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Fourier optics provides a powerful and objective approach to handling Poissonian statistics in images. Fourier
optics has been used to develop an approach to segment microbeam images into tissue and void (non-tissue)
areas (e.g. villi, crypts, blood vessels and lymph canals etc.). Image segmentation is important in order to
accurately measure the major element composition and thickness of biological sections. The method is based on
comparing the spatial frequency of non-zero pixels in a reference void with tissue regions using a convolution

method. The method automatically and conservatively segments tissue areas and uses no free-parameters. Since
the method is based on spatial frequencies it can be used over a wide span of image counting statistics.

1. Introduction

The structure of plants and animals is based on cells as fundamental
living units. The cells are ordered hierarchically into tissues made up
of different types of cells and thence different tissue-types are incor-
porated into the organs that make up the organism [1]. Histological
images of animal and plant tissues e.g. Refs. [2,3] reveal that the mor-
phological structure of biological tissues is made up of cells interspersed
with open “void” areas that contain few, or no cells. Viz. within canals,
ducts, blood vessels, villi and crypts in mucosal tissues as well as the
alveoli of pulmonary tissue. These void structures play an essential
role by transporting lymph, blood, other essential fluids, nutrients from
food and oxygen from the atmosphere. In histological analysis with ion
microprobes as well as other physical techniques, it is often important
to segregate regions of an image into pixels that are with tissue and
void areas without tissue. This is important for quantitative analysis
when Elastic Backscattering Spectrometry (EBS) and Off-Axis Scanning
Transmission Ion Microscopy (OA-STIM) to measure the thickness and
major element (C-H-N-O) contents in Particle Induced X-ray Emission
(PIXE) determinations of lesser- (P, S, Cl, K etc.) and trace-elements
(Ca, Fe, Cu, Zn), etc. [4-6]. This is because if the void areas are
not excluded from the composition, additional C-H-N-O contributions
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will be included from the underlying supporting polymer film. This is
illustrated in Fig. 1 which shows an OA-STIM image of the H-content
from a 50 pm thick cryosectioned rape seed section. Void regions of
different sizes can be clearly seen inside the seed and also outside the
seed coat where only the Pioloform supporting film is present. The void
areas can be very numerous and can have an irregular shape (such
as seen in Fig. 1) implying that an automated segmentation procedure
is needed to identify which pixels correspond to tissue and which are
associated with voids. It should be borne in mind that assigning some
tissue pixels to the void segment will not significantly influence the
tissue composition determined from EBS and OA-STIM since only tissue
segment pixels will contribute to the tissue composition determination.
However, the converse, where some void pixels as falsely assigned,
inclusion of these can have a significant influence of the measured
composition if the void and tissue compositions significantly differ.

A difficulty in performing using grey-level thresholding is that
microprobe images often are “grainy” in appearance with some pixels
containing counts and other pixels with zero counts. This will confound
segmentation using the grey-level standard methods for thresholding
employed for edge-detection in computer object recognition [7-9].
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Fig. 1. OA-STIM H image of a cryosectioned rape seed showing void areas in
the cotyledon and outside the seed coat.
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Fig. 2. Poisson distribution of number of pixels Y (1) containing »n counts for
void (Region-1 4 =0.0012, see text) and tissue (Region - 2 A = 0.215, see Fig.
3) in Fig. 1. The dashed lines are to guide the eye as in the case of pixel counts
n is strictly integer.

2. Poissonian graininess

For 1 mean counts per pixel, the probability p(n) for a given pixel
to contain n counts is given by the Poissonian distribution function,

p(n) = (%)exp—l. (€Y)

n is the number of counts in a pixel, so that n € N. Eq. (1) has a number
of properties that give rise to graininess in an image.

(i) If 21 =0, then p(0) = 0. i.e. the pixel will contain no counts.

(ii) For all 2 > 0, we have p(0) > 0, so that there is always a
finite probability that this pixel will contain zero counts and this
probability decreases as 4 increases.

(iii) For small 4, the distribution p (n) is skewed towards n = 0.

This is illustrated in Fig. 2 for void- and tissue regions with 4 = 0.0012
and 0.215 counts per pixel, respectively.

If we consider each pixel that makes up a microprobe image to be
an independent counter, then even for image regions with constant A,
we can have rapid changes in pixel content between adjacent pixels,
particularly where 4 is small. The rapid fluctuation in pixel content
from one pixel to the next contributes the very highest spatial fre-
quencies to the image. The human neuro-ocular system is conditioned
so that high spatial frequencies give a greater sensitivity than low
spatial frequency components [10-12]. The implication of this is that
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small low-frequency components which correspond to weak intensity
variations extending over many pixels will be perceptually suppressed
in the presence of Poissonian graininess. A dramatic example of this is
seen in Figure 1 of Ref. [13] where by replacing zero-value pixels with
the median value of adjacent pixels, the high frequency components
are suppressed and low frequency details become more clearly visible.
The high spatial-frequency components associated with graininess also
confound conventional algorithms based on edge detection for image
segregation.

The separation of the image into its spatial frequency components
using Fourier transforms allows quantification of periodic and aperiodic
features. An application of this is to use the width of the autocorrelation
function of an image to quantify the quality of microbeam focusing [14,
15].

In this work we describe an automatic and quantitative segregation
method which is based on measuring the spatial frequencies of non-zero
pixels to compare the graininess of the tissue section of the microprobe
image with the graininess of a void area.

3. Basis of the method

Using a(x,y) to represent the grainy microprobe image. x and y
represent the coordinates of each pixel. b(x,y) represents a reference
void-region (area where it is known that no tissue is present). b(x, y)
can be a region within the original image a(x,y), or another sample
e.g. a blank support film. A mean void-threshold per pixel is calculated
by summing over x, y in the void region b,

Zyoia = b(x, )+ 20. 2)

Here, for Poisson counting statistics the variance, 6> = b(x,y). Then,
r=1/1/ (zy0iq7) corresponds to the mean distance of closest approach
of non-zero pixels in the void area with; b(x, y) > z,,,,. Convolution of
a with a circular spatial filter with a kernel ¢ (x, y) of radius r [16],

d(x,y)=a(x,y) *c(x,y), 3

yields an image d (x, y) where pixels with light contrast have a distance
to an other non-zero pixel < r. ’«’ is the convolution operator, so that,

+oco +o0
d(x,y)=/ / a(x,y)-c(x—x,y—y)dxdy. @

Direct convolution using Eq. (4) is computationally expensive as it in-
volves pixel-wise double integrations over all other pixels. It is thus ex-
pedient to use the convolution theorem and treating x, y as continuous,

Fldx, ]l =Fla(x, 0] Flcxpl, (5)

where F represents the Fourier transform operator,

+o +oo
Fla(x. ] = / / aCx,y)e eV dpudv, ©

with x4 and v the spatial frequencies in the x and y directions. Then
from Eq. (5),

dx,y)=Fduv]. %)

d(x,y) (Eq. (7)) represents a map of the spatial density of the non-
zero pixels are present within radius r. Pixels with dark contrast will
then correspond to void areas whereas those with light contrast will
correspond to tissue areas.

A binary mask for the tissue-region 7(x,y) can be obtained by
applying a binary threshold z,

_J1=2dxy2>z
106y = {O:}od(x,y)<z. ®

For 4 £ 1 Eq. (1) implies the intensity distribution will be bimodal
with separated intensity maxima ~ zero and close to 1. Then setting,
z = 50th percentile of the intensity of d represents will reliably segment
pixels from tissue-regions. A notable characteristic from Eq. (6) is that
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Fig. 3. (a) OA-STIM image of the H-content a(x,y) in the murine large intestine. (b) Image regions yellow: void-area (Region-1); blue; Tissue area (Region-2).
The contrast and intensity in this Figure have been manipulated to improve visibility.

Fig. 4. Binary threshold segmentation of the image in Fig. 3(a).

F represents an integral over the entire image. An example of the
usefulness of this for microbeam applications is the autocorrelation
method to quantify the beam focus at very low fluence on an irregular
object (biological cell) [14,15]. Here, this property is exploited to
measure the graininess contribution from all other pixels around each
pixel.

4. Experimental
Murine large intestine was chosen as a test sample because it

represents an organ with a pronounced morphology, that includes void
regions with different sizes, and different tissue-types [6,17-19]. The

Fig. 5. d (x,y), the data of Fig. 3 filtered with a circular filter with r.

sample of large intestine was taken at necropsy from a cull animal.
The subject was held under a holding permit from the University of
Louisiana at Lafayette Animal Care and Use Committee. The subject
was euthanasied using the approved method [20] of an overdose of
isofurane (C3O0F5Cl) by inhalation followed by cervical dislocation. The
data set and sample used here were part of an on-going study on the
same subject. After euthanasia the large intestine was immediately dis-
sected out, then wiped clean using lint-free tissue without washing. The
sample was placed in an embedding mould and embedded in Optimum
Cutting Temperature compound (OCT) [21] and cooled to —85 °C and
stored on dry ice. Cryosectioning was carried out at —17 °C using a
Tanner Scientific TN50 rotary cryomicrotome [22]. Subsequently, the
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Fig. 6. Segmented image f(x,y): tissue (light contrast): void areas (dark
contrast).

sections were transferred to 0.3 ym thick supporting Pioloform films
mounted on M8 stainless steel washers. The tissue section samples were
allowed to dry overnight in a filtered air stream prior to shipping.

Measurements were carried out using the MeV ion microprobe at the
Tandem Laboratory, Uppsala University [23] which uses a standard Ox-
ford triplet lens configuration. EBS-, OA-STIM and PIXE measurements
were carried out simultaneously. OA-STIM used a 3 mm X 3 mm Si
p-i-n detector collimated to 2.5 mm diameter at a scattering angle of
45°. The OA-STIM detectors signals were recorded in event mode along
with beam charge pulses (0.1 nC) and the x- and y- pixel coordinates.
This was performed using a Fast-ComTec MP3 data acquisition system.
A 0.2 nA 2 MeV proton beam focused to ~ 3 pm X 3 pm was used for
analysis. An automated focus optimisation procedure [24] for coarse
focusing followed by a manual fine focus determination using grid
edges. The segmentation code is integrated into the LINAEUS code
suite [25]. This is written in Python 3.9 and uses the fft2 module in
the Scipy package [26]. The image data was processed for publication
using ImageJ [27-29].

5. Results and discussion

Fig. 3(a) illustrates an OA-STIM image of the H-content of a tissue
section from the mouse large intestine. The morphology of the intestine
is highly convolved in 3D. Consequently, the 2D slice has a complex
structure with regions of mucosa with villi and crypts, submucosa with
lymph and blood vessels and muscularis externa. No subtraction of
constant H-background from the supporting polymer film has been
applied. The granularity in the image resulting from the variation in
pixel counts is clearly seen in Fig. 1. To improve visibility, the image
contrast has been modified. This had the effect of suppressing details
of small voids areas such a crypts and canals. The original raw image
is included in the supplementary material. It is clearly seen the tissue
(light contrast) and void regions (dark contrast) can be discerned, but
the image is grainy. Fig. 3(b) delineates tissue and void regions that
have 4 = 0.215 and 0.0012, respectively, which were used to calculate
the data in Fig. 2.

In Fig. 4 the effect of applying a grey-scale binary threshold to
the data of Fig. 3(a) is shown. The void regions are clearly visually
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differentiated from the tissue region. However, the graininess in the
tissue region implies 1 — A of the pixels in the tissue region would be
omitted from the tissue segment and hence not contribute to subsequent
determination if the C-H-N-O contents. This for Fig. 3(a) corresponds
to ~ 78%.

In Fig. 3(b), the mean distance to the nearest non-zero pixel was
11.7 and 0.86 pixels respectively. Fig. 5 presents the real-space im-
age of the original data convoluted with a circular spatial filter with
radius r = 10.1 pixels which corresponds to Region 1 (void) in Fig.
6. Since r represents the closest distance for a pixel in the reference
void-region the lighter contrasts corresponds to the extent to which
the spatial frequency of non-zero pixels exceeds that of the reference
void region. Fig. 5 presents an image for d (x,y). Clearly the action
of the filter provides a contrast which delineates the tissue and void
regions. Moreover, the edges of the tissue region are smeared with a
general contrast progression from black (void) through grey to white
(tissue) across the edges. The corresponding binary tissue mask 7 (x, y)
according to Eq. (9) is shown in Figs. 6 and 7. Comparison of contrast
enhanced raw data and 7 (x, y) in Fig. 7, shows that the tissue region
is dilated. The dilation is consequence of the circular filter smearing,
the use of a fixed threshold z = 50th percentile of d (x,y) and that
some non-zero pixels will have pixel contents > 1 according to Eq.
(1) (Fig. 2). For the purposes of calculating the composition of C, H,
N and O and thickness in tissue sections from EBS and OA-STIM data
this dilation of the tissue segment is advantageous. This is because, as
noted in the Introduction, it is important that void pixels are not falsely
assigned to the tissue segment. On the other hand, this dilation may
present a drawback because it will lead to loss of tissue pixels from the
tissue segment around void areas if the tissue layer is thin so that the
difference in the graininess between void and selvedge tissue regions
is small. However, if the selvedge regions are thin, their omission will
only contribute a small uncertainty to the C-H-N-O composition.

The definition of threshold z,,, is objective since it is measured
from the data (Eq. (2)) by integration over the void area so that the
counts are sufficient to satisfy the central limit theorem. The threshold
value z,,;, defined in Eq. (2) will be exceeded for only 2.74% of pixels
in the void area. The 50th percentile threshold for binary segmentation
in Eq. (9) is also defined by the data. Since a convolution approach is
employed if the counting statistics in the void region are so large that
as r — 1 the method will fail as d (x, y) — 0 for all x, y. In this case, a
conventional grey-scale hard threshold [30] can be used,

- I=d(x,y) 2 Zyoid
t(x’y)_{0=>d(XsY)<Zvaid- )

With this extension the method can therefore be used over a wide
range of image statistics without introducing any free parameters.
(Example data for this is shown in the supplementary material.) The
method which is utilised in the LINAEUS code [25] can therefore be
considered as objective since it does not involve any free-parameters.
This approach is quite general and can be applied to other type of image
with a high degree of graininess e.g. EBS and PIXE images as well as
electron microprobe, micro-X-ray fluorescence imaging.

6. Conclusions

The grainy nature of ion microprobe images originates from the
Poissonian distribution of pixel counts, whereby a substantial fraction
of pixels can contain zero counts. By comparing the spatial frequencies
of non-zero pixels an automatic approach to segment images into tissue
and void regions from fluid spaces in biological tissue sections has been
developed. This has no free parameters and provides a conservative
identification of tissue regions for a wide range of image statistics.
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Fig. 7. Superposition of the contrast equalised image data a(x, y) of Fig. 3 (yellow) with the tissue segment ¢ (x, y) (grey-blue). (a) 1000 pm x 1000 pm field. (b)
Magnified square region in (a). The contrast has been modified to enhance visibility.
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