the levels are high resolution 2D images. However, the L3
projections, for example, are sparsely sampled in the angular range. Those projections are aligned
and used to calculate a low-resolution tomogram of the sample in a standard reconstruction [1,
22,23]. Afterwards, we interpolate the coarsely angular sampled stack of level L3 projections
from the entire object to the fine angular sampling using a linear interpolation. In case of phase
contrast imaging techniques such as ptychography, prior to the interpolation, the phase shifts and
the linear phase ramp of the ptychographic projections, corresponding to a constant and linear
phase term, are corrected as described in [23]. The regions of the interpolated projections at the
angles corresponding to the L0, L1 and L2 projections are replaced by the measured ones.

The L0, L1 and L2 projections need to be aligned to the stack of projections interpolated from
the L3 projections and their phase shifts need to be corrected. This is done iteratively in two
steps: (i) the constant and linear phase difference between each truncated projection and the
corresponding interpolated one are calculated using the subpixel cross correlation algorithm
described in [26]. (ii) the L0, L1, L2 projections are aligned to the corresponding interpolated
projections from level L3 using a variation of the gradient descent method, i.e., the direction of
decrease of the RMS errors within the area of the truncated projections is searched by allowing
the projections to move either zero or one pixel each time. If the RMS error is reduced the step
is accepted and this is repeated iteratively until no changes in the RMS errors are observed
anymore. Afterwards, the combined stack is used to perform the reconstruction using the filtered
backprojection (FBP) algorithm [2, 23].
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Fig. 2. The bowtie-like band region of the Radon transform. (a) The representation of
the band region of the Radon transform of an object of size 2 × R and maximum spatial
frequency W. This band region is called RW-bowtie and is obtained by the Fourier transform
of the sinogram. The slope of the limits of the bowtie-like band region depends on 1/R. (b)
Sampling of the projections in a rectangular grid with ∆r in the radial direction and ∆θ in the
angular direction. (c) Representation of the discrete Fourier transform of the rectangularly
sampled Radon transform of (b) generated from equispaced projections from 0 to π. Periodic
replications of the RW-bowtie will appear and proper angular sampling is needed to avoid
aliasing errors. (d) Representation of the aliasing errors affecting the bowtie-like band region
of the Radon transform in case of angular undersampling. The affected areas are illustrated
by checkerboard regions.

3. Numerical simulations with the Shepp-Logan head phantom

3.1. Minimum number of projections for PRofIT

One of the questions concerning the tomographic reconstruction from truncated projections is the
minimum number of projections one needs to acquire to avoid aliasing errors, namely the proper
angular sampling for the reconstruction. Here, we analyze this problem from the point of view of
the band region of the Radon transform, i.e., the 2D Fourier transform support of the sinogram,
which has a bowtie-like shape [27]. For a brief recapitulation of the concept, a representation of
the band region of the Radon transform of an object supported in a circular region of radius R is
displayed in Fig. 2(a). As a consequence of the rectangular sampling of the data in the radial (r)
and angular (θ) axes in the sinogram space illustrated in Fig. 2(b), the bowtie-like shape support
replicates itself on both the ωθ and ωr axes in Fourier domain as shown in Fig. 2(c) [1, 25, 27].

The maximum radial frequency of the object in the Fourier space is W = π/∆r, where ∆r is the
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real space radial sampling resolution. Accordingly, the angular step for the projection acquisition
should be ∆θ < π/(RW + 1) to avoid aliasing errors, which implies that the number of projections
should be M > π/∆θ = π × (R/∆r) + 1 [27]. Thus, for an object of size D = 2 × R, the required
minimum number of projections is given by the relation M > (π/2) × (D/∆r) + 1 or equivalently:

M >
π

2
× N + 1, (3)

where N is the number of radial samples (pixels or resolution elements) along the entire object in
each projection. Apart from the term +1, this relation is similar to the one derived by calculating
the minimum number of projections which gives the same radial and angular sampling steps,
which is M > (π/2) × N [28, 29]. Since we usually have to deal with a large number of radial
samples, N � 1, these two relations are equivalent. However, in the case Eq. 3 cannot be
respected and the angular range is undersampled, aliasing errors will affect the bowtie-like band
region of the Radon transform. Figure 2(d) illustrates such a situation where the aliased area
are displayed by checkerboard regions. We can immediately see the high spatial frequencies ωr
are the most affected, which implies that the reconstructed tomographic slice will be of lower
resolution than the one reconstructed from projections with proper angular sampling.

3.2. Role of the intermediate levels in PRofIT and comparison to reconstruction method
of sinogram extension

Simulations of the PRofIT approach were performed using the Shepp-Logan head phantom of
512 × 512 pixels as shown in Fig. 1. The support size of the head phantom was N = 470 pixels
and the projections were decomposed in 4 levels: L0, L1, L2 and L3. Since the minimum number
of projections required, as described in Section 2, must be larger than (π/2) × N + 1 ≈ 738, we
chose to simulate 744 projections. This number is a multiple of 8, which allows an uniform
distribution of the four levels projections over the 180 ◦-range. Following the distribution of
projections over the levels as described in Section 2, the simulated dataset (i) was composed of
93 level L3 projections 512 pixels wide, 93 level L2 projections 288 pixels wide, 186 level L1
projections 164 pixels wide, and 372 level L0 projections 94 pixels wide, which corresponds to
the diameter of circular ROI as represented by L0 in Fig. 1. The ROI represents about 20% of the
sample support and the sizes of the L1 and L2 projections were given by Eq. (2) with k=0.75. The
tomographic reconstructions were performed using the filtered back projection algorithm with
Hanning filter. In order the assess the gain in using four levels rather than the main two levels (L0
and L3), we have also performed the reconstruction using 2-level decomposition, where the size
of the projections from levels L1 and L2 was the same as the ones from level L0.

Figures 3(a) and 3(b) show the reconstructed slices from the projections distributed in four and
two levels, respectively. Figure 3(c) shows the reconstructed slice from only truncated projections
and using the sinogram extension approach [10]. In addition, we also reconstructed the phantom
using non-truncated projections and standard tomographic reconstruction (not shown), which
we used as ground-truth for comparison. Figures 3(d), 3(e) and 3(f) display the absolute value
of the difference between such a ground-truth image and the PRofIT reconstructions with four
and two levels, and the sinogram extension reconstruction, respectively. An offset of 9 × 10–3
was added to the gray level values of the sinogram extension reconstruction due to its intrinsic
loss of the quantitative information, which we could retrieve thanks to the reconstructions by
conventional tomography and PRofIT. The reconstruction with PRofIT does not suffer from the
offset difference because the quantitative information is not lost during the reconstruction.
The RMS errors calculated using only the pixels within the ROI were 1.4 × 10–3 for the

reconstruction using PRofIT with four levels, 3.3 × 10–3 for the reconstruction with two levels,
and 1.4 × 10–2 for the reconstruction using sinogram extension. This already indicates an
improvement in the reconstructed ROI with four levels relative to the one with only the two main
levels and a significant improvement of PRofIT reconstruction relative to the sinogram extension
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Fig. 3. Results of the simulations with the Shepp-Logan head phantom using PRofIT approach.
Tomographic reconstruction using (a) 4-level projections, (b) 2-level projections, and (c)
only truncated projections and the sinogram extension approach. An offset of 9 × 10–3
was added to the gray level in (c) to compensate for the loss of quantitative contrast of
the approach. The images of the absolute value of the difference between the original
tomographic reconstruction from non-truncated projections and the reconstruction in (a),
(b), and (c) are shown in (d), (e), and (f), respectively. The images are zoomed-in of the ROI
(dashed yellow lines) with a region around to shown the transition from the region away the
ROI to the ROI. (g) The gray level profiles across the blue, red, and green lines in (a), (b),
and (c), respectively, along with the one from the original reconstruction from non-truncated
projections. The dashed black lines limit the region-of-interest.

reconstruction. Figure 3(g) shows the gray level profiles across the blue, red and green lines in
Figs. 3(a), 3(b) and 3(c), respectively, and one across the ground-truth image. Except for the
additional gray level correction we applied to the reconstructed image using sinogram extension,
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its profile agrees relatively well with the other reconstructions within the ROI.
We can also see from Fig. 3(g) that the differences between the PRofIT reconstructions with

four levels and two levels appear mostly at the border of the reconstructed ROI. This happens
because the transition for coarsely angular sampled projections from level L3 is too abrupt,
specially when using only linear interpolation. Thus, the intermediate levels assist the gradual
interpolation from the region away from the ROI to the ROI and allow a reconstruction of better
image quality. Undoubtedly, one can still use only two levels when necessary without losing the
quantitative capability of the method.

3.3. Bowtie-like band region of the Radon transform

In the first column of Fig. 4, the sinograms of the four subsets of projections are shown. These
subsets are all undersampled in the angular range. In the second columns of Fig. 4, the discrete
Fourier transform of the corresponding sinograms are presented, where we readily notice the
aliasing in the bottom and top parts of the band regions. Before the discrete Fourier transform, the
sinograms were multiplied by the Hanning window function in the radial direction to attenuate
truncation effects in the radial spatial frequencies ωr. The angular frequencies ωθ are not affected
because the sinogram truncation is only radial. The band regions of levels L2 in Fig. 4(h) and L3
in Fig. 4(k) are the most affected ones because there are fewer projections in these levels than
in the levels L1 in Fig. 4(e) and L0 in Fig. 4(b), which are also affected by aliasing despite the
different sizes of the projections. Note that the coordinates of the ωθ axes change in the figure to
adapt to the proper Fourier sampling. In the third columns of Fig. 4, the band regions for the
case in which the number of projections is increased to the required number for the entire object
support are presented. We notice that the artifacts disappeared albeit there are some missing
frequencies due to the truncation of the projections. Figure 4(l) represents the case in which the
sampling requirements are respected and the projections cover the entire object. Note the range
of the ωθ axes is now the same for all band regions.
Since the slope of the limits of the bowtie-like band region, given by W/(1 + RW – 1) = 1/R,

depends on the inverse of the size of the entire object and not on the size of the ROI as previously
illustrated in Fig. 2, by reducing the number of projections, the ends of the bowtie regions will
give rise to the observed aliasing errors independently of the size of the projections. In addition,
given that the maximum frequencyW depends on the radial sampling resolution ∆r and not on the
object size D, the truncation of the projections will not affect the maximum radial frequency of
the 2D polar Fourier transform of the Radon transform. Therefore, the total number of projections
in the PRofIT, including all levels, must be equal or higher than the number of projections that
would be required for the non-local tomography to avoid aliasing due to the angular sampling.
This conclusion is also supported by a previous work on ROI computed tomography [30].

4. PRofIT using digitally truncated PXCT projections

In order to compare the non-truncated reconstruction and the PRofIT reconstruction of the same
dataset and to exemplify the PRofIT approach, we digitally truncated the 450 experimental
projections from a previous conventional PXCT experiment carried out on a fluid catalytic
cracking (FCC) catalyst [31]. The original field of view of the projections was 13 × 11 µm
(horizontal × vertical) and the pixel size was 14.3 nm. We created the four levels of projections
by truncating the images as schematically shown in Fig. 5. The regions representing the different
projection levels are indicated by colored rectangles.
In order to apply the alignment and interpolation described in Section 2.3, we truncated the

original projections before the alignment. For simplicity, the vertical size of the projections
here was chosen to be 2.77 µm. The vertical size of the L3 projections was 3.49 µm before the
alignment of the projections and were cropped to 2.77 µm afterwards. The horizontal sizes were
2.72 µm for level L0, 3.44 µm for level L1, 4.15 µm for level L2, 11.30 µm for level L3. We

                                                                               Vol. 26, No. 13 | 25 Jun 2018 | OPTICS EXPRESS 16761 



Fig. 4. The RW-bowtie shaped support of the 2D Fourier transform of the Radon transform
for the 4-level decomposition of the sinogram. The different sinograms corresponding to the
levels L0 (372 projections), L1 (186 projections), L2 (93 projections) and L3 (93 projections)
are shown in (a), (d), (g), and (j), respectively. They are undersampled in the angular range.
The RW-bowtie support for each of this level of decomposition is shown in (b), (e), (h) and
(k) for L0, L1, L2 and L3 projections, respectively. In the third column, the RW-bowtie
support for each level is shown again, but this time with a finer angular sampling considering
the entire object size according to Eq. (3).

used a value of k = 0.25 in Eq. 2. The horizontal size of the ROI represents about 35% of the
sample support and the horizontal sizes of the L1 and L2 projections were about 1.25× and
1.5× larger than the ROI, respectively. We distribute the 450 projections originally acquired in a
standard PXCT experiment in the 4 levels as follows: 225 projections for L0, 112 for L1, 56 for
L2, and 57 for L3.
Using the conventional reconstruction with the non-truncated projections, one slice from the

3D images of the FCC catalyst is shown in Fig. 6(a), whereas using the PRofIT approach with four
levels we obtain the tomographic slice as shown in Fig. 6(b). For comparison, Fig. 6(c) shows the
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reconstructed slice using the sinogram extension approach from only truncated projections with
the size of the L0 projections. Then, a modified filtered back projection to work with differential
data was used to reconstruct the tomographic slice from the projection derivatives [12, 23]. The
ROI is indicated by a yellow dashed circles in Fig. 6(a), 6(b) and 6(c). Figures 6(d),6(e) and
6(f) display zoomed-in images of the reconstructed slices containing the ROI and also part of
the region away from the ROI to better visualization the transition between the two regions and
the improved quality of the ROI. We also performed a Fourier Shell Correlation using only the
reconstructed ROI as shown in the Appendix A. We found a similar value of 39 nm for the ground
truth, PRofIT and sinogram extension reconstruction, which was expected since the three datasets
contain the same number of projections. All those reconstruction have the same pixel size of 14.3
nm. This also demonstrates that PRofIT does not degrades the spatial resolution relative to the
conventional tomography.

Figure 6(g) shows the gray level profile taken through the blue line in Fig. 6(a), which is plotted
along with the one through the red line in Fig. 6(b) and the one through the green line in Fig. 6(c).
We immediately notice the similarity between the two profiles in the ROI and even away from the
ROI for the conventional reconstruction and PRofIT, despite some blurring of the latter. This
indicates that within the ROI the image obtained with PRofIT agrees quite well with the one
obtained by non-local tomography. Additionally, the quantitative information encoded in the gray
level is preserved. One can also observe the absence of the typical artifacts of local tomography
reconstruction, e.g. cupping effect or gray level offset, within the ROI [1,30,32]. Figure 6(g) also
shows that, despite a gray level offset, the profile obtained from the reconstruction using sinogram
extension agrees well with the conventional reconstruction within the ROI, but is very different
away the ROI. Such a profile had been corrected by an offset of 0.65 × 10–5 added to the gray
level values due to the loss of the quantitative information intrinsic of the sinogram extension
reconstruction. This is a good example of the robustness of PRofIT to keep the quantitative
contrast in the reconstructed tomogram.

5. Experimental demonstration in a hair shaft

In order to test PRofIT experimentally, we performed an experiment with the tip of a black-hair
shaft whose oval cross-section was about 80 × 60 µm in size. We aim at demonstrating that we
can image only a ROI within the hair, in our case, we were interested in imaging the outer cuticles
together with a part of the cortex in a off-centered region of the hair.
The PRofIT experiment was performed at the coherent X-ray scattering beamline cSAXS at

the Swiss Light Source, Paul Scherrer Institut, Switzerland. The photon energy was set to 6.2 keV
using a double-crystal Si(111) monochromator. The experiment was carried out with two levels
of projections. 600 projections were acquired in total from which 150 projections of 86 × 15µm
(H × V) covered the entire sample width. The remaining 450 projections covered the ROI only,
which was of 26 × 15µm (H × V). The ROI was chosen to be located off-center and enclosed
part of the hair cuticles. The aperture of X-ray slits located about 22m upstream the sample was
set to 20 µm to increase the horizontal transverse coherence of the X-ray beam. The illumination
onto the sample was defined by a gold Fresnel zone plate (FZP), fabricated at the Laboratory
for Micro and Nanotechnology (LMN) at PSI, whose diameter was 170µm and outermost zone
width was 60 nm [33]. The sample was placed 2.7mm downstream of the FZP focus resulting in
an illumination probe size at the sample of about 9µm. The coherent diffraction patterns were
acquired using an EIGER detector [34, 35] with pixel size of 75 µm placed 7.36 m downstream
of the sample. A He-flushed tube was positioned between the sample and the detector to reduce
air scattering and absorption. The measurements were carried out using the instrumentation for
high-precision nanopositioning of sample described in previous works [36, 37].
The projections were acquired using a binary acquisition strategy [38] with 8 nests of

projections, as discussed in section 2.1. Each projection was obtained by a ptychographic scan of
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Fig. 5. Representation of the digital truncation of the PXCT projections of a FCC catalyst
sample. (a) One phase projection acquired from the pillar porous material where the 4
colored square regions represent a 4-level decomposition for PRofIT. Blue for L3, green for
L2, yellow for L1, and red for L0. (b) A representation of the set of truncated projections for
the 4 levels. The levels are indicated on the right side of each projection.

129 diffraction patterns with an exposure time of 0.1 seconds each. In order to avoid a pathology
which can be caused by a periodic scan grid [39], the sampling positions lay on circular shells
with a radial step size of 3µm and with 5 equally spaced points in the first inner shell. This
gives a sampling ratio of 1/αγ = 6.54, where α = 0.33 is the ratio step-size/beam-size and
γ = 0.46 is the inverse of the oversampling factor in the reciprocal space, which respects the
sampling requirements of ptychography (1/αγ > 1) [21]. From each diffraction pattern, a region
of 400 × 400 pixels was used in the reconstructions, resulting in a pixel size of 49.3 nm in the
reconstructed projections. Each reconstruction was obtained with 1600 iterations of the difference
map algorithm [39] followed by 100 iterations of maximum likelihood refinement [40]. Prior
to the tomography reconstructions, the projections were processed according to the procedure
described in Section 2. The tomographic reconstruction was performed using a modified filtered
backprojection algorithm (FBP) suitable for wrapped phase with a Hanning filter [23].
Figure 7(a) shows the reconstructed image using the PRofIT approach in which the ROI is

highlighted by a solid yellow circle. Figure 7(b) displays the ROI, where some parts of the cuticle
scales, the cortex, and some grains of melanin are indicated. Figure 7(c) shows the gray level
profile across the solid blue line on Fig. 7(a), where we do not observe any of the typical local
tomography artifacts. Also, the peak indicated by an arrow shows the gray level value when
crossing a grain of melanin. In addition to the high resolution images of the ROI, Fig. 7 shows that
PRofIT also provides a reconstruction of the region outside the ROI with lower resolution. Given
that the reconstructed image preserves the quantitative information, the electron density can be
obtained, from which the mass densities can be estimated [41]. We obtained the following values
of mass densities (ρ): 1.3 ± 0.2 g/cm3 for the hair cortex and 1.6 ± 0.2 g/cm3 for the melanin
grains. Since the exact chemical composition of these components are unknown, the values of
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Fig. 6. PRofIT results obtained by truncating the original experimental projections from
the 3D volumes of the FCC catalyst sample. (a) Reconstructed slice from non-truncated
ptychographic projections. (b) Reconstructed slice from truncated projection using the
PRofIT approach with four levels. (c) Reconstructed slice from truncated projections using
the sinogram extension approach. An offset of 0.65 × 10–5 was added to the gray level in (c)
to compensate for the loss of quantitative contrast of the approach. (d), (e) and (f) show the
zoomed-in images of the corresponding ROIs reconstructed in (a), (b) and (c), respectively.
The yellow dashed circles represent the region-of-interest. (g) The gray level profiles across
the blue, red and green lines in (a), (b), and (c) , respectively. The dashed black lines limit the
region-of-interest. The colormap of the images is given in units of refractive index decrement
δ.

mass density were obtained assuming that the ratio between the atomic mass (A) and the number
of electrons, given by the atomic number (Z), in each material can be approximated to 2. Thus,
the refractive index decrement can be written as [42]:
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Fig. 7. 3D volume of the hair shaft reconstructed using PRofIT with 2 levels decomposition.
(a) Reconstructed slice displaying the entire hair cross section. The gray level is given in
units of refractive index decrement δ. The yellow circle highlights the off-centered ROI. (b)
Zoom-in of the ROI where the red arrows indicate the cuticles, one melanin grain, and a part
of the cortex. (c) Gray level profile across the solid blue line in (a), which crosses a melanin
grain as indicated by the red arrow. The dashed lines limit the region-of-interest.

δ ≈ 1.35 × 10–6ρλ
2, (4)

where δ is the refractive index decrement, λ is the wavelength in units of Å and ρ is in units of
g/cm3. Solving Eq. (4) for ρ, we can obtain the mass density from the gray level values of the
reconstructed image. This obviously fails for the hydrogen, leading to a precision of about 10%
in the estimates, which we defined as experimental errors of the mass density estimates.
The mass density of the melanin grains is interesting because it is very difficult to obtain

in native condition inside the hair cortex. The mass density of the melanin Sepia Officialis is
1.7 ± 0.1 g/cm3 [43]. Such a value deviates only about 6% of our estimate. Concerning the hair
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cortex, it is well know that it is mostly composed of keratin. The α-keratin has a density of
1.32 g/cm3 [44], of which our estimation of mass density from the hair cortex deviates by less
than 2%.

6. Conclusion

We presented an approach of pseudo region-of-interest tomography that enables the reconstruction
of a ROI of a larger sample without the artifacts commonly encountered in local tomography.
Because of that, high-resolution images of the ROI can be reconstructed with quantitative
capabilities. We do not use only local data, the regions outside the ROI are coarsely sampled
in angle using a different scheme of projection acquisition. The results obtained with truncated
experimental projections from the catalyst confirmed that PRofIT is a stable approach and
preserves the quantitative information of the images. An experimental demonstration was
presented, where a ROI of a hair shaft was reconstructed allowing the estimation of the mass
density of some hair component, such as the cortex and the pigment melanin with high sensitivity.
We also confirmed that the minimum number of projections must be estimated based on the

entire object size and not only on the ROI size, which means that the number of projections M
should be M > (π/2) × (D/∆r) + 1 even for region-of-interest tomography. Based on the analysis
of the band region of the Radon transform, we showed this is the required number of projections
to avoid aliasing errors that disturb the high frequency information and, consequently, reduce the
spatial resolution of the reconstructed tomographic slice.
Compared to the method presented in [11], which combines a low-resolution overview

with high-resolution interior projections, PRofIT provides advantages in the postprocessing of
projections, namely easier registration and removal of constant and linear phase terms, because
the global and interior projections are measured with the same technique and with the same
resolution. Another advantage is that PRofIT acquires all the tomographic data in one experiment,
whereas the method in [11] requires the combination of the results of two experiments carried
out with different techniques, but with similar contrast mechanism. Additionally interpolation
artifacts of the low-resolution tomogram are avoided. Finally, unlike the approach of [11], PRofIT
provides reconstructions in a direct non-iterative computation, which reduces significantly the
computational requirements.
A big advantage of PRofIT is that the region outside the ROI is acquired in the same way as

the ROI and with same pixel size. The latter provides a smooth quality transition between the
ROI and the external region, which helps with the registration of the projections. Additionally,
the level L3 projections, which contain regions of air outside the object, can be used as phase
references for absolute phase shifts calibration. This is used to correct for the typical linear phase
ramp of the ptychographic projections. This represents an important advantage relative to other
approaches like data completion or sinogram extension which are not quantitative without a
priori knowledge. The PRofIT approach is not a fully local tomography approach because the
object density is reconstructed from a combination of truncated and normal projections. However,
it can help to reduce the scanning time when only a part of the sample is of interest without the
need to scan the full field-of-view covering the entire object for all the tomographic angles.

Appendix A. Estimate of spatial resolution of the reconstructed images in Fig. 6

We estimated the spatial resolution of the reconstructed images in Fig. 6 within the ROI using the
Fourier Shell Correlation (FSC) method [45]. Figure 8 displays the resulting curves. The spatial
resolution is estimated from the division of the pixel size by the abscissa value of the intersection
between the correlation curves with the 1/2 bit threshold curve. Figure 8 displays the resulting
FSC curves for the ground truth, PRofIT, and Sinogram extension reconstructions. We notice
that there is no substantial change in spatial resolution from one method to another. Since the
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intersection was at the abscissa value of ∼ 0.365, we obtained an estimate of spatial resolution of
∼ 39nm for all images.
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Fig. 8. Fourier Shell correlation curve obtained for the images in Fig. 6 to estimate of spatial
resolution of the reconstructions. All curves intersect the threshold curve at about the same
value of ∼ 0.365 of the axis of abscissae. The pixel size of figures is 14.3 nm.

Funding

Swiss National Science Foundation (SNF) (137772,145056); Competence Centre for Materials
Science and Technology (CCMX) of the ETH-Board, Switzerland.

Acknowledgments

We thank X. Donath for technical support at the cSAXS beamline.

                                                                               Vol. 26, No. 13 | 25 Jun 2018 | OPTICS EXPRESS 16768 




