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Abstract: Inflammatory bowel disease (IBD), which encompasses two different phenotypes—Crohn’s
disease (CD) and ulcerative colitis (UC)—consists of chronic, relapsing disorders of the gastroin-
testinal tract. In 20–30% of cases, the disease begins in the pediatric age. There have been just a few
studies that used fractals for IBD investigation, but none of them analyzed intestinal cell chromatin.
The main aim of this study was to assess whether it is possible to differentiate between the two
phenotypes in pediatric patients, or either of the phenotypes versus control, using the fractal dimen-
sion and lacunarity of intestinal cell chromatin. We analyzed nuclei from at least seven different
intestinal segments from each group. In the majority of colon segments, both the fractal dimension
(FD) and the lacunarity significantly differed between the UC group and CD group, and the UC
group and control group. In addition, the ileocecal valve and rectum were the only segments in which
CD could be differentiated from the controls based on the FD. The potential of the fractal analysis
of intestinal cell nuclei to serve as an observer-independent histological tool for ulcerative colitis
diagnosis was identified for the first time in this study. Our results pave the way for the development
of computer-aided diagnosis systems that will assist the physicians in their clinical practice.

Keywords: fractal dimension; lacunarity; medical image analysis; nucleus chromatin architecture;
inflammatory bowel disease

1. Introduction

Over the past two decades, medical image analysis has become an invaluable tool in
the field of life sciences. Amongst other descriptors, fractal-based parameters have been
used with success. As pointed out in [1], many natural and man-made objects can be
characterized using the classical geometry and integer dimension; however, the random
growth and/or branching of natural objects, at different scales, can be described in a
sufficiently precise and concise way only by means of a non-integer fractal dimension.
Some of the representative examples include a fern leaf, the branching in human lungs, a
broccoli head, and the electric discharge in a storm [1]. In fractal objects, self-similarity at
varying scales can be observed. Applications of fractal analysis to biomedical problems
have been well established in ophthalmology, in exhibiting the fractal structure of vascular
networks, and in the study of branching patterns of nerve dendrites, as well as in the
studies of altered tissue and cell characteristics in cancers [1–6].
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The dependences of the structural or functioning-related parameters of interest on
the scale can be expressed by the power-law equations [1,7,8]. The fractal dimension (FD),
which corresponds to the first-order mass moment of probability of finding a certain fractal
measure amount at a certain scale [9,10], can be easily determined from the power-law
dependence. In medical image analysis, the FD provides a statistical index that quantifies
complexity and pattern reproducibility. As the biological specimens exhibit pronounced
self-similarity at different scales, the FD is being increasingly used for diagnostic purposes
in medicine [3]. Another parameter, which is often used alongside the FD, is the lacunarity
(also sometimes referred to as “gappiness” or inhomogeneity). The lacunarity is calculated
by taking into account the first-order and second-order mass moments of probability of
finding a certain fractal measure amount at a certain scale [9]. It is a measure of heterogene-
ity and translational and rotational invariance that describes the space-filling property of
fractals [9]. It is highly useful as an additional parameter to differentiate natural surfaces
and textures with the same or similar fractal dimension [6,11].

In the field of medical science, the concept of fractals has been used for both
image [1–6,12–14] and signal [15–18] analysis. The fractal feature-based image analysis
employed so far in gastroenterology has shown promising results in cancer research [19–23]
and has helped in the analysis of wireless capsule endoscopy [24] and colonoscopy im-
ages [25]. On the other hand, fractal-based signal analysis methods have been applied
in gastroenterology in the study of digestion [26], colonic pressure [27], and intestinal
sound analysis [28]. Although it produced very good results in the investigations of other
intestinal pathologies, fractal-based methodology has rarely been used in inflammatory
bowel disease (IBD) research [11,29,30].

The FD of nuclear chromatin [31,32] proved to be a sensitive parameter capable of the
early detection of fine structural and textural changes in the cell nucleus. Nuclear chromatin
FD changes have been found during the processes of cell differentiation, development,
mitosis, apoptosis, aging, and cancer development [33,34]. Lacunarity has also been em-
ployed for chromatin structure evaluation in, among others, studies of apoptosis, postnatal
development, and aging. In many of the studies, lacunarity has been inversely related to
the FD, i.e., there has been a negative correlation between the FD and lacunarity, although,
depending on the underlying processes, this association does not apply in general [33].

IBD, which encompasses two major phenotypes—Crohn’s disease (CD) and ulcerative
colitis (UC)—consists of chronic, relapsing disorders of the gastrointestinal tract [35,36].
Continuous mucosal inflammation that starts from the rectum and proceeds to more
proximal colon segments, with variability in extent, is typical for UC [37]. On the other
hand, discontinuous transmural granulomatous inflammation occurring at any part of
the gastrointestinal tract characterizes CD [38]. The disease etiology is still not fully
elucidated, but it has become clear that genetic factors, environment, diet, and changes
in the microbiome are implicated in the pathogenesis. CD can affect any part of the
gastrointestinal system, although it is most often evidenced in the terminal part of small
intestine (terminal ileum) and the colon. On the other hand, UC is a disease restricted to the
colon and rectum [35]. Both phenotypes sometimes display extraintestinal manifestations,
which might stem from factors such as chronic inflammation or nutrient malabsorption [36].
In 20–30% of cases the disease begins in the pediatric age. We are currently witnessing an
increase in incidence in the pediatric population [39]. Pediatric ulcerative colitis sometimes
has an atypical endoscopic presentation like rectal sparing or patchy disease, which makes
the differentiation between the two IBD phenotypes far more challenging [40]. The new
European Crohn’s and Colitis Organization (ECCO) guidelines [41] stress the importance
of novel and possibly noninvasive biomarkers in diagnostics. The only recommended
biomarker of intestinal inflammation so far is fecal calprotectin. Hence, there is a great
demand for the invention of new efficient biomarkers for IBD, which could be combined
with the standard medical procedures [42].

There have been just a few studies [11,29,30] which have employed fractals for IBD
investigation. To the best of our knowledge, the fractals have not yet been applied in the
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analysis of the chromatin structure in the intestinal cells. However, there are indications that
alterations in nuclear chromatin are very likely to occur in many functional gastrointestinal
and motility disorders [43]. It has been demonstrated that the gene regulation by the
microbiota is linked to DNA methylation and chromatin accessibility changes [44]. The
underlying epigenetic mechanisms have recently been recognized as highly important in
the pathogenesis of inflammatory bowel disease (IBD). Therefore, possible alterations of the
fractal parameters describing the intestinal cell chromatin structure need to be investigated.
The main aim of this study was to assess whether it is possible to differentiate between
children with one of the two IBD phenotypes and children in a control group and to
differentiate between the two phenotypes, based on the intestinal cell chromatin fractal
dimension and lacunarity. Also, we checked the potential and the methods of application
of fractal analysis as an observer-independent tool for IBD diagnosis.

2. Materials and Methods
2.1. Patients

The current study was conducted on children newly diagnosed with IBD (14 cases of
CD and 10 cases of UC). The control group (N = 16) comprised children with irritable bowel
syndrome (IBS) (without intestinal inflammation) or healthy controls. Seven tissue samples
per patient were obtained by colonoscopy, corresponding to seven intestinal segments.
Each sample contained one to four endoscopic biopsies. The samples belonged to the
terminal ileum, cecum, ascending, transversal, descending, and sigmoid colon, and rectum,
respectively. In cases when the ileocecal valve appeared affected, an additional 8th sample
from the valve was obtained.

2.2. Intestinal Tissue Preparation and Staining

Intestinal tissue was fixed in 4% neutral buffered formaldehyde. The tissues were
dehydrated in graded ethanol, according to the routine procedure, and then embedded in
paraffin blocks and sectioned. The paraffin tissue blocks were cut into 4 µm thick sections
and stained with hematoxylin and eosin.

2.3. Medical Image Preprocessing

The following image preprocessing procedure was employed for each intestinal seg-
ment. Four different micrographs containing at least one intestinal crypt each were acquired
using the Olympus DP70 camera (Olympus BX50, Tokyo, Japan) and Analysis 5.0 software
(SoftImaging System, Olympus, Tokyo, Japan). The total microscope magnification was
1000 times. All the micrographs were saved as TIFF files (dimensions 4080 × 3072 pixels,
resolution 200 DPI, bit depth 24). Using the polygon tool of the ImageJ software (NIH,
Bethesda, MD, USA), twenty crypt cell nuclei per segment were acquired for every pa-
tient and transferred to the white background images (500 × 500 pixels). Such newly
acquired micrographs of nuclei were converted to monochromatic images using the Colour
Deconvolution plugin of the ImageJ software [45,46], with an option denoted as H&E 2.
The hematoxylin component (R: 0.49015734, G: 0.76897085, B: 0.41040173) is dominant for
nuclei; it was recorded as an 8-bit grayscale image and used in further analyses.

2.4. Niblack Thresholding

Prior to fractal analysis, all the nuclei images underwent local Niblack thresholding
and conversion to binary images. The local threshold value at each pixel was calculated by
taking into account the neighborhood around that pixel and summing the neighborhood
mean value of the grayscale intensity with the weighted standard deviation of the grayscale
intensity. Both the window radius defining a neighborhood size and the weighting coef-
ficient have to be adjusted empirically. The default value of the weighting coefficient is
0.2 for bright objects on a dark background and −0.2 for dark objects on a light background.
In our case, the default coefficient provided very good results for all the images, and it was
not changed. A window of a radius of w = 6 px, chosen empirically, was centered around
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each considered pixel. The local threshold at each pixel was then calculated according to
the expression:

tNi = µ(w) − 0.2·σ(w) (1)

In (1), µ(w) and σ(w) correspond to the mean and standard deviation of the grayscale
intensities within a local neighborhood window of size w. Thus, a different threshold for
every pixel is based on the grayscale properties of the neighboring pixels [47]; this was
employed to better outline the spatial distribution of two types of chromatin—euchromatin
(lighter) and heterochromatin (darker in appearance) [33]. Specifically, the altered spatial
distribution of these regions seems to appear macroscopically mostly through altered
nuclei texture.

2.5. Fractal Analysis

Fractal analysis was carried out on binary images using the FracLac plugin
(A. Karperien, Charles Sturt University, Australia) for the ImageJ software [48]. The fractal
dimension (Db) was calculated using the box counting method as well as the cumulative
mass method, with agreement of the results for the same sets of grids. We applied a scaled
series 7/8, meaning that an enlargement of a consequent grid cell size was about 1/8.
By using a scaled series, a sufficient number of relatively dense data points for fitting
the regression lines was easily obtained. Here, a total of 18 grid cell sizes were used to
obtain data points for fitting the regression curves to describe the scale–count power law
dependence. Specifically, grid cells sized ε ∈ {5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20, 23, 27, 30,
35, 40, 46, 52} px were used in both the box counting method and the cumulative mass
method. Figure 1 shows an example binary image of a nucleus and also illustrates the
typical nucleus size and the look of the chromatin texture, covered by grid cells of different
sizes, ε. Typical grid cell arrangements are shown for four out of the eighteen utilized sizes,
as denoted above each of the four plots. Twelve random grid origin positions per nucleus,
per each grid cell size, were used.
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Figure 1. Grids of different grid cell sizes, ε, used to cover a binary two-dimensional (2D) object while
obtaining data points for the scale–count dependence. The example nucleus shown corresponds to
the 2nd patient in the CD group.

A change in the number of non-empty grid cells, N(ε), with a change in the grid cell
size, ε, was modeled by a best-fit regression line, whose slope served to estimate Db.

Db = −lim
ε→0

ln N(ε)

ln ε
(2)

The cumulative mass method makes an assessment of the probability of finding m
pixels inside the cell of a size ε, P(m, ε), by counting the pixels inside the grid cells and
normalizing the obtained pixel count data for the total probability of one, ∑

m
P(m, ε) = 1.

The first-order mass moment, M(ε), and the second-order mass moment, M2(ε), were
obtained as:

M(ε) = ∑
m

mP(m, ε), M2(ε) = ∑
m

m2P(m, ε) (3)
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The FD was then estimated from the (ε, M(ε)) data, as:

Dm = lim
ε→0

ln M(ε)

ln ε
(4)

In both cases, the adequacy of the regression line fit was estimated based on the
correlation coefficient, r2, which was close to one in all cases, confirming almost linear
data and high FD estimate accuracy. The lacunarity is calculated from the first-order and
second-order mass moments as:

λ(ε) =

〈
M2(ε)

〉
− 〈M(ε)〉2

〈M(ε)〉2
(5)

2.6. Statistical Analysis

The normality of distribution was tested with the Shapiro–Wilk test. Depending on
the type of variables and the normality of the distributions, the results are presented as
frequency (percent), mean (±SD), and median (range). Statistical hypotheses were tested
using the ANOVA, Kruskal–Wallis, and Mann–Whitney tests and the chi square test. The
statistical hypotheses were analyzed at the significance level of 0.05. Statistical data analysis
was performed using IBM SPSS Statistics 22 (IBM Corporation, Armonk, NY, USA).

3. Results
3.1. Demographic and Clinical Characteristics

The demographic and clinical characteristics of the study participants, i.e., the pediatric
patients used in this particular study, are shown in Table 1.

Table 1. Demographic and clinical characteristics of IBD groups and control patients.

Variable Control UC CD Overall p

Gender

Male 60.0% 60.0% 78.6%
0.498

Female 40.0% 40.0% 21.4%

Age 11.3 ± 5.1 14.4 ± 3.3 12.1 ± 4.8 0.271

PUCAI 32.5 ± 19.0

PCDAI 17.5 ± 6.3
Abbreviations: CD—Crohn’s disease; UC—ulcerative colitis; PUCAI—Pediatric Ulcerative Colitis Activity Index;
PCDAI—Pediatric Crohn’s Disease Activity Index.

3.2. Histological Activity

The histological activities of UC and CD are represented with the corresponding
regional histological activity score and are presented in Table 2 and Figure 2 (Nancy score
for UC) and Table 3 and Figure 3 (GHAS score for CD).

Table 2. Regional Nancy score in six different colon segments.

Segment Nancy 0, 1 Nancy 2 Nancy 3 Nancy 4

S2 1 (10.0%) 3 (30.0%) 5 (50.0%) 1 (10.0%)

S3 2 (20.0%) 4 (40.0%) 2 (20.0%) 2 (20.0%)

S4 2 (22.2%) 3 (33.3%) 4 (44.4%)

S5 2 (20.0%) 3 (30.0%) 5 (50.0%)

S6 1 (10.0%) 3 (30.0%) 5 (50.0%) 1 (10.0%)

S7 2 (20.0%) 2 (20.0%) 5 (50.0%) 1 (10.0%)
Segment notation: S2—cecum; S3—ascending colon; S4—transversal colon; S5—descending colon; S6—sigmoid
colon; S7—rectum.
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Figure 2. Regional Nancy score in six different colon segments.

Table 3. Regional GHAS score in seven different colon segments.

Segment GHAS 1,2,3,4 GHAS 5,6,7 GHAS 8,9,10 GHAS 11–16

S1 3 (21.43%) 6 (42.86%) 4 (28.57%) 1 (7.14%)

S2 6 (42.86%) 5 (35.71%) 1 (7.14%) 2 (14.29%)

S3 6 (42.86%) 4 (28.57%) 2 (14.29%) 2 (14.29%)

S4 4 (28.57%) 4 (28.57%) 5 (35.71%) 1 (7.14%)

S5 7 (50.00%) 2 (14.29%) 2 (14.29%) 3 (21.43%)

S6 5 (35.71%) 4 (28.57%) 3 (21.43%) 2 (14.29%)

S7 7 (50.00%) 3 (21.43%) 4 (28.57%)
Segment notation: S1—terminal ileum; S2—cecum; S3—ascending colon; S4—transversal colon; S5—descending
colon; S6—sigmoid colon; S7—rectum.
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3.3. Fractal Dimension

We estimated the FD of the epithelial cell nuclei to assess potential differences in the
chromatin organizational complexity between the two major IBD subtypes in the pediatric
age. The same analysis was performed to assess differences in the intestinal cell chromatin
complexity between either of the IBD phenotypes and the control subjects. A comparison
was performed on seven different intestinal segments (terminal ileum, cecum, ascending,
transversal, descending and sigmoid colon and rectum). The differences in the FDs of the
investigated nuclei are shown in Figure 4 and Table 4. Figure 4 shows the mean ranks
according to the nonparametric Kruskal–Wallis H test, where the mean rank is the arithmetic
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average of the positions in the sorted FD list for a total of 780 analyzed epithelial cell nuclei.
The blue lines show the statistically significant mean rank differences. The children with
UC had a significantly higher FD of the cell nuclei chromatin texture than the controls in
all colonic segments except for the rectum (p ≤ 0.035). Similar differences were revealed
between the UC and CD children. Specifically, the UC patients had significantly higher FDs
in comparison with the CD patients in every colon part except for the transversal colon
(p ≤ 0.010). On the other hand, the children with Crohn’s disease had FDs that were
statistically different from those of the controls only in the ileocecal valve and rectum
(p = 0.005, p = 0.014; respectively), with lower median FD values in the CD patients.
Interestingly, the terminal ileum of the CD patients, which is one of the most frequent
localizations affected by the disease, had a statistically different nuclear FD only when
compared with that of the UC patients.
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Figure 4. Fractal dimension mean rank comparison between CD, UC, and control group, for
7 different intestinal segments: (a) terminal ileum, (b) cecum, (c) ascending colon, (d) transver-
sal colon, (e) descending colon, (f) sigmoid colon, (g) rectum.
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Table 4. Fractal dimension comparison between CD, UC, and control group.

Intestinal
Segment

Fractal Dimension (FD) Statistical Signif.
(p Values)Crohn’s Disease (CD) Ulcerative Colitis (UC) Control Group

S1 1.728(1.586–1.831)
1.722

(1.593–1.802)
1.728

(1.531–1.819)

CD–UC (0.042)

CD–Control (1.000)

UC–Control (0.107)

S2
1.732

(1.523–1.842)
1.755

(1.559–1.834)
1.741

(1.599–1.818)

CD–UC (<0.0001)

CD–Control (0.097)

UC–Control (0.035)

S3
1.732

(1.529–1.829)
1.752

(1.135–1.840)
1.736

(1.547–1.835)

CD–UC (<0.0001)

CD–Control (0.814)

UC–Control (0.004)

S4
1.736

(1.566–1.831)
1.738

(1.048–1.843)
1.728

(1.538–1.812)

CD–UC (1.000)

CD–Control (0.106)

UC–Control (0.023)

S5
1.734

(1.593–1.816)
1.747

(1.118–1.948)
1.734

(1.555–1.810)

CD–UC (0.004)

CD–Control (1.000)

UC–Control (0.001)

S6
1.722

(1.521–1.940)
1.749

(1.601–1.947)
1.727

(1.585–1.826)

CD–UC (<0.0001)

CD–Control (1.000)

UC–Control (<0.0001)

S7
1.719

(1.524–1.944)
1.733

(1.511–1.824)
1.730

(1.536–1.818)

CD–UC (0.010)

CD–Control (0.014)

UC–Control (1.000)

S8
1.731

(1.617–1.788)
1.749

(1.605–1.834) CD–Control (0.005)

The results are presented as median (range). Segment notation: S1—terminal ileum; S2—cecum; S3—ascending
colon; S4—transversal colon; S5—descending colon; S6—sigmoid colon; S7—rectum; S8—ileocecal valve.

3.4. Lacunarity

The size and spatial distribution of the gaps in the cell nuclei textures, their spa-
tial diversity, and the level of the image deviation from the rotational and translational
invariance was measured by determining the texture lacunarity. Lacunarity analysis re-
vealed additional significant differences between the Crohn’s disease and ulcerative colitis
(p ≤ 0.001), as well as between the ulcerative colitis and the control (p ≤ 0.002) (Figure 5,
Table 5). In Figure 5, the blue lines show the statistically significant mean rank differences
for lacunarity. A statistically significant difference was present throughout the colon with
the exception of the same segments as those in the FD comparison (the transversal part for
the CD–UC and the rectum for the UC–control comparison). The difference in the terminal
ileum nuclear lacunarity was not statistically significant among the compared groups. The
colon enterocyte nuclear lacunarity was the lowest in the UC group.
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Figure 5. Lacunarity mean rank comparison between CD, UC, and control group for intestine
segments: (a) cecum, (b) ascending colon, (c) transversal colon, (d) descending colon, (e) sigmoid
colon, (f) rectum.

3.5. Intersegmental Comparison

Intersegmental comparisons of the fractal dimension and lacunarity of the cell nuclei
texture are presented in Tables 6 and 7, respectively. One of the prominent results is a
statistically lower rectal nuclear FD in comparison with the other segments (except for
the sigmoid colon) in Crohn’s disease patients. When the UC pediatric patients were
considered, the nuclear FD proved highly useful in differentiating the colon (except for the
rectum) and terminal ileum, the bowel part not affected by disease (p < 0.002). On the other
hand, the FD across the control intestinal segments tended to be more uniform. As for the
nuclear lacunarity, statistically significant differences were, with few exceptions, detected
between the same segments as those in the case of the FD segment intercomparison.
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Table 5. Lacunarity comparison between CD, UC, and control group.

Intestinal
Segment

Lacunarity (Lac) Statistical Signif.
(p Values)Crohn’s Disease (CD) Ulcerative Colitis (UC) Control Group

S1
0.279

(0.172–0.430)
0.285

(0.209–0.455)
0.279

(0.197–0.517) All groups (0.074)

S2
0.282

(0.163–0.470)
0.253

(0.167–0.422)
0.266

(0.178–0.407)

CD–UC (<0.0001)

CD–Control (0.087)

UC–Control (0.002)

S3
0.279

(0.174–0.460)
0.260

(0.175–0.404)
0.274

(0.192–0.481)

CD–UC (<0.0001)

CD–Control (1.000)

UC–Control (<0.0001)

S4
0.271

(0.184–0.442)
0.269

(0.181–0.554)
0.280

(0.198–0.482)

CD–UC (0.350)

CD–Control (0.039)

UC–Control (<0.0001)

S5
0.273

(0.273–0.430)
0.258

(0.037–0.365)
0.275

(0.191–0.475)

CD–UC (<0.0001)

CD–Control (1.000)

UC–Control (<0.0001)

S6
0.287

(0.042–0.510)
0.257

(0.038–0.378)
0.280

(0.190–0.467)

CD–UC (<0.0001)

CD–Control (1.000)

UC–Control (<0.0001)

S7
0.289

(0.040–0.480)
0.272

(0.183–0.450)
0.276

(0.182–0.504)

CD–UC (0.001)

CD–Control (0.015)

UC–Control (0.909)

S8
0.276

(0.221–0.396)
0.263

(0.199–0.418) CD–Control (0.126)

The results are presented as median (range). Segment notation: S1—terminal ileum; S2—cecum; S3—ascending
colon; S4—transversal colon; S5—descending colon; S6—sigmoid colon; S7—rectum; S8—ileocecal valve.

Table 6. Intersegmental comparison of nuclear fractal dimension.

Intestinal Segment
Fractal Dimension (FD)

Crohn’s Disease (CD) Ulcerative Colitis (UC) Control Group

S1 1.728 (1.586–1.832) 1.723 (1.593–1.802) 1.728 (1.531–1.819)
S2 1.732 (1.524–1.843) 1.755 (1.559–1.834) 1.741 (1.600–1.819)
S3 1.732 (1.529–1.829) 1.752 (1.135–1.840) 1.736 (1.547–1.835)
S4 1.736 (1.567–1.831) 1.738 (1.048–1.843) 1.728 (1.538–1.812)
S5 1.734 (1.593–1.816) 1.747 (1.118–1.948) 1.734 (1.555–1.811)
S6 1.722 (1.521–1.940) 1.749 (1.601–1.948) 1.727 (1.585–1.826)
S7 1.719 (1.524–1.944) 1.733 (1.511–1.824) 1.729 (1.536–1.818)

Stat.sign.
(p values)

S7-S1, S7-S3, S7-S2,
S7-S5, S7-S4 (p < 0.025)

S1-S4, S1-S6, S1-S5, S1-S3,
S1-S2 (p < 0.002)

S7-S6, S7-S5, S7-S3, S7-S2
(p < 0.013)

S1-S2, S4-S2, S7-S2 (p < 0.090)

The results are presented as median (range). Segment notation: S1—terminal ileum; S2—cecum; S3—ascending
colon; S4—transversal colon; S5—descending colon; S6—sigmoid colon; S7—rectum.



Fractal Fract. 2023, 7, 619 11 of 16

Table 7. Intersegmental comparison of cell nuclei texture lacunarity.

Intestinal Segment
Lacunarity (Lac)

Crohn’s Disease (CD) Ulcerative Colitis (UC) Control Group

S1 0.279 (0.173–0.430) 0.285 (0.209–0.455) 0.279 (0.197–0.517)
S2 0.279 (0.163–0.470) 0.253 (0.167–0.422) 0.266 (0.178–0.407)
S3 0.279 (0.174–0.460) 0.259 (0.175–0.404) 0.274 (0.192–0.482)
S4 0.271 (0.184–0.442) 0.269 (0.181–0.555) 0.280 (0.198–0.482)
S5 0.273 (0.184–0.430) 0.258 (0.037–0.365) 0.275 (0.191–0.475)
S6 0.287 (.0420–0.510) 0.257 (0.038–0.378) 0.280 (0.190–0.467)
S7 0.289 (0.040–0.480) 0.272 (0.183–0.450) 0.276 (0.182–0.504)

Stat.sign.
(p values)

S2-S7, S3-S7, S4-S7, S5-S7
(p < 0.022)

S2-S1, S3-S1, S4-S1, S6-S1
(p < 0.0001), S2-S7, S3-S7,

S6-S7 (p < 0.011) S2-S4
(p < 0.025)

S2-S1, S2-S4, S2-S6
(p < 0.040)

The results are presented as median (range). Segment notation: S1—terminal ileum; S2—cecum; S3—ascending
colon; S4—transversal colon; S5—descending colon; S6—sigmoid colon; S7—rectum.

4. Discussion

Our results indicate that pediatric UC patients have a significantly increased nuclear
structure and texture complexity, as measured with the FD, and decreased lacunarity
compared to the children suffering from CD and the controls. This is a very important
finding, given that the two IBD phenotypes are sometimes hard to distinguish. A significant
difference was confirmed in most of the colon parts. In addition, the only intestinal segment
with a significantly different nuclear fractal dimension and lacunarity between the CD
patients and the controls was the rectum. However, the ileocecal valve of the CD children
had a significantly decreased nuclear FD while the colon transversum had a statistically
decreased lacunarity compared to the controls.

To the best of our knowledge, our study is the first which employed the calculations
of the fractal dimension and lacunarity of intestinal cell nuclear chromatin in the IBD
investigation. However, fractal analysis has previously been applied in the study of other
intestinal pathologies. This methodology proved to be a promising aid in diagnosis [19,20]
and therapy response [22,23] in intestinal carcinomas. Furthermore, a methodology based
on fractal analysis was very accurate in abnormality detection in wireless capsule endoscopy
(WCE) images [24]. Moreover, the differentiation between healthy and pathologic rectal
mucosal vasculature can be accomplished with the fractal analysis of endoscopy images.
The same analysis also proved to be useful for distinguishing between different rectal
pathologies, e.g., colitis and vascular malformations [25]. Regarding IBD, fractals have been
successful in ulcer identification from WCE images (caused by CD and UC, among other
causes) [11] and bowel sounds detection in different intestinal pathologies, e.g., UC [30].
Finally, promising results were obtained in estimating the severity of intestinal fibrosis in a
study conducted on histological slides stained with Masson’s trichrome stain, which were
derived from surgical specimens of CD patients. Specifically, an extracellular matrix (ECM)
FD showed a significant correlation with a histological fibrosis score, and sections with
different histological fibrosis scores had significantly different FDs. Thus, this investigation
indicates that fibrosis progression in CD is more than a pure ECM accumulation and that it
also includes structural ECM changes [29].

It should be mentioned, however, that our FD results, although they were consistent
through the colon segments, still had some exceptions. Specifically, the nuclear chromatin
FD of the transversal colon epithelial cells was similar in the CD and UC patients. In the CD
patients, the median FD values were the highest in this segment. To better understand these
intersegmental differences, we calculated regional scores that represented the histological
disease activity for every segment. It appeared, in our group of patients with Crohn’s
disease, that in general its symptoms less often skipped the transversal segment than the
other segments (fewer patients had GHAS < 4, indicating remission). Furthermore, in this
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segment more Crohn’s disease patients had moderate active disease (GHAS 8–10) than in
the others. So, it appears that CD was more active in this part of colon. This finding strongly
suggests the possibility that differences in the pathophysiological disease activity might
have some influence on the FD results. However, this does not make fractal analysis less
attractive for future diagnostic applications since in routine pathohistological diagnostics
all seven different intestinal segments are being evaluated. Looking at the results of
all the segments comparatively, it was confirmed without any doubt that the UC fractal
dimension differed in a statistically significant way from the controls, as well as from the CD
patient group.

UC is known as a disease exclusive to the colon. Therefore, as expected, in these
patients the nuclear chromatin FDs in the terminal ileum were significantly lower than
those of the rest of the colon (the rectum was an exception). This finding proves once more
that the FD could serve as a very good discriminator of the UC-affected tissue.

In our study, the nuclear FD in the rectum was higher in the UC patients than in
the other groups; however, in this case the difference was not sufficiently pronounced to
provide a statistically significant result. Furthermore, in the UC patients, the nuclear FD in
this segment was statistically different from those of the other colon segments (apart from
the transversal colon). In general, the rectum is affected in a large majority of UC patients,
but in the pediatric population, rectal sparing is not unusual. Histological rectal sparing
absolute (normal rectum) or relative (less severe inflammation than in other colon parts)
rectal sparing is present in 30% of pediatric patients [49]. Among our patients, 20% had
absolute rectal sparing (Nancy 0 or 1), which probably mitigated the results. Therefore,
rectal biopsies, although the easiest to obtain, will not be sufficient for UC diagnostics
based on the FD, at least not in the pediatric population.

The rectum was also an interesting segment for the CD patients. This was the only
segment in which the nuclear FDs of these patients statistically differed from those of the
controls. The Crohn FDs generally tended to be lower than in the other groups, indicating
decreased complexity of textures for those nuclei. However, the FD in the rectum was
the lowest of all. In the intersegmental comparison among the CD patients, the rectal FD
was statistically lower than in any other segment except for the sigmoid colon (p < 0.025).
This makes the rectal nuclear chromatin FD a feature with a potential to be exploited in
CD diagnosis.

One possible explanation for the increased FD in most of the colon parts in the UC
patients might be an increase in euchromatin (“open” chromatin) versus the heterochro-
matin ratio. “Open” DNA is less densely packed, resulting in less intense staining and
lighter color. In a study exploring the effects of the chromatin physical structure on the tran-
scription of genes [31], both the mathematical predictions and the experimental evidence
pointed to a link between the increased heterogeneity of the chromatin structure (increased
fractal dimension) and the increased variation of the gene expression for most biological
processes. The chromatin heterogeneity is considered a ubiquitous hallmark of cancer
aggressiveness in tumor research [2,3,31,33]. However, changes in protein binding and
chromatin structure have also been shown to play a role in gastrointestinal diseases and
disorders, including the pathogenesis of inflammatory bowel disease (IBD) [44]. It might
be challenging to recognize the chromatin structural changes on standard HE-dyed tissue
slides [2]; this is of primary interest given that only such slides are available for diagnostic
purposes. On the other hand, open chromatin can be distinguished by applying fractal
analysis as it gives higher nuclear FD values [2,50]. The results of our study suggest that
UC patients have a predominantly increased euchromatin/heterochromatin ratio in entero-
cyte nuclei compared to the CD patients and controls. One of the epigenetic mechanisms
causing chromatin to be in a more open state is histone acetylation. In this process, the
enhanced unwrapping (“opening”) of DNA allows transcription [51]. On the other hand,
the opposite process, histone deacetylation, enables histone and DNA binding, limiting
access to DNA again [52]. It has been demonstrated that certain enzymes responsible
for histone deacetylation—Sirtuin (SIRT)1, SIRT6 and histone deacetylase (HDAC)9—are
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decreased in the inflamed colon tissue of UC patients compared to the same tissue of CD
patients [53]. Decreased HDAC activity in UC patients might lead to enhanced histone
acetylation and an increased amount of euchromatin, which in turn leads to a significantly
higher FD compared to that of the CD patient group. Interestingly, HDAC inhibitors are
seen as possible new drugs for UC considering their ability to decrease inflammation in
colonic epithelial cells and dextran sulfate sodium-induced colitis [54].

According to the literature, the increase in chromatin lacunarity is often followed by
the decrease in chromatin FD [33]. In this regard, our study is in line with the others. In
colon tissue, nuclear lacunarity revealed the same statistically significant differences as
the FD. However, lacunarity proved to be an even better colon CD discriminator than the
FD since it was able to differentiate CD from the controls in more intestinal segments than
the FD.

5. Conclusions

We conducted a detailed study of the fractal parameters corresponding to the altered
textures of intestinal cell nuclei in pediatric patients as the prospective biomarkers for IBD.
Although the changes in cell nuclei chromatin structure have been observed in cancers
and have been observed to also coincide with the altered nuclei textures seen in histolog-
ical samples [2,4,33], here, for the first time, a similar methodology was applied to IBD.
The changes occurring in the protein binding and chromatin structure in gastrointestinal
diseases motivated us to investigate the cell nuclei textures in IBD. We demonstrated that
the intestinal nuclei of children suffering from UC compared with children with CD and
a control group statistically increased the nuclear FD and decreased nuclear lacunarity.
Furthermore, the current study provided evidence that in CD pediatric patients the rectum
had a decreased nuclear FD and an increased lacunarity compared to the control group.
Additionally, in the comparison between the segments, the rectum was different from
almost all the other segments in terms of the nuclear FD and lacunarity. Therefore, the
fractal analysis of intestinal cell nuclei was proven to have the potential to be an observer-
independent histological tool for ulcerative colitis diagnosis. In addition, the rectum of
CD pediatric patients also seems to be a very good candidate for the development of
fractal-based diagnostics. Further studies are necessary to confirm our findings and to
check on the consistency of the results in repeated trials. Furthermore, the inconsistency of
the nuclear FD and lacunarity between the rectum and rest of the colon in children with
CD is interesting, and it should be more thoroughly investigated. Our results pave the way
for the development of computer-aided diagnosis systems that will assist in the clinical
practice in gastroenterology.
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Abstract: Toxoplasma gondii is an obligate intracellular parasite existing in three infectious life stages—
tachyzoites, bradyzoites, and sporozoites. Rupture of tissue cysts and re-conversion of bradyzoites
to tachyzoites leads to reactivated toxoplasmosis (RT) in an immunocompromised host. The aim of
this study was to apply ImageJ software for analysis of T. gondii brain cysts obtained from a newly
established in vivo model of RT. Mice chronically infected with T. gondii (BGD1 and BGD26 strains)
were treated with cyclophosphamide and hydrocortisone (experimental group—EG) or left untreated
as infection controls (ICs). RT in mice was confirmed by qPCR (PCR+); mice remaining chronically
infected were PCR−. A total of 90 images of cysts were analyzed for fractal dimension (FD), lacunar-
ity (L), diameter (D), circularity (C), and packing density (PD). Circularity was significantly higher
in PCR+ compared to IC mice (p < 0.05 for BGD1, p < 0.001 for the BGD26 strain). A significant
negative correlation between D and PD was observed only in IC for the BGD1 strain (ϱ = −0.384,
p = 0.048), while fractal parameters were stable. Significantly higher D, C, and PD and lower lacu-
narity, L, were noticed in the BGD1 compared to the more aggressive BGD26 strain. In conclusion,
these results demonstrate the complexity of structural alterations of T. gondii cysts in an immuno-
compromised host and emphasize the application potential of ImageJ in the experimental models
of toxoplasmosis.

Keywords: Toxoplasma gondii; reactivated toxoplasmosis; brain cysts; computational image analysis

1. Introduction

Toxoplasma gondii is an obligate intracellular parasite with a worldwide distribution. It
exists in three infectious life stages—rapidly dividing tachyzoites, slowly growing brady-
zoites, and sporozoites. Conversion of tachyzoites into encysted bradyzoites is a particular
feature of the complex life cycle of this parasite but essential for its persistence in the host [1].
However, rupture of tissue cysts with an egress of bradyzoites and their re-conversion to
proliferating tachyzoites results in life-threatening reactivated toxoplasmosis (RT), which is
an expected outcome of impaired immune control of the chronic infection [2].

Although T. gondii cyst stage has been extensively studied for decades, there are
still controversies regarding mechanisms responsible for its latency in an immunocompe-
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tent host, as well as events preceding reactivation in the setting of a weakened immune
system [3]. Furthermore, despite some existing drugs (used for the treatment of other
diseases) [4,5] and novel compounds [6] with documented efficacy on T. gondii cyst stage in
murine models of chronic toxoplasmosis, there is still a small arsenal of registered drugs
available for the treatment of toxoplasmosis, and none of them are able to eradicate the
parasite from an infected host [7,8]. In addition, the analysis of chemotherapy results in
animal models often requires the application of a complex and heterogeneous methodology
and needs to be improved in the future [9].

Computational image analysis is now increasingly used in biomedical research, offer-
ing a precise quantitative approach in describing complex objects [10–13]. Fractal-based
image analysis methods can be used, solely or in combination with other methods such as
the gray-level co-occurrence matrix (GLCM) analysis [14,15], discrete wavelet transform
(DWT) [14], and the finite-element method (FEM) [16] to point out the structural alter-
ations, i.e., different degrees of irregularity in the structure of signals and images of human
biological samples obtained from a wide range of clinical conditions, predominantly carci-
noma and chronic noncommunicable diseases. Depending on the studied problem, certain
parameters were selected to conduct the analyses. In [14], fractal dimension was used
alongside GLCM and DWT features in the classification of cells exposed to a hyperosmotic
environment versus controls. In [16], fractal dimension combined with FEM was employed
to assess the mechanical properties of liver tissue affected by fibrosis. Fractal lacunarity has
been used in [15,17]. Multifractal features (generalized dimensions, singularity spectrum)
have provided excellent classification accuracy in [18–20].

In microbiology, computational image analysis has also been proposed as a promising
tool that could facilitate both research and diagnostics [21–23]. However, its application
potential for in-depth studies focused on T. gondii is still limited. In fact, we were the first
to introduce the use of freely available ImageJ software v. 1.52i (NIH, Bethesda, MD, USA),
along with its fractal analysis plugin [24], as an affordable and widely accessible method-
ology for detailed observational analysis of T. gondii brain cysts [25]. For example, such
a novel yet mathematically objective study approach on T. gondii cysts in murine models
of toxoplasmosis would enable standardized analysis and interpretation of experimental
results, and eventually facilitate drug development process.

Even though a variety of animal models of toxoplasmosis have been developed so
far, primarily for chemotherapy studies [9], only few have been focused on RT. Indeed,
development of an up-to-date murine model of RT that would allow for evaluation of
drug efficacy in a rapidly rising population of immunocompromised patients, especially
those undergoing organ or tissue transplantation [26], has become a research priority.
Most in vivo models of RT established so far included only the high-dosage corticosteroid
treatment [9,27]. Corticosteroids are indeed the first-line drugs used for the treatment of
graft versus host disease (GVHD) in transplant recipients. In addition, cyclophosphamide
is one of the widely used immunosuppressants in transplantation-related protocols [28] and
has also been used in some experimental models of RT [29,30]. Combining these two drugs
would enable closer simulation of one of the most common iatrogenic immunosuppression
protocols in human transplantation medicine.

The aim of this study was to apply computer image analysis on high-resolution im-
ages of T. gondii brain cysts obtained from a newly established in vivo model of RT, using
T. gondii strains isolated from human biological samples for infection and immunosuppres-
sant drugs commonly administered in transplant recipients.

2. Materials and Methods
2.1. Mice

For in vivo experimental models of RT, Swiss Webster female mice (Medical Military
Academy Animal Research Facility, Belgrade, Serbia) weighing 18–20 g at the beginning
of the experiment were used. Mice were housed five per cage at the Institute for Medical
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Research Animal Research Facility, Belgrade, Serbia, and offered regular mouse feed and
drinking water ad libitum.

2.2. Parasites

Two T. gondii strains of human origin genotyped as type II T. gondii strains (referred to
as BGD1 and BGD26) were included in the study. These strains were previously isolated
from human biological materials and thereafter regularly maintained in Swiss Webster mice
in the National Reference Laboratory (NRL) for Toxoplasmosis, Belgrade, Serbia [31,32].
Tachyzoites used for experimental infection were obtained based on a previously estab-
lished protocol [33]. Briefly, tachyzoites of the BGD1 and BGD26 strains were harvested
from peritoneal exudates of Swiss Webster mice previously inoculated intraperitoneally
(i.p.) with cysts, then propagated in Vero cells (ATCC No. CCL-81) and harvested be-
fore the inoculation. To determine the precise number of parasites needed for infec-
tion, 20 µL of suspension was stained with Trypan blue and counted using a Burker-
Turk hemocytometer.

2.3. Experimental Design

The mice were inoculated i.p. with tachyzoites of the BGD1 (104, n = 102 mice) and
BGD26 (102, n = 50 mice) strains. The doses of tachyzoites for each strain were determined
based on the results of the survival rate in mice infected with 102 and 104 tachyzoites
in our preliminary experiments. Signs of clinical aggravation (ruffled fur, apathy, loss
of appetite/anorexia, etc.) and survival were monitored daily during the 42-day period
needed for complete establishment of chronic infection. On day 21, T. gondii infection was
confirmed in the surviving mice by the detection of specific IgG antibodies from serum
using in-house high-sensitivity direct agglutination assay (HSDA), using approximately
20 µL of peripheral blood, drawn from the saphenous vein [34]. Seronegative mice were
eliminated from the study.

To establish the in vivo model of RT that would respond to real-life challenges, Swiss
Webster mice infected six weeks before with tachyzoites of BGD1 T. gondii strain were
assigned to treatment with cyclophosphamide (150 mg/kg per dose in three doses ev-
ery third day) and hydrocortisone (50 mg/kg per dose 3 times a week) (experimental
group—EG) over a period of 4 weeks or left untreated as infection controls (ICs). Hence,
immunosuppression in treated mice was achieved by using both drugs during the first
two weeks and maintained only by the corticosteroid drug for the last two weeks of treat-
ment/experiment. After the establishment of the model with BGD1, the same protocol was
applied to the BGD26 strain, which was used to compare the results obtained with the main
(BGD1) strain. The immunosuppressive drug regimen used in this study was based on
the literature data [27,35] and results of our preliminary experiments, which showed a fast
drop in leukocyte count in peripheral blood of treated animals (as low as 0.66 × 106/mL
peripheral blood (SD = 0.357) at day 10 of the treatment) and a mortality rate (30%) not
exceeding the percentage reported for the usual corticosteroid regimen used in previous
model of RT [27].

Peripheral blood (50 µL) for qPCR analysis was drawn from 1–5 mice (depending on
survival) per strain at day 42 (IC mice) and at 6 more time points (IC and EG mice), defined
within the treatment timeline (day 46, 49, 52, 58, 65, and 70 post-infection), if applicable
(if there were surviving mice available at that particular time point). Upon collection of
peripheral blood, mice were humanely sacrificed by cervical dislocation. Their brains were
harvested, homogenized in 1 mL of saline solution using a syringe and a needle (21 gauge),
and microscopically examined for the presence of T. gondii cysts.

RT in mice was diagnosed based on the detection of T. gondii 529-bp repetitive
element in peripheral blood sample using qPCR [36]. Amplification was performed
in a StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA)
using the following cycling conditions: 2 min at 50 ◦C, 10 min at 95 ◦C followed by
40 cycles of 15 s at 95 ◦C and 60 s at 60 ◦C. Apart from samples, the reaction mix-
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ture contained Maxima Probe/ROX qPCR Master Mix (2×) (Thermofisher Scientific,
Waltham, MA, USA), forward (5′-AGAGACACCGGAATGCGATCT) and reverse (5′-
CCCTCTTCTCCACTCTTCAATTCT) primers (25 µM), TaqMan probe (5′-6FAM-ACGCTTT-
CCTCGTGGTGATGGCG-TAMRA) (10 µM) (Invitrogen, Carlsbad, CA, USA), and nuclease-
free water in a final volume of 20 µL. Samples were analyzed in duplicate. According to
these results, treated mice were classified as T. gondii-reactivated (PCR+) or not (PCR−).

The experimental design of the model is presented in Figure 1.
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Figure 1. Model of RT—experimental design. Time points for IC (blue and red) and EG (red) are
presented on the timeline. CY—cyclophosphamide; HC—hydrocortisone.

2.4. Image Acquisition

Computer image analysis was performed on images of T. gondii cysts obtained from
established in vivo models. For cyst visualization, 25 µL of the brain suspension was
placed on glass slides without fixation. The cysts were morphologically recognized using a
phase-contrast microscope (Axioskop 2 Plus, Zeiss, Jena, Germany), under magnification
of 1000× (oil immersion), and photographed by Zeiss Axio-CamMRc 5 in a live image
window. The cyst diameter was measured using AxioVision Rel. 4.8.2 software. The images
were saved as 2584 × 1936 px2 TIFF files (image format 24 bit RGB). Several images of the
same cyst were taken, and the best-focused one was selected for further analysis.

2.5. Image Analysis

All of the computer image analyses necessary for cyst characterization were performed
using the ImageJ software package v. 1.52i (NIH, Bethesda, MD, USA), which is widely
available, straightforward to apply, and amongst the tools of choice in the biomedical
community. The acquired phase-contrast images appeared in shades of gray and were con-
verted to 8-bit grayscale images prior to any analyses. Figure 2 shows several representative
example cyst images, illustrating the initial appearance of bradyzoites within a cyst, as well
as the transformations performed to prepare the original images for particle and fractal
analysis. There are no obvious, to the human observer, differences in the visual appearance
of bradyzoites between the two studied T. gondii strains; thus, only images for the BGD1
strain are shown. Examples are given for the IC and EG groups, for three time points.
Contrast enhancements allowing 0.4% of saturated pixels and histogram equalization were
carried out for all images, rendering high-contrast high-resolution images shown in the
leftmost column of Figure 2.
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2.5.1. Morphological Analysis

Morphological analysis was employed to check the cysts’ size and shape. The cyst
Area, Perimeter, and circularity, C, were accurately determined by the ImageJ software. The
cyst circularity, C, is defined as

C = 4π× Area

(Perimeter)2 . (1)

It is a measure of how close a shape is to a perfect circle. Shapes close to a circle have a
C close to 1.0, whereas elongated shapes have a C close to 0.0. The cyst Perimeter was used
to calculate the mean diameter for each cyst, which showed an excellent agreement with
the diameters measured directly under the microscope. The Area was saved to be used in
the calculation of packing density, PD.

2.5.2. Particle Analysis

For particle analysis, the enhanced contrast images underwent local Niblack thresh-
olding and conversion to binary images. The default Niblack weighting coefficient of
0.2 for light objects on the dark background was kept for all images. The local threshold
value at each pixel was calculated taking into account the neighborhood around that pixel,
which was empirically chosen as a circular area (window) of a 28 px window radius. The
neighborhood mean value of grayscale intensity was summed with the weighted standard
deviation of grayscale intensity, resulting in the local threshold at each pixel:

tNi = µ(w) − 0.2·σ(w). (2)

In (2), µ(w) and σ(w) correspond to the mean and standard deviation of grayscale
intensities within a local neighborhood window of size w = 28 px. A different threshold for
every pixel is based on the grayscale properties of the neighboring pixels [37].

The images were converted to binary. The watershed segmentation in ImageJ was
performed next, in order to somehow work around the fact that the bradyzoites are ex-
tremely densely packed and overlap each other. The term watershed originates from the
analogy with topography [38,39], where a catchment basin corresponds to the set of points
whose path of steepest descent terminates in the same local minimum of the “height”
function (pixel grayscale intensity minima, or pixel grayscale intensity maxima if an image
is inverted). One of the very efficient early algorithms used an “immersion simulation” [38],
imagining a water level rising from the local minima and flooding the basins. At each
pixel where the water from two different minima would merge, a “dam” has to be built.
At the end of the “immersion”, each minimum is completely surrounded by dams, i.e.,
watersheds delimiting its associated catchment basin. Algorithms working with binary
images often use the inversed distance transformation.

Although the number of particles generated by segmentation could be somewhat
larger than the actual number of bradyzoites in a studied cross-section, e.g., the front
part and the rear part of an overlapped bradyzoite could be counted as two particles,
identical treatment of all cyst images ensured an accurate assessment of relative particle
numbers. The particle counting procedure, currently available in ImageJ, is known to work
properly only with clearly separated particle areas. The obtained particle numbers, Np,
were expected to be proportional to the actual numbers of bradyzoites within a cyst. The
parameter of interest for cyst characterization, packing density, expressed in µm−2, was
obtained as

PD =
Np

Area
. (3)

2.5.3. Fractal Analysis

As has been shown previously [25], the patterns of bradyzoite packing exhibit a
fractal character, with the fractal dimension around 1.75. Whereas the PD describes the
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occupancy of the cysts, fractal parameters relate to the structural and textural properties of
a pattern of bradyzoite contours. For example, if the bradyzoites underwent changes in
size and particularly in roughness or raggedness of their contours, due to some external
factors, one could expect to observe changes in the fractal parameters. These changes occur
independently of the possible alterations in the numbers of bradyzoites and PD.

Starting from the high-contrast images in the leftmost column of Figure 2, we applied
the global Otsu threshold to the entire cyst images, adjusting the threshold grayscale
intensity to best outline the bradyzoite contours. Then, we adjusted the lower histogram
value to keep only the narrow interval of gray tones including the Otsu threshold. In that
manner, we obtained the relatively thin lines outlining the bradyzoite contours, shown
in the right column of Figure 2. We took the 520 × 520 px2 sized cutouts from the region
close to the cyst center to acquire equally sized visual texture images for all analyzed cysts.
Fractal analysis was carried out on binary images (contour outlines) using the FracLac
plugin (A. Karperien, Charles Sturt University, Bathurst, Australia) for ImageJ software [24].

We applied scaled series with a 7/8 ratio, meaning that an enlargement of consequent
grid cell size was about 1/8, guaranteeing a sufficient number of relatively dense data
points for fitting the regression lines. Here, a total of 25 grid cell sizes were applied to
obtain the data points used for fitting the regression curves, describing the scale–count
power law dependence. Namely, grid cells sized ε ∈ {16, 19, 21, 24, 28, 32, 36, 41, 47, 54, 62,
70, 81, 92, 105, 120, 137, 157, 180, 205, 234, 268, 306, 350, 400} px were used. Figure 3 shows
an example bradyzoite contour outline covered by grid cells of different sizes, ε. Twelve
random grid positionings per image were used.
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The cumulative mass method, to determine the fractal dimension, FD, and fractal
lacunarity, L, makes an assessment of the probability of finding m pixels inside a cell of
size ε, P(m, ε). This is carried out by counting pixels inside the grid cells and normalizing
the obtained pixel count data for the total probability of one, ∑

m
P(m, ε) = 1. The first-order

mass moment, M(ε), and the second-order mass moment, M2(ε), were obtained as:

M(ε) = ∑
m

mP(m, ε), M2(ε) = ∑
m

m2P(m, ε). (4)

The FD was then estimated from the (ε, M(ε)) data as:

FD = lim
ε→0

ln M(ε)

ln ε
. (5)

Adequacy of regression line fit was estimated based on the correlation coefficient, r2,
which was close to one for all analyzed images, confirming almost linear data and high
FD estimate accuracy. The mean lacunarity, L, is obtained by averaging lacunarities per
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grid size, ε, calculated from the first-order and second-order mass moments as given below.
The lacunarity for each grid size corresponds to the squared coefficient of variation.

λ(ε) =

〈
M2(ε)

〉
− ⟨M(ε)⟩2

⟨M(ε)⟩2 , L = ⟨λ(ε)⟩. (6)

2.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0.1. (GraphPad Software,
San Diego, CA, USA). Shapiro–Wilk and Kolmogorov–Smirnov tests, as well as Q–Q plots,
were used to test the normality of the dataset. Image data were evaluated by analysis of
variance (ANOVA) and Tukey’s test for post hoc analysis, or Kruskal–Wallis with Dunn’s
post hoc test, depending on the data distribution. The independent-samples t-test was used
when comparing two sets of data, as well as the Mann–Whitney U test for comparing data
with non-normal distribution. For analysis of correlation, Spearman’s or Pearson’s rank
correlation tests were used, depending on the data distribution. The level of significance
was p ≤ 0.05.

2.7. Ethics Statement

The study protocol was approved by the State Ethics Committee (Veterinary Direc-
torate of the Ministry of Agriculture, Forestry and Water Management of Serbia decision
no. 323-07-07496/2022-05). The animal experiments were conducted concordant to proce-
dures described in the National Institutes of Health Guide for Care and Use of Laboratory
Animals (Washington, DC, USA). All efforts were made to minimize suffering.

3. Results

In vivo models of RT used for harboring images required for ImageJ analysis con-
ducted in this study were established by administering the combination of cyclophos-
phamide and hydrocortisone to mice chronically infected with one of two available T. gondii
strains of human origin. After the establishment of chronic infection, and exclusion of
uninfected mice (n = 4 for BGD1, and n = 1 for the BGD26 strain), surviving animals were
assigned to treatment with immunosuppressant drugs (EG, n = 54 for BGD1 and n = 5
for the BGD26 strain) or left untreated as IC (n = 28 for BGD1 and n = 3 for the BGD26
strain). Signs of clinical deterioration in mice infected with either of the two strains were
most pronounced in the second week of infection, as well as during the second week of
combined treatment using both immunosuppressant drugs. The BGD26 strain appeared to
be more virulent with a mortality rate of 83.7%, compared to BGD1 (16.3%). The majority of
animals infected with either the BGD1 or BGD26 strain that succumbed to the infection died
during the second week post-infection (10.2% and 61.2%, respectively) (Figure 4). During
the treatment, the mortality rate was 7.4% for the BGD1 strain, while all treated animals
infected with the BGD26 strain survived. According to qPCR results from peripheral blood
samples, RT was diagnosed in 26.7% and 60% of animals infected with the BGD1 and
BGD26 strain, respectively. Positive qPCR reactions from peripheral blood are presented in
Figures S1–S10.

A total of 90 high-resolution images of T. gondii brain cysts obtained from established
in vivo models of RT were analyzed for diameter (D), circularity (C), packing density (PD),
fractal dimension (FD), and lacunarity (L), using ImageJ software. The analyzed cysts
differed according to the parasite strain, treatment (IC or EG), and peripheral blood qPCR
result (PCR+ or PCR−) (Table 1). The results of the analyzed parameters are summarized
in Table 2.
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Figure 4. Survival in mice upon infection with T. gondii strains of human origin, BGD1 or BGD26.

Table 1. Number of analyzed cysts (images *) per strain.

Strain IC
EG

Total
PCR+ PCR−

BGD1 27 7 21 55

BGD26 10 15 10 35
IC—infection control; EG—experimental group. * Only one image per cyst was selected for the final analysis.

Table 2. Strain-related differences in parameters of structural complexity of T. gondii cysts (mean ±
SD).

Strain Group D (µm) C PD (µm–2) FD L

B
G

D
1 IC 45.80 ± 13.00 0.994 ± 0.003 0.533 ± 0.060 1.746 ± 0.070 0.259 ± 0.076

EG PCR− 44.55 ± 11.68 0.994 ± 0.002 0.604 ± 0.242 1.748 ± 0.069 0.259 ± 0.076
EG PCR+ 46.32 ± 16.71 0.996 ± 0.001 0.553 ± 0.073 1.749 ± 0.069 0.252 ± 0.073

Total 45.52 ± 12.85 0.994 ± 0.002 0.563 ± 0.159 1.747 ± 0.070 0.258 ± 0.076

B
G

D
26

IC 32.97 ± 5.45 0.979 ± 0.011 0.415 ± 0.034 1.746 ± 0.071 0.289 ± 0.082
EG PCR− 41.02 ± 9.86 0.988 ± 0.006 0.452 ± 0.139 1.749 ± 0.070 0.285 ± 0.083
EG PCR+ 34.29 ± 8.26 0.989 ± 0.007 0.480 ± 0.059 1.750 ± 0.067 0.294 ± 0.082

Total 35.84 ± 8.55 0.986 ± 0.009 0.454 ± 0.087 1.749 ± 0.069 0.290 ± 0.082

p
values 0.0049 <0.0001 <0.0001 0.6341 <0.0001

IC—infection control; EG—experimental group; D—diameter; C—circularity; PD—packing density; FD—fractal
dimension; L—lacunarity. p values are shown for comparison of parameters among cysts of different strains in the
IC group.

Parameters of interest (D, C, PD, FD, and L) were compared among four different
groups within a particular strain (IC, EG, PCR+, and PCR−), as well as between the
two strains.

Cyst circularity was significantly higher in the mice with confirmed RT (PCR+) com-
pared to untreated controls (ICs) (p < 0.05 for BGD1 and p < 0.001 for the BGD26 strain) and
mice with no detected reactivation (PCR−) (only for the BGD1 strain, p < 0.05). However, in
case of the BGD26 strain, the difference was also observed in all treated mice (EG) compared
to the untreated ones (IC), regardless of reactivation (p < 0.05).
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PD analysis showed no statistically significant differences among cysts regardless of
the treatment and data on reactivation of T. gondii infection in mice. However, a significant
negative correlation between D and PD was observed in the group of untreated mice for
the BGD1 strain (ϱ = −0.384, p = 0.048), but not in the treated ones. However, an inversed
correlation was not found in either group of mice infected with the BGD26 strain.

In contrast to morphological and particle analysis, we have found that fractal analysis
parameters (FD and L) were not altered by administered immunosuppressant drugs.

Comparison of ImageJ-derived parameters between images of cysts obtained through-
out infection with T. gondii strains used for our model of RT revealed that D, C, and PD
were significantly higher, while L was lower in the BGD1 strain in comparison to the
BGD26 strain. Moreover, the differences in C, PD, and L between the two strains were
highly significant. Opposed to that, there were no statistically significant differences in FD
between the BGD1 and BGD26 strains (Table 2).

4. Discussion

Determination of quantitative parameters describing tissue cyst shape and occupancy,
as well as their changes in various experimental settings in murine models of toxoplasmosis,
could help gain further insights into the T. gondii strain-dependent cyst structure in brain
tissue and its alterations under drug-induced immunosuppression. In our previous work,
we have suggested the application potential of computational image analysis in revealing
the complexity of T. gondii brain cysts. The majority of analyzed parameters were stable
among cysts, indicating a highly uniform structure and occupancy of the T. gondii brain
cysts of different age and parasite strains, as well as of those derived from mice of different
genetic backgrounds [25].

A total of 90 high-resolution computer images of T. gondii brain cysts obtained from a
model of RT established by using two different T. gondii strains (one per each experimental
setting) and a combination of immunosuppressant drugs (cyclophosphamide and hydro-
cortisone) were analyzed in this study. We applied the methodology for image analysis,
using the freely available ImageJ software, that we have previously published [25]. Mor-
phological, particle, and fractal analysis was used to quantify the geometrical complexity of
T. gondii brain cysts, as well as to determine if shape uniformity or structural organization
of parasites inside tissue cysts were altered by applied immunosuppressive regimen.

Morphological and particle analysis revealed changes in cyst shape and occupancy
in immunosuppressed mice. Circularity values in this study were remarkably close to
one, confirming the almost perfectly round shape of T. gondii brain cysts, concurring our
previous findings [25]. However, here, we observed a statistically significant increase in
C in mice with confirmed RT. Apparently, excystation of bradyzoites in ruptured cysts
triggered microscopically undetectable but statistically significant changes in cyst shape. It
is known that a sphere has the lowest surface area for a given volume, and thus requires
the least energy for maintaining its shape. Moreover, an increased pressure within a cyst,
e.g., due to the slightly increased numbers of bradyzoites, would drive an increase in cyst
circularity. Perhaps the additional rounding of brain cysts could also be interpreted as a
parasite response to unfavorable events in its surroundings. This could be explained as a
defense mechanism of T. gondii to maintain its persistence, as well as transmission to the
new host, which is a tendency of every parasite [40]. Moreover, these results indicate that
C, as a quantitative and easily obtained parameter, could be used as an additional tool for
tracking the reactivation in murine models of RT and eventually replace more expensive
molecular methods. Indeed, even though peripheral blood samples are extensively used
for monitoring of T. gondii reactivation via state-of-the-art qPCR methodology, blood is not
an ideal sample for PCR since it is abundant in DNA polymerase inhibitors, e.g., hem from
hemoglobin, which could lead to false-negative results and undetectable reactivation. Fur-
ther development of ImageJ plugins could not only minimize inconclusive or false-negative
findings derived from PCR but also offer a more precise perspective into ultrastructural
modifications leading to cyst instability and eventually, rupture. However, this should be
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confirmed on a larger scale, by expanding the experimental model through increase in the
number and variety of mice species and parasite strains.

Our methodology used for particle analysis, with a watershed algorithm as an addi-
tional tool offering precise estimation of the relative number of closely packed parasites
inside cysts, was previously underlined as simple, yet highly convenient, for this pur-
pose [25]. As other authors [41], we [25] have also previously shown that D and PD of
tissue cysts were inversely correlated. The same was observed here in the case of the BGD1
strain, albeit only in the group of infected untreated mice. In cysts derived from treated
mice, on the other hand, the absence of a negative correlation between D and PD indicated
changes in cyst occupancy in immunosuppressed mice. It is possible that cysts underwent
significant structural changes as an effect of immunosuppressant treatment, leading to
alterations of the relationship between D and PD that was previously established as stable.
Never before were effects of immunosuppressants in chronic T. gondii infection, inevitably
linked to reactivation risk, evaluated using ImageJ, even though it is a highly accessible
piece of software. Possible reasons likely include a lack of publicly available data and the
fact that the methodology itself is not standardized for evaluation of the infection stage.
However, it should not be disregarded that the majority of PCR protocols used to diagnose
and monitor infection are in-house and hence also unstandardized. The capacity of ImageJ
to identify, to single out and mathematically prove new, treatment-related microscopic
relations in the parasitic niche within the host organism, may complement a deeper under-
standing of not only the infection pathogenesis but also the mechanism of action of various
drugs, both registered and experimental.

In contrast to morphological and particle analysis, the structure and organization of T.
gondii cysts originating from either of those two strains did not change despite immuno-
suppressive treatment or reactivation of latent infection according to fractal analysis. FD
was very uniform among the observed groups within a particular strain. Moreover, there
was no difference between the two strains, which was in accordance with our previous
findings [25]. Such results indicate that the immunosuppressive treatment did not in any
way affect the contours of densely packed and overlapping bradyzoites inside the brain
tissue cysts, i.e., it did not significantly affect bradyzoite shape. Whereas PD mainly de-
scribes the occupancy of the cysts, FD relates to the roughness or raggedness of contours
of bradyzoites. It would be interesting to investigate if future treatment options aimed at
having detrimental effects to T. gondii bradyzoites would perhaps modify otherwise very
stable FDs. This observation also underlines the significance of FD as a well-established
feature of T. gondii cysts from various sources. The ever-increasing number of immuno-
compromised patients prone to reactivation triggers more and more research aimed at the
development of new compounds or repurposing of existing drugs that could be active to-
wards bradyzoites, since none of the current treatment options are. These drug candidates
are highly diverse, as is the methodology used for the evaluation of their effectiveness
in many research centers worldwide, emphasizing the need to gather around a method
that would be feasible, objective, and precise but also cost-effective. Armando et al. [42]
have proposed an algorithm for an automated detection of T. gondii cysts on microscopic
slides based on specific parameters of T. gondii cysts calculated with MatLab software (v.
2013). Defining the range of FD values in our research is a valuable result which could be
used as a valuable parameter for developing such an algorithm and associated software.
Time-consuming detection of T. gondii cysts by microscopic slide examination requires
experienced microscopist. Thus, ImageJ could be used for the future upgrade of bioassay, a
gold-standard, confirmatory diagnostic test based on microscopic identification of T. gondii
cysts in brain samples of mice inoculated with biological samples (blood, amniotic fluid,
cerebrospinal fluid, etc.). Although still used in specialized laboratories, time-consuming
and labor-intensive bioassay is largely obsolete in most diagnostic and research centers,
often due to deficiency in highly trained staff and objective, quantifiable approach in results
interpretation, which is an undisputable asset of an ImageJ-based methodology. Moreover,
ImageJ could find its application in chemotherapy studies as well. Namely, brain cyst
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counts, but also their in-depth characteristics, are valuable experimental results in murine
models of toxoplasmosis. Tracking the reduction of brain cyst burden in chemotherapy
experiments by automatic detection of brain cysts on microscopic slides by ImageJ could
facilitate evaluating the effects of therapeutics with anti-T. gondii properties, particularly
those effective against cyst stage of this parasite.

T. gondii strains used for our models of RT were previously classified as type II strains
and were both isolated from cases of human congenital toxoplasmosis. The presented
results of the computer analysis of brain cysts highlight the digital methodology as an
additional objective approach in distinguishing strains of T. gondii, which can be combined
with the known clinical presentation in congenitally infected infants and data obtained
from extensive in vivo studies. Namely, while there were no clinical signs of infection in
newborns infected with the BGD1 strain, the one infected with BGD26 presented with
hydrocephalus and epilepsy. Furthermore, the results derived from established models
of RT indicate that there is a difference in virulence between these strains. During acute
toxoplasmosis, the mortality rate in mice infected with the BGD26 strain was five times
higher than in BGD1-infected mice. This virulence apparently also affected the incidence
of RT, as the mice infected with the BGD26 strain were almost three times more prone
to reactivation. Furthermore, according to computational analysis, these differences re-
flected in the structure of tissue cysts, since the majority of analyzed parameters were
strain-dependent. Namely, we have shown that cysts of a less virulent BGD1 strain were
larger, more densely packed, and with a more pronounced spherical shape. The higher
circularity of the strain could be responsible for its better stability in brain tissue of an
immunocompromised host. In contrast to FD, which remained uniform, lacunarity, L, was
significantly lower in the BGD1 strain compared to BGD26, which confirmed our previous
observations [25]. Apparently, the homogeneity of structure inside tissue cysts quantified
here by L depends on the T. gondii strain. Although we have previously speculated it could
be associated with the number of passages in laboratory animals, the intrinsic features
such as virulence of a particular strain could be another explanation. According to our
results, more homogeneous cysts originated from the BGD1 strain, which is a strain of
lower virulence and reactivation rate compared to BGD26.

The results of the present study indicate that there is in fact a low level of uniformity
in the structure of brain cysts derived from two different T. gondii strains, as opposed
to our previous observation regarding the complexity of T. gondii cysts [25]. In addition
to parasite strains used for infection, other experimental conditions such as life stage
of the parasite, route of infection, and genetic background of the host affect infection
dynamics and further hamper the interpretation of experimental results [43,44]. In the
present study, the possible impact of such variables was excluded by providing identical,
strictly controlled experimental conditions. Namely, the i.p. application of the precisely
counted exact number of tachyzoites per mouse (Swiss-Webster females, 18–20 g) herein
allowed for more precise comparison of strain-related differences in the structure of T.
gondii brain cysts. On the other hand, almost half of the analyzed images from previously
published studies originated from a collection stored in the NRL’s photo archive [25], thus
lacking the uniform standard.

In conclusion, these results pave the way for the further application of image analysis
in experimental models of toxoplasmosis. This innovative approach sheds new light on
structural changes of the T. gondii cyst stage in an immunocompromised host, allowing for
their objective quantitative analysis. Furthermore, the availability of a sustainable animal
model of RT alongside advanced, computer-based image analysis of cysts obtained in
chemotherapy experiments offers an immense potential to, in time, enable optimization
and standardization of the evaluation of effects of novel therapeutics for T. gondii. It could
provide a straightforward and cost-effective mathematically quantifiable computer-based
approach to analysis of the effectiveness of potential drug candidates in chemotherapy
experiments, which remains to be investigated in future studies.
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Abstract
Orbital angular momentum (OAM) multiplexing is a recently considered solu-
tion for enhancing wireless and free-space optical communications channel
capacity, whether implemented separately or in combination with existing mul-
tiplexing techniques. The theoretically infinite number of paraxially propagat-
ing and mutually orthogonal OAM modes is expected to increase the channel
capacity. However, the orthogonality for different OAMmodes has been shown
to decrease for far link range distances, and the paraxiality of the OAM beams
is not very good for small radiating sources. Based on the current knowledge,
OAM beams are most likely to be used for short-range communications. Many
models of the electromagnetic (EM) fields carrying the OAM neglect the
fact that the OAM beam sources could be electrically large or introduce other
approximations that are appropriate for far-field analysis only. An in-depth ana-
lysis of the short-range properties of OAMEMfields is still lacking. To address
this problem, we propose the use of the infinitesimal (Hertz) dipole method
customized for the analysis of the OAM EM fields. This technique can model
the positioning and basic radiation properties of separate antennas or antenna
sub-arrays that are the building blocks of OAM arrays exactly and efficiently.
Similar modeling can represent the OAM sources for free-space optical com-
munications. We focus here on the uniform circular antenna arrays and provide
an in-depth analysis of what can and cannot be expected, in the best case, in
their utilization. We assume low losses, which is a common assumption for
many methods, except for computationally much more demanding full-wave
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simulations. The obtained results indicate the need to simultaneously optim-
ize the transmission of all planned OAM modes and allow estimates of the
link distances that could provide adequate OAM wave reception in various
cases.

Keywords: infinitesimal (Hertz) dipoles, orbital angular momentum (OAM),
OAM electromagnetic (EM) field modeling methods,
OAM source electrical size, phased uniform circular antenna arrays (UCA),
Rayleigh distance, wireless and free-space optical communications

(Some figures may appear in colour only in the online journal)

1. Introduction

Electromagnetic (EM) waves carrying orbital angular momentum (OAM) have been recog-
nized as one of the key technology enablers for future wireless communications, due to the
orthogonality of the OAM modes [1]. As pointed out in [2, 3], the positions of zeros of com-
plex two-dimensional functions, representing waves in the observed plane, are the positions
of wave singularities, where the phase of the wave is undefined. These positions are known as
phase vortices, around which the wave power circulates in spirals. In space, the phase gener-
ally varies along the longitudinal direction. Asymptotically close to the vortex, the flow lines
form a tightly wound helix whose radius in general depends exponentially on the longitud-
inal coordinate [2]. In literature, waves carrying OAM are often denoted as vortex waves.
It is important to note, however, that while eigenstates of OAM wave contain a vortex core
of topological charge equal to the OAM mode number, there is no such general relation for
beams that are superpositions of OAM eigenstates [4]. Although the general cases in [2, 3]
were derived in the geometrical-optics regime, the same phenomena were observed at lower
frequencies, provided that the source electric size was sufficiently large to support the propaga-
tion of paraxial waves.

A multitude of methods have been successfully implemented to generate the OAM modes,
from microwave to optical frequencies [5–17]. Due to their relatively easy OAM mode recon-
figurability and the possibility to use concentric OAM uniform circular antenna array (UCA)
arrangements for multimode transmission, phased UCAs have been used with success for the
generation of microwave, millimeter-wave (mmWave), and low terahertz OAM EM waves.
Recently, the use of acoustic sources arranged in OAM UCAs has also been proposed [18],
which can be employed in high-rate underwater acoustic communications. A review of the
potential challenges for OAMwave transmission at the far-field distances can be found in [19],
encompassing the power loss due to OAM beam divergence, as well as the channel crosstalk
due to the transmitter–receiver misalignment. The turbulence-induced crosstalk between the
modes has been studied analytically in [20]. Many of the previous investigations [21–26],
have already pointed toward the most probable utility of OAM UCA in short-range commu-
nications. However, there is still a lack of in-depth investigations into the properties of such
short-range OAM wave transmission.

Here we present a newly developed general method for EM wave analysis based on short
dipole modeling, which is computationally efficient for large antenna arrays. We have custom-
ized this method for the analysis of UCA arrays carrying OAMwaves. In antenna array optim-
ization, this method can be combined with full-wave modeling in a trade-off between accuracy
and speed. In our studied case, the OAM wave properties mostly depend on the arrangement
of radiating antenna array elements, while an individual element’s radiation pattern mainly
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modifies the obtained EM field magnitudes. This is well-suited for short-range investigations,
as it avoids approximations appropriate for far fields only. The goal of this work is (i) to intro-
duce the method and its further possibilities apart from the single UCA case, and (ii) to utilize
the method to gain detailed insights into what can be expected in short-range transmission at
different frequencies, with different system electrical sizes, and at different distances from the
source plane. Currently, to the best of the author’s knowledge, it has not been clearly estab-
lished what can be expected in different cases of short-range OAM wave transmission.

2. The method and the calculations

Several methods have been proposed so far for modeling the OAM waves used in wireless
communications [21–24, 27]. In [21], the authors have developed a wireless channel matrix
for an Nt-antenna UCA as a transmitter and an Nr-antenna UCA as a receiver, to study the
capacity gain of the thus obtained multiple-input multiple-output system over a single-input
single-output system. They have conducted an eigenvalue decomposition of a circulant matrix
obtained for Nt = Nr = N. A similar modeling of the line of sight wireless transmission link
comprisingN transmitting andN receiving antennas, arranged in an UCA, has been performed
in [22]. The ratio of the received and transmitted powers for each OAM order, ℓ, has been sim-
plified using the circulant matrix properties, leading to an asymptotic formulation of the far-
field link budget with equivalent OAM gains and free-space losses. In [23], a decomposition
of the current distributions on the OAM antenna apertures into modified circle polynomials
has been performed to derive a quasi-analytical solution for the transmittance between the two
OAM antenna apertures. A method based on the aperture antennas theory has been presen-
ted in [24], combining the Hankel transforms relating source and far-field distributions with
the singular value decomposition of radiation operators to quantitatively analyze the antenna
performances. In [23, 24] a continuous coverage of the finite source aperture areas has been
assumed. In [27], the electric field radiated by a phased UCA antenna has been expanded into
a series of cylindrical waves using the Jacobi–Anger expansion. The so-obtained electric fields
represent a sum of OAM modes and harmonic modes, with the ℓth OAM mode described by
the Bessel function of the first kind of order ℓ.

We propose a quasi-analytical method to model OAM mode-generating antenna arrays
starting from a short dipole antenna model. This was motivated by the need to build electric-
ally large arrays necessary to generate higher-order OAMmodes having a reasonably large link
range [21–24]. On the other hand, the number of individually phased UCA elements should
not be very large to avoid increasingly complex and costly feeding and phasing structures. In
the literature, prototypes with 8 or 16 elements are typically used. Therefore, each UCA ele-
ment could itself be an antenna sub-array having relatively high gain to address the increased
propagation losses at high frequencies, where the use of OAM modes is envisioned. Addi-
tionally, sparsely arranged sub-arrays instead of the entire apertures being radiating surface
would facilitate the transmission of multiple OAM modes through a single aperture in both
millimeter-wave and optical domains.

For any antenna system, two sets of limits describing the radiating near-field (Fresnel) and
far-field (Fraunhofer) regions [28] can be observed. As previously said, to boost up the overall
OAM antenna array gain, the sub-array antennas would be closely packed, while the final
OAM system consists of several differently phased sub-arrays. If the largest linear dimension
of a sub-array equals Ds, the EM field region boundaries for sub-arrays equal

Rnfs = 0.62
√
D3

s/λ0, (1a)
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Figure 1. An OAM UCA array for short-range communications (Na = 16 is shown
for illustration). The coordinate transformation between the global coordinate system,
(x,y,z), and the local spherical coordinate system of the nth antenna, (rsn,θsn,φ sn), took
place to ensure the correctness of the calculations even for electrically large UCA radii,
Ra. The vortex angle, θv, corresponds to the EM field maximum. The link distance is
denoted as zL.

Rffs = 2D2
s/λ0, Rffs >> Ds, Rffs >> λ0. (1b)

The free-space wavelength corresponding to the central frequency of operation is denoted
by λ0. For distances larger than Rnfs (near-field boundary for sub-array), but shorter than Rffs

(far-field boundary for sub-array), there is still dependence of the EM field pattern on the radial
distance and the radial field component is significant (Fresnel region). For distances larger than
Rffs, the EM field could be considered as far-field (Fraunhofer region). However, the largest
linear dimension of an OAM array, equaling 2Ra, where Ra denotes the UCA radius, is on an
order of several times the sub-array size, Ds. In this case, the observation points of interest in
the near-far-transition region of an OAMarray belong to the far-field region of the antenna sub-
arrays. Assuming that antenna and sub-array maximal linear dimensions are small compared
to 2Ra, for an OAM array as a whole we get:

Rnf = 0.62
√

8R3
a/λ0, (2a)

Rff = 8R2
a/λ0, Rff >> Ra, Rff >> λ0. (2b)

Therefore, when the observation point is in the far-field zone for the sub-array, the antennas
belonging to the same sub-array can be assumed to share an identical direction vector towards
the observation point. However, as shown in figure 1, when the observation point is not in the
far-field zone for the whole OAM array, adopting a single direction vector towards the field
(observation) point for all sub-array UCA elements would lead to inaccurate, if not entirely
erroneous, results. As a result, the electric field generated by the sub-array can be modeled as

Esn(rsn) =
Fsn(β, le,we,θsn,φ sn)

FHd(β, lHd,θsn)
EHd,n(rsn), (3)
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where (θsn,φ sn) are the direction angles of the nth sub-array towards the observation point,
in a local spherical coordinate system of the nth sub-array and lHd is Hertz dipole length.
Here the propagation wave number is denoted by β. Since circular polarization can be easily
achieved with crossed dipoles, without the loss of generality we here focus on investigating the
wave fronts resulting from linear polarization along the y-axis direction of the global coordin-
ate system. The characteristic functions of the antennas are denoted by FHd(β, lHd,θsn), for an
infinitesimal (Hertz) dipole assuming that its axis is along y-axis, and by Fsn(β, le,we,θsn,φ sn),
for the sub-arrays. The geometrical structure of a sub-array could be arbitrary; it is only sym-
bolically represented by le, we. Let us assume Fsn to be independent of φ sn, and the ratio of
Fsn to FHd to depend only on θsn, as K(θsn). The resulting OAM fields could then be obtained
by summing the weighted dipole contributions,

E(r) =
Na∑
n=1

Esn(rsn) =
Na∑
n=1

K(θsn)EHd,n(rsn). (4)

In such cases, the K(θsn) ratio would not affect the phase of Esn(rsn); it would only scale the
magnitude. The array analysis and design could be conducted in two steps. In the first step, the
ratio of characteristic functions would be calculated in advance for a known linearly polarized
sub-array, to be applied in the OAMfield calculations, or it could be adjusted upon determining
the optimal weighting functions. In the second step, the infinitesimal (Hertz) dipoles would be
used to model the helical wave fronts, which is very convenient because (i) they can be used
as building blocks of more complex geometries, (ii) they can reproduce a measured or desired
near-field pattern using optimization algorithms [29], and (iii) the exact calculation of their
EM fields is possible [28], using the following analytical expressions:

EHd,n(rsn,θsn,φ sn) =
jβ
4π

jβlHdZ0Ine
−jβrsn · (((jβrsn)−2 +(jβrsn)

−3)2cosθsn irn

+ ((jβrsn)
−1 +(jβrsn)

−2 +(jβrsn)
−3) sinθsn iθn), (5a)

HHd,n(rsn,θsn,φ sn) =
jβ
4π

jβlHdIne
−jβrsn · (((jβrsn)−1 +(jβrsn)

−2) sinθsn iφn), (5b)

where j denotes the imaginary unit, β = 2π/λ0 is the wave number, Z0 ≈ 120 π Ω is the
vacuum intrinsic impedance, In is the feeding current for Hertz dipole, and irn, iθn, and iφn,
represent the unit vectors of the spherical coordinate systems of the dipoles. Please note that
rn = (rsn,θsn,φ sn) represents the position vector in a local spherical coordinate system of
the nth sub-array. It is obtained, for each n, by the coordinate transformation from the global
Cartesian coordinates, (x,y,z) (please see figure 1). In the representation of results, the cyl-
indrical coordinate system of an OAM array, (r,ϕ ,z), is also used to represent OAM wave
properties (e.g. the Poynting vector). Additionally, the polar angle, denoted as θ or θv, is meas-
ured from the positive z-axis, as in other works on paraxial beams. Points of interest for wireless
transmission are in the vicinity and within the cone defined by θv, the OAM beam spreading
angle, corresponding to the maxima of EM field intensity for different modes, and not near
the OAM array or z-axis. The direction vectors to the observation points, therefore, differ
for the different UCA elements (sub-arrays). Being far enough from the antenna sub-arrays,
the (jβrsn)–2 and (jβrsn)–3 terms in (5a) and (5b) can be omitted and the EM field equations
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simplified. We confirmed this assumption by comparing the fields in multiple examples. The
radiation expressions in the simplified form are:

EHd,n(rsn, θsn, φ sn) = − β2lHd

4π
Z0In

e−jβrsn

jβrsn
sinθsn iθn, (6a)

HHd,n(rsn, θsn, φ sn) = − β2lHd

4π
In
e−jβrsn

jβrsn
sinθsn iφn. (6b)

To obtain the ℓth OAM mode, the antenna sub-arrays have to be properly phased. In UCA,
radiating elements are equidistantly arranged along the circle; therefore, the phase increments
in this case have to be uniform,

In = I0 e
j(φ 0+ℓφ n) = I0 e

j(φ 0+2πℓn/Na), (7a)

|ℓmax |= 1
2 (Na − 1). (7b)

The number of elements in the OAMarray,Na, limits the number of achievable OAMmodes
to ℓmax, as the EM wave front sources are defined in a finite number of points.

The main advantage of the proposed method is the use of exact analytical expressions for
Hertz dipole modeling, which is computationally efficient. Additionally, the use of local spher-
ical coordinate systems of sub-arrays (UCA elements) allows for accurate EM field calcula-
tions. Specifically, for observation points near the z-axis, distances rsn to the UCA elements
vary only slightly, enabling the simplification of equations. However, this simplification does
not hold true for points away from the z-axis or for electrically large UCA. Such an assumption,
sometimes found in literature, can limit the accuracy of the results. In [23, 24], modeling has
been highly accurate, but mostly focused on the propagation direction broadside to the OAM
array (along the z-axis). However, the reception of OAM waves in the regions of the EM field
maxima could be much more interesting in the short-range data transmission. The OAM arrays
for the short-range link can be made large enough to enable such reception. Moreover, point
sources seem to be more suitable for modeling the UCA than partially continuous source area
coverage. In [21, 22], antenna pairs were considered, whereas we here analyze the EM field
distributions in several planes of interest. Although we plan to separately model and optimize
the sub-array radiation in the future, our current work focuses on the main contribution of the
phased UCA to the helical wave fronts and the formation patterns of near-field OAM waves.
We considered different electric sizes of the OAMUCA arrays for OAMmodes ℓ= 1 to ℓ= 4.
It is worth noting the possibility to use the proposed method in optimizing the non-uniform
as well as non-circular arrangements of the antenna sub-arrays, which can produce very high
quality of the OAM waves. Such investigations will be conducted as a part of our future work.
To facilitate comparison with other similar investigations, the longitudinal distances, z, were
reported as the multiples of Rayleigh distance, zR, which for the OAMUCAwas approximated
as [26]

zR = πR2
a/λ0. (8)

We have previously defined [26] the optimal link range for the short-range point-to-point
and point-to-multipoint wireless communications using the OAM waves, as the distance
enabling the reception in the regions of the EM field maxima. Based on the known expres-
sions for the vortex angle θv [30], and assuming equal transmitting and receiving OAM array
radius, Ra, the optimal link range equals

zL,opt =
2πR2

a

λ0(|ℓ | + 1)
=

2zR
(|ℓ | + 1)

. (9)
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The vortex angle (in radians) was approximated as

θv ≈ λ0(|ℓ | + 1)
2πRa

. (10)

We note here, that the vortex angle approximation relies on the assumption of antenna cur-
rents and EM fields in the vicinity of the z = 0 plane being non-negligible only around the Ra

radius. An exact antenna current and EMfield distribution could be obtained numerically; how-
ever, the above analytical treatment allows for a fast yet reliable assessment of the OAM EM
fields of interest. From (9), it can be seen that the higher-order OAM modes should preferably
be received in the Fresnel zone, requiring the appropriate modeling of the electrically large
OAM arrays, even if the observation points are in the far field of the individual sub-arrays.
The OAM wave reception could also occur at somewhat longer distances, but not deep in the
far field, which is consistent with the conclusions given in [21, 23, 24].

3. Results and discussion

To conform to the requirement of the short dipole modeling, where the current along the dipole
is uniform in each considered time instant, we took lHd = λ0/25 for the dipole length. The
antenna current is set to 1 mA.

3.1. Frequency range considerations

To illustrate the possibilities of the OAM arrays at different frequencies, we present the results
for several scaled models. The OAM array radius, at each frequency point, is set as Ra = 10λ0

(βRa = 20π ), to have moderate vortex angle spreading. The OAM array is positioned in the
z = 0 plane and the observation plane is zL = 200λ0. Expressed in terms of Rayleigh length,
zL ≈ 0.64zR, which is close to optimal for ℓ= 2. Figure 2 confirms that the vortex angle
(dashed horizontal lines, axis on the right) for the fixed OAM UCA electrical size remains
constant at different frequencies, as expected from (10). The angle θv obtained numerically
from the scaled models is considered more accurate than the analytical result (10). The calcu-
lated differences between the two results were less than 8%. On the other hand, it is interesting
to notice that the OAM field Ey in the observation plane at the θv angle, under an assumption
of low losses, increases linearly with frequency. Such an assumption, of course, represents the
upper limit or the best-case scenario of what can be expected for the OAM field Ey; it is depic-
ted in figure 2 by the solid lines, axis on the left. In practice, the atmospheric absorption varies
with frequency, making certain frequencies more suitable for wireless transmission. Addition-
ally, due to different technological implementations in various bands, losses may occur due
to feeding structures, OAM wave generation methods, and other factors, which may result in
further decreases in the Ey values. However, it is important to keep in mind the upper limits of
Ey, and therefore the maximal receivable power.

When the electrical size of the source is kept the same, the Rayleigh distance is inversely
proportional to frequency. If some reasonable wireless communication distance is desired, the
electrical size of the transmitting and receiving arrays has to be increased as the square root of
frequency. The decrease in the Rayleigh distance would then be compensated for by the more
collimated beams. For example, Ra = 10λ0 at 10 GHz corresponds to zR ≈ 9.42 m. To keep the
same zR for different frequencies, Ra is taken to depend on the square root of wavelength λ0,
rather than on λ0 as in the previous example. Figure 3 shows the electric field Ey (solid lines),
and the vortex angle θv (dashed lines), as functions of frequency at the fixed plane zL = 6 m
from the source plane.
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Figure 2. Dependence of the vortex angle θv (dashed lines) and the OAM field Ey (solid
lines) on frequency, for the fixed electrical size of an OAM array, Ra = 10λ0, and the
observation plane zL = 200λ0.

Figure 3. Dependence of the vortex angle θv (dashed lines) and the OAM field Ey (solid
lines) on frequency, for the fixed Rayleigh distance, zR ≈ 9.42 m, and the observation
plane zL = 6 m.

Based on this example we see that similar link ranges and field levels can be achieved at
different frequencies. However, due to the significant increase in electrical size at higher fre-
quencies, both the source and the receiver would need to be implemented as radiating apertures
instead of OAM UCA arrays. On the other hand, using OAM waves at lower frequencies may
be impractical due to the large physical size of the systems. Finally, the limiting factor at higher
frequencies might be technological in nature. The scaled models used in frequency analysis
had 64 antennas along the UCA; the antenna spacing for Ra = 10λ0 was 0.98λ0, making the
side lobes negligible and keeping discretization effects low. We confirmed that the results,
Ey, θv, did not depend on varying the number of antennas, except for the maximal realizable
number of modes, defined by (7b), and the scaled field levels, Ey.

3.2. System electrical size and OAM beam spreading

While the relation of the Rayleigh distance to the electrical size of a system applies in general,
it describes the limits of operability of the OAM systems such as the OAM UCA arrays. The
main culprits, when it comes to the use of many OAM modes, are the OAM beam divergence
(angle θv) and the rapid EM field decrease in the broadside direction (away from the maxima,
defined by the angle θv). For short-range wireless transmission, problems can be overcome by
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Figure 4. Dependence of the vortex angle θv (black thin lines) on the electrical size
of an OAM UCA array source, for 60 GHz frequency (λ0 = 5 mm). Shaded regions
correspond to the angles of 3 dB EM field intervals about the maxima.

Table 1. Maximal EM fields corresponding to the vortex angle θv, for 60 GHz frequency
and zL = 1 m distance (β zL = 400π )a.

OAM mode

EM field component ℓ = 0 ℓ = 1 ℓ = 2 ℓ = 3 ℓ = 4

|Ey| (mV m−1) 119.92 69.79 58.19 51.80 47.46
|Ex| (mV m−1) 5.0 × 10–18 0.14 0.13 0.14 0.16
|Ez| (mV m−1) 1.7 × 10–16 4.74 4.74 4.59 4.44
|Hx| (µA m−1) 318.09 184.66 153.84 136.65 124.84
|Hz| (µA m−1) 2.0 × 10–16 21.52 29.45 35.49 40.28
|Hxz| (µA m−1) 318.09 184.86 154.29 137.40 125.93
a with the adopted simulation settings, the radiated power per Hertz dipole equals 1.26 µW.

electrically large OAM UCA designs. Figure 4 shows the decrease in the OAM beam diver-
gence (angle θv) with the OAM array size. The results correspond to the 60 GHz frequency
(λ0 = 5 mm), within the unlicensed millimeter-wave band offering 9 GHz of available com-
munication bandwidth. We calculated the EM fields in the plane zL = 200λ0 (βzL = 400π ).
Similar to the EM fields obtained by superimposing infinitesimal source point contributions
of a circular OAM source area, the constructive or destructive summation of OAM UCA field
components results in the same angles of EM field maxima andminima for OAMmodes, when
geometric dimensions are scaled. Our calculations also show that the EM field maxima, for an
angle θv at a certain distance zL, did not depend significantly on the electrical size of an array,
but dominantly on the distance zL. Table 1 lists the EM field’s effective values in the plane
zL = 200λ0 for different mode numbers. Please note that |Ex| is negligible, less than 0.5% of
|Ey|, and all other EM field components are in phase. We also notice that the field components
are mainly those described by (6a) and (6b), and therefore, the simplified expressions can be
used in system optimization. In addition to the vortex angle, θv, denoted by the black thick
lines, figure 4 also shows the angles corresponding to the 3 dB intervals of EM fields about the
maxima. In figure 4, the 3 dB EMfield intervals are depicted by different colors (shades of gray
in print, and shades of red online). There is some overlapping for the consecutive modes, which
is why sometimes only the odd or only the even modes are used in practical implementations
to provide spatial separation.
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3.3. Poynting vector and EM power flux

As a further point of interest, we investigate the properties of the Poynting vector in a short-
range scenario for different electrical sizes of OAM arrays and varying distances from the
source plane, i.e. the assumed link range. Firstly, figure 5(a) depicts the dependence of the
axial and radial components of the Poynting vector on the electrical size, Ra/λ0, of an OAM
UCA array. The imaginary parts of all components were confirmed to be negligible. The radial
to the axial component ratio in all cases is consistent with the vortex angle, i.e. the Poynting
vector direction is aligned with the cone of EM field maxima, as expected. This ratio decreases
with the decrease of angle θv. All data presented in figures 5(a)–(d) correspond to the zL =
6.4 m distance from the source plane, which is close to Rayleigh distance, zR, for Ra = 20λ0,
for the 60 GHz frequency (λ0 = 5 mm). In the source plane, 64 antennas were equidistantly
arranged along the UCA, whereas in the observation plane, zL, data was averaged over 720
equidistant points along the circle of the maximal EM field, as determined by the angle θv.
Figure 5(b) shows the ratio of the maximal azimuthal component of the Poynting vector to
its radial component, which decreases with the mode number and increases with the array’s
electrical size. Maximal variation of the azimuthal and radial components along the circle
of maximal EM field in the zL plane is presented in parts (c) to (f) of figure 5. The OAM
UCA array size of Ra = 20λ0 was considered in figures 5(c) and (e), while the size was Ra =
5λ0 in figures 5(d) and (f). These azimuthal and radial component variations follow a certain
development as the OAM wave propagates. In figure 5(e), azimuthal and radial variations are
shown relatively close to the source plane, in terms of the Rayleigh distance, much before the
Rayleigh distance for Ra = 20λ0 was reached. As opposed to that, figure 5(d) shows variations
for many multiples of the Rayleigh distance in the Ra = 5λ0 case. The zL = 6.4 m distance in
part (c) is close to the Rayleigh distance for Ra = 20λ0. The zL = 0.4 m distance in part (f)
is close to the Rayleigh distance for the array’s electrical size Ra = 5λ0. We notice mutual
similarities in figures 5(c) and (f), apart from different ∆Pr variations for the two distances
resulting from the differences in vortex spreading angles. Point (0,0) on the graphs corresponds
to the points above the positive x-axis.

In relation to the maximal receivable power at the receiving end, many publications, e.g.
[22–24], considered asymptotic expressions for large (far-field) distances, indicating the faster
EM field decay for higher OAM modes:

Prec

Ptr
∼
(

λ0
4π zL

)2(ℓ+1)
. (11)

In the above equation, Prec denotes the received power and Ptr the transmitted power. The
free-space loss, usually proportional to the squared distance as for ℓ= 0, is rapidly increased
for higher-order OAM modes. This result is a consequence of the destructive summation of
radiation of individual antennas leading to the ℓth order zeros in the array’s radiation patterns
for higher-order modes, in the broadside direction. In short-range transmission, however, it
is possible to receive the EM wave in the region of EM field maxima. As the summation of
radiation of individual antennas in this region is constructive, it seems reasonable to assume
that the EM field decrease could easily be much slower than that given by equation (11).

We have investigated this possibility using the here proposed short (Hertz) dipole model,
as well as the full-wave numerical calculations to confirm the result. Numerical EM simu-
lations were carried out using the state-of-the-art full-wave EM modeling software package
WIPL-D Pro [31–33], based on the method-of-moments. The short dipole model inherently
neglects feeding and phasing losses as well as antenna element coupling. In the numerical
model, azimuthally arranged microstrip patch antennas (MPAs) were used, taking the length
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Figure 5. Dependence on the mode number and array’s electrical size of the Poynting
(a) axial and radial vector components, and (b) maximal azimuthal to radial compon-
ent ratio. Variation of the azimuthal and radial Poynting vector components, along the
ring of maximal EM field, for (c) Ra = 20λ0, zL = 6.4 m, (d) Ra = 5λ0, zL = 6.4 m,
(e) Ra = 20λ0, zL = 0.4 m, (f) Ra = 5λ0, zL = 0.4 m.
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Figure 6. Axial Poynting vector decrease with distance from the source plane.
(a) Comparison of short dipole modeling and numerical full-wave calculations for the
short-range transmission, for a radial coordinate Rrec = zL tan(θv) in the observation
plane, zL, mimicking a matched size receiving UCA. (b) Comparison of results for the
matched size (dashed lines) versus the fixed size (solid lines) receiving UCA (fixed
Rrec = Ra = 20λ0).

of the MPA as approximately one-half of the wavelength of the corresponding microstrip
line [34]. The MPAs were linearly polarized with the electric field vector in the y-axis dir-
ection. Modeled losses were relatively low. Figure 6(a) shows the comparison of the results
for the Pz,re up to the zL = 4 m observation plane, which is zL = 0.64zR in the considered case
(Ra = 20λ0). We used a relatively large transmitting UCA radius, with 64 antennas forming
the UCA, in order to ensure small beam spreading angles (θv = 0.85◦ for ℓ= 1 to θv = 2.44◦

for ℓ= 4). The real part of the axial Poynting vector component, Pz,re, is shown in figure 6(a)
for the cone of EM field maxima, i.e. the distance (radius) Rrec = zL tan(θv) from the z-axis in
the observation plane z= zL. This case corresponds to a receiving UCA which is matched in
size for optimal reception. In figure 6(b), we compare the short dipole modeling results from
figure 6(a), shown by the dashed lines, with those obtained assuming the fixed size receiving
UCA of Rrec = Ra = 20λ0 (solid lines). The ‘fixed size’ results in figure 6(b) match the approx-
imate analytical estimates given by (11). The ‘matched size’ results in figure 6(a) exhibit a
similar decrease as in the ℓ= 0 case, emphasizing the need to stay close to the optimal recep-
tion region to avoid the rapid Pz decrease and the subsequent loss of information occurring
for link distances much larger than zR, as previously noted [22–24]. However, it is important
to bear in mind that we performed calculations using the low-loss models. As the Ra and Rrec

increase, limits to successful communication may be imposed by technological constraints.
The behavior of the axial Poynting vector in the vicinity of the Rayleigh distance, for small

beam spreading angles, is illustrated by the results shown in figure 7. Simulation settings were
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Figure 7. Axial Poynting vector maxima and the optimal receiving distance (link range).
Fixed-size receiving UCA Rrec = Ra = 20λ0 is assumed. For z< 0.4zR, the axial Poyn-
ting vector component oscillates between many minima and maxima. (a) The optimal
receiving distance, zL,opt, for each mode is that corresponding to the maxima denoted by
ℓ= 1 to ℓ= 4. Receiving distance could be somewhat larger than zL,opt, but not without
limit, having in mind a rapid decrease of all modes except the ℓ= 0. (b) Positions of
the local Pz maxima above the x-axis. Receiving distance adjustment might be needed
in this region to avoid local minima of Pz.

taken identically as for the figure 6. We assumed that the transmitting UCA size, Ra = 20λ0,
and the receiving UCA size, Rrec, were both set in advance (here, Rrec = Ra). We can observe
sharp oscillations between the local minima and maxima for distances very close to the source
plane.We note here, that only the transmitting OAMUCA array has been modeled; in practice,
when the antenna arrays are positioned close to each other, an additional oscillating behavior
with distance should be expected due to a standing wave between the large ground planes of
antenna arrays. The reason behind the oscillating behavior of Pz is that not the narrowest ring
of EM field maxima is used for reception, but the surrounding local maxima resulting from a
single UCA. For simplicity, figure 7(b) shows only the positions of the local maxima above the
x-axis. In this region, OAM wave transmission is possible, but the distance adjustment aimed
at increasing the received power could be useful. The local OAMwave’s Pz maxima positioned
most far away from the source plane are denoted in figure 7(a) by ℓ= 1, ℓ= 2, ℓ= 3, and ℓ= 4.
In [26], we have analytically estimated the optimal link range based on the spreading cone of
EM field maxima, given here as equation (9). The analytically estimated optimal receiving
distance, zL,opt, for each mode, matches very well with the Pz maxima positioned most far
away from the source plane. Further away from the denoted maxima, the axial Poynting vector
component decreases monotonically, tending asymptotically to data shown in figure 6(b) by
the solid lines. Therefore, the receiving distance should preferably be set at zL,opt or somewhat
larger distance where the EM fields have not yet decreased too much. In practice, as discussed
in [26], a design approach where the desired link range is set first seems promising, as the sizes
of the receiving OAM UCA arrays could then be estimated to enable near-optimal EM wave
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Figure 8. Dependence of the electric field components of the OAMwave,Ex, Ey, andEz,
on distance from the source plane expressed in terms of Rayleigh distance: (a)Ra = 20λ0

and (b) Ra = 5λ0.

reception at the same link range distance for multiple OAM modes. It should be noted that (9)
corresponds to the case of an equally sized transmitting and receiving array, Rrec = Ra, while
in the most general case, we would have to consider separately for each OAM mode [26], that

zL,opt =
Rrec

Ra

2zR
(|ℓ | + 1)

. (12)

3.4. OAM wave pattern formation

Another question that has not been previously addressed is how close to the source plane a
proper reception or data transfer of an OAM wave can occur. For instance, if an OAM wave-
based radio frequency identification device (RFID) or near-field communication card (NFC)
card/tag requires touch or close proximity to a reader, it is necessary to determine whether
the EM field superposition at such a distance results in a recognizable OAM wave pattern. To
investigate this, we analyzed all three electric field components of the OAM wave, Ex, Ey, and
Ez, for distances from the source plane up to 0.2zR. Please note that this region corresponds to
a sharply oscillating axial Poynting vector, Pz, as shown in figure 7.

The results have been repeated for Na = 16 antennas, being the minimal number that allows
a four-mode resolution, as well as Na = 64, an antenna number used in some of the above
examples ensuring low side lobes. The results did not differ in the two cases, except that the
EM field strengths were scaled by Na. Figure 8 shows the electric field corresponding to the
OAM spreading angles in plane x= 0 for modes ℓ= 1 to ℓ= 4. Therefore, those are the max-
imal Ey values in the given observation plane for a particular mode and the corresponding
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Figure 9. Near-field formation of OAM modes close to the OAM UCA source plane,
at zL = 0.01zR. The results shown are for Ra = 20λ0. (Magnitudes shown in color in
online version of the article.).

Ex and Ez.. As mentioned previously in the section 2, we here investigated the wave fronts
resulting from linear polarization along the y-axis direction of the global coordinate system.
Therefore, the Ex and Ez field components diminish with distance, while the Ey component
dominates. The antenna array elements of the receiving arrays should not be orthogonal with
the y-axis direction. If a circular polarization is desired, the crossed dipoles or other antenna
type producing circular polarization is used, in which case Ex shown in figure 8 would inter-
fere with the useful Ex component produced by the crossed dipoles. The Ez field component
vanishes with the distance in any case, as the beam propagation is close to paraxial along the
z-axis direction. For Ra = 20λ0, the paraxiality of the beams is high with the OAM spreading
angles of 0.85◦, 1.40◦, 1.92◦, and 2.44◦, for the first four modes. The Ex and Ez components
become negligible at about 0.04zR (≈25 cm in the considered case). However, if a smaller
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Figure 10. Completely formed OAMmodemagnitudes and phases at a distance zL = zR
from the source. The results are shown for Ra = 20λ0. (Magnitudes shown in color in
online version of the article.).

source, UCA, is used in a RFID or NFC device, as seems more suitable, the Rayleigh distance
is shorter, but the Ex and Ez decrease is also slower. For Ra = 5λ0, Ex and Ez can be considered
negligible at about 0.2zR (≈8 cm). Slower EM field decrease is related to larger OAM beam
angles of 3.35◦, 5.57◦, 7.67◦, and 9.72◦.

Finally, it might be interesting to check out on the phase and magnitude of the OAM wave
close to the source plane and compare it with a fully formed characteristic OAM wave mag-
nitude and phase. Figure 9 shows the formation of the OAMmodes for Ra = 20λ0, at a distance
of only 0.01zR from the source plane. As can be seen from figure 8, all three EM field com-
ponents are still pronounced so close to the array. The observed phase distortion vanishes by
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0.04zR and the OAM phase, ψ , gradually increases from−180◦ to 180◦. The situation is sim-
ilar for smaller arrays, (e.g. Ra = 5λ0). The OAMphase,ψ , at the distance of 0.04zR resembles
the one shown in figure 9, for 0.01zR. The magnitude and phase for Ra = 5λ0 become quite
acceptable at about 0.12zR distance (≈5 cm). In any case, near-field formation of OAMwaves
mandates a distance of about 4–6 cm from the source plane, at 60 GHz, to avoid phase distor-
tions. As opposed to that, both the magnitude and OAM phase at Rayleigh distance are com-
pletely formed and look very similar to those obtained by theoretical expressions. Figure 10
shows the magnitude and OAM phase at Rayleigh distance for Ra = 20λ0.

4. Conclusions

In line with our expectations, the OAM EM wave modeling based on the infinitesimal (Hertz)
dipole method proved highly efficient and versatile in modeling electrically large OAM
antenna arrays. We presented a general framework where the infinitesimal dipole method
could be combined with full-wave numerical EMmodeling in the analysis of arbitrary antenna
arrays or other OAM radiating structures. The infinitesimal dipole equations enable exact, yet
efficient, modeling of the sub-array positioning in space and its influence on the overall EM
fields. The use of numerical EM modeling for the sub-array radiation patterns can take into
account the coupling of closely positioned antennas and other effects on the sub-array level.
The presented examples consider the simplest possible OAM UCA array consisting of only
short dipoles as array elements, as is often used in other works on the use of OAM waves in
communications.

Additionally, we have mentioned the possibility to use the proposed method in optimizing
the non-uniform as well as non-circular arrangements of the antenna sub-arrays. Such designs
might be very useful in practical applications, yet there are some challenges to resolve. Firstly,
non-uniform and non-circular antenna arrangements will require antenna phasing optimiza-
tion, to produce high quality OAM waves. We will be comparing the OAM mode quality of
non-circular versus the circular antenna arrangements. Then, complex designs with many ele-
ments might not be cost-effective; therefore, a compromise between the OAM mode quality
and cost might be necessary. Such investigations will be conducted as a part of our future work.

The developed infinitesimal dipole modeling allowed us to efficiently analyze the short-
range EM fields at different frequencies of operation and carry out an in-depth analysis of
the effects of array electrical sizes and link distances on the radiation properties. To facilitate
the interpretation of results, distances were normalized with respect to the Rayleigh distance
estimate. To the best of our knowledge, no such detailed analysis was previously available in
the literature.
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A B S T R A C T   

Recently, there has been an increase of interest in the use of electromagnetic (EM) waves with helical wavefronts, 
known as the orbital angular momentum (OAM) waves. Applications in the field of biomedicine have been 
foreseen, such as medical imaging and diagnosis, deep-tissue imaging, biosensing, and communication with 
medical implants. Other possible applications include various localized tissue treatments or tissue ablation. The 
available references mainly study the interaction of OAM light with biological structures, offering some insights 
into the biophotonics effects, but without the investigation of how to plan tissue exposures or how to estimate the 
EM field parameters in a particular case of application. We use the previously developed short dipole modeling of 
OAM EM fields to study the above problems by altering the OAM beam parameters and the distance from the 
target tissue. The results could guide the design of components and devices based on OAM EM waves.   

1. Introduction 

Recently, there has been an increase of interest in the use of elec-
tromagnetic (EM) waves with helical wavefronts, known as the orbital 
angular momentum (OAM) waves (Forbes, 2022; Weng and Pan, 2023; 
Willner et al., 2022). Apart from the proposed use as optical tweezers for 
manipulating trapped particles (Macdonald et al., 2002), one of the first 
proposed applications of the OAM EM waves was for free-space optical 
(FSO) communications with improved data transfer security (Gibson 
et al., 2004). The emergence of 5G and beyond 5G mobile communi-
cations led to the high capacity and high spectral efficiency offered by 
OAM EM waves to become the main benefit of their use in that field 
(Wang et al., 2022; Willner et al., 2022). The use of many other fre-
quencies and waves has also been proposed, including acoustic waves 
for high-rate underwater communications (Lin et al., 2022), radio-
frequency waves (Mohammadi et al., 2010), microwaves (Liu et al., 
2016; Golubović et al., 2023), millimeter waves (Mahmouli and Walker, 
2013; Xu et al., 2021), terahertz waves (Willner et al., 2022), and optical 
waves (Anguita and Cisternas, 2022; Wang et al., 2022; Zhiyuan et al., 
2022). 

Additionally, biomedical applications of OAM EM waves have been 
foreseen: medical imaging and diagnosis, deep-tissue imaging, bio-
sensing, as well as communication with medical implants (Biton et al., 

2021; Chen et al., 2017; Perez et al., 2022). Other possible applications 
include various localized tissue treatments or tissue ablation. The 
available literature mainly studies the interaction of OAM light with 
biological structures, offering some novel insights into the biophotonics 
effects. Given that the OAM EM waves have been successfully generated 
over a wide span of frequencies, investigation of the OAM EM wave 
interaction with tissue at different frequencies is of interest. Here we 
discuss the situation, where it is desired to design applicators to deliver 
EM energy to a certain area of the tissue surface from some predefined 
distance (or given a range of distances). In some sense, it is a canonical 
problem, as tissue irradiation can be aimed at tissue ablation, but also, at 
somewhat lower frequencies and lower doses it can be a first step in 
producing a scattered EM wave to be received and analyzed in 
biomedical imaging. 

The proposed study is also important in the context of body area 
networks utilizing OAM, e.g. currently very popular wearable antennas 
(Noor et al., 2022). Recently, methods to produce OAM beams at soft or 
hard X-ray frequencies have been devised; therefore, both ionizing and 
non-ionizing tissue irradiations with OAM beams are in principle 
possible. Possibilities for use of these technologies will be discussed in 
the next section, explaining the OAM EM waves, their properties, and 
several methods of generating those waves. Subsequently, noting the 
quite general nature of our expressions and models, the investigation 
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will be steered mainly to the millimeter waves, where a simple single 
harmonic wave is usually employed. At X-rays, short pulses would have 
to be used, which would have to be represented by a sum of spectral 
components. However, the design methods will in all cases be similar to 
the ones explained here in detail for millimeter wave frequencies. 

The rest of the paper is organized as follows. Second section sum-
marizes some OAM EM wave properties and ways of their generation. 
Third section presents the analysis results for several OAM EM wave 
modes for a range of irradiated tissue spot sizes, i.e., surface areas where 
most EM energy is delivered, and a range of distances from the target 
tissue. The results offer insights into what could be expected in different 
cases of application. Fourth section considers two design examples of 
biomedical applicators using the OAM modes. Fifth section concludes 
the paper with several brief points resulting from the performed 
analysis. 

2. OAM waves and their generation 

In the general case, the EM field momentum consists of both the 
linear momentum and angular momentum component. The angular 
momentum of the EM field, J, is obtained by summing two components: 
spin angular momentum (S) and orbital angular momentum (L). It is 
calculated as (Allen et al., 1992) 

J= ε0

∫

v
r×Re{E×B∗}dv=L + S, (1)  

where the spin angular momentum is calculated as 

S= ε0

∫

v
Re{E∗ ×A}dv, (2)  

and the orbital angular momentum, L, is found using 

L= ε0

∫

v
Re{jE∗(L̂ • A)}dv, L̂ = − j(r×∇) (3)  

In the above, A denotes the magnetic vector potential, E the electric field 
vector, B the magnetic induction, r the position vector, * the complex 
conjugate, and L̂ the auxiliary vector operator used in the OAM calcu-
lations, and ε0 is the free-space permittivity. 

It is of interest to explain some ways of generating the OAM waves. 
Generation of the optical OAM waves is often carried out using spiral 
phase plates, holograms, and spatial light modulators (Chen et al., 
2020). These methods have also been successfully used at millimeter 
wave frequencies (Mahmouli and Walker, 2013). A summary of OAM 
generation methods at different frequencies can be found in (Chen et al., 
2020). In the microwave and millimeter wave frequency range, many 
dedicated antenna types have also been developed, including ring-slot 
traveling-wave antennas (Hui et al., 2015) and twisted parabolic an-
tennas (Mari et al., 2015). The phased UCAs have been used from 
acoustic (Lin et al., 2022) to optical frequencies (Li et al., 2022), using 
spatial light modulators to control the phases of concentric UCAs in the 
optical case. The generation of radiating multi-mode OAM beams from a 
single aperture has been studied in detail in (Chen et al., 2020). The 
multi-mode OAM UCA configurations used to generate the OAM fields in 
this work are shown in Fig. 1. 

Recently, generating both soft X-rays carrying the OAM modes (Kong 
et al., 2017) and hard X-rays with the OAM (Huang and Deng, 2021), has 
been proposed. These studies open the possibilities of OAM beam use in 
generating both types of radiation used clinically: ionizing and 
non-ionizing radiation (Kilicoglu et al., 2023). In (Kong et al., 2017), 
wave mixing is applied to a tabletop high-harmonic source. The main 
merit of the proposed approach, where a strong Gaussian infrared laser 
beam is perturbed by a weak beam carrying the OAM, is in the possi-
bility to place topological charge on high harmonics rather than on the 
fundamental beam. Therefore, the first-order OAM beams with the 

smallest possible divergence and intensity null in the center were pro-
duced at extreme ultraviolet frequencies. In (Huang and Deng, 2021), 
Bragg mirrors and longitudinal to transverse mode coupling were pro-
posed to enable mode selection in X-ray free-electron laser oscillators 
(XFELOs). XFELOs are low-gain multipass devices which can produce 
intense, fully coherent hard X-rays at a high repetition rate. In both soft 
and hard X-ray cases, high energy pulses at a repetition rate on an order 
of 1 MHz have been planned. The analysis would thus require the rep-
resentation of short pulses as a sum of spectral components including the 
very high frequencies. Noting that technological implementations at 
different frequencies pose different limitations, e.g., higher losses at 
microwave and millimeter wave frequencies in comparison to optical 
ones, the basic properties of OAM EM waves are similar at different 
frequencies. Planning of the tissue exposure to the OAM beams, or OAM 
beam applicator design methods, should therefore remain relatively 
similar. Having that in mind, our analysis will further focus on the 
millimeter wave frequencies and simple harmonic OAM EM waves, 
striving to use a general approach to the problem. 

Fig. 2 shows the instantaneous OAM fields, i.e., the real part of the 
electric field y-component, Ey,re, produced by the single OAM UCA. 
These fields are characterized by spiral intensity patterns. The OAM 
wavefronts rotate about the propagation axis, while advancing in its 
direction. The simplest form of the OAM EM fields exhibits helical 
wavefronts with the wave phase varying as shown in the central parts of 
Fig. 2 (b) plots. In cases, when the entire circular source area is covered 
by radiating elements, a single annular ring of EM field maximal 
magnitude is formed in a plane parallel to the source. Away from the 
main lobe, the OAM EM field intensity drops rapidly. Very similar OAM 
EM fields in an area close to the propagation axis can be generated by 
discrete arrangements of source radiating elements, such as the uniform 
circular antenna arrays (UCA) at microwave and millimeter wave fre-
quencies. For the same annular ring radii on irradiated surfaces, an OAM 
UCA radius, Ra, is taken approximately as two thirds of what would be a 
radius of an entire circular source area. Instead of the entire apertures, 
discrete radiating elements (antennas) facilitate generating multiple 
OAM modes through a single source aperture. However, spatial dis-
cretization of the OAM wave sources, with antenna spacing significantly 
larger than a wavelength, results in multiple annular rings in the EM 
field magnitude distributions, indicating the presence of higher radial 

Fig. 1. The multi-mode OAM UCA configurations for producing relatively wide 
and uniform beam spots at the irradiated tissue surface. The outermost UCA 
generates the l = 0 mode, providing the central part of the beam spot at the 
tissue surface. The outermost UCA radius for the shown arrays equals 7 λ0, i.e., 
35 mm at 60 GHz. The rest of the UCAs use either (a) the same (lowest helical 
l = 1) OAM mode, or (b) the combination of different OAM modes. In both 
cases, larger radius of the UCA producing a mode of a desired mode order, 
results in a narrower annular region at the irradiated tissue surface. 
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order OAM modes (Zhao et al., 2017; Ilić et al., 2019). Therefore, as 
shown in Fig. 3, there are multiple maxima of the OAM EM wave 
complex magnitudes. OAM modes of higher azimuthal order, l , have 
narrower maxima, more densely positioned to each other in comparison 
with the lower-order modes. Also, OAM modes of higher azimuthal 
order, l , have deeper and more sharp zeros at the propagation axis 
(z-axis). Namely, the OAM modes can be represented by an expansion in 
terms of Bessel functions of the first kind (Yuan et al., 2017). Accord-
ingly, the field power reduction at larger distances, z, follows the 
z− 2(|l |+1) dependence along the z-axis. However, we have shown that 
the OAM mode maxima other than the central ones (l = 0 mode) can be 
partially suppressed by using three to four closely positioned concentric 
OAM UCA (Ilić et al., 2019). The field power decrease along the z-axis 
can be avoided by properly sizing the source, in short-range application 
scenarios, to obtain the desired positions of OAM mode maxima in the 
observation plane (at the tissue surface). 

The relation between the OAM source size and the position of an l -th 
OAM mode maximum at the tissue surface can be estimated as (Ilić et al., 
2023) 

Ra • Rss =
λ0(|l | + 1)zts

2π (4)  

In the above, Ra denotes an OAM UCA radius, Rss denotes a radius 
corresponding to a maximum of an l -th OAM mode at the tissue surface, 
λ0 the free-space wavelength corresponding to the central frequency of 
operation, and zts the distance of a biomedical applicator from the target 
tissue surface. This expression took in the account different vortex 
spreading angles, θv, for different OAM modes. The angle θv is measured 
from the positive z-axis, as in other works on paraxial beams. It can be 
approximated as 

θv ≈
λ0(|l | + 1)

2πRa
(5) 

We have recently developed a general method for the analysis of 
UCA-generated OAM EM waves. Based on short (Hertz) dipole 
modeling, it is computationally efficient for large antenna arrays and 
many calculations, such as thorough parametric studies (Ilić et al., 
2023). The advantage of the method in comparison with other works in 
literature is in the very precise modelling of the position vectors from the 
field points to the observation points, allowing precise short-range cal-
culations, its efficiency, and the possibility to combine it with the nu-
merical calculations for even better results. Main limitations of the 
methodology are linked to the low losses assumption of the Hertz di-
poles, resulting in the upper limit or the best-case scenario of what can 
be expected for the OAM fields in studied cases. In practice, atmospheric 

Fig. 2. The OAM EM wave consists of the OAM modes which rotate about the propagation axis, while advancing in its direction. The OAM modes are sometimes 
denoted as vortex waves. (a) In the planes perpendicular to the propagation axis (xOy planes, here), the instantaneous EM fields, Ey,re, are characterized by spiral 
intensity patterns. The number of the spiral arms equals the mode number, l . (b) The EM wave phase of the l -th OAM mode, denoted by ψ, exhibits a phase change 
from zero to 2πl for one revolution in the xOy planes, around the propagation axis, z. 

Fig. 3. The OAM EM wave complex magnitudes, Ey,m, have annular magnitude patterns in the xOy planes. (a) Comparison of OAM field magnitudes above the x-axis 
for the desired annular ring radius of about Rss = 20.0 mm at a distance z = 120.0 mm from the source, OAM UCA, plane. (b) Examples of OAM field magnitudes in 
the xOy plane. Higher order OAM modes have narrower maxima which are more densely positioned to each other in comparison with the lower order modes. 
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absorption depends on frequency, making certain frequencies more 
suitable for wireless transmission. Additionally, different technological 
implementations in various bands result in lower or higher losses due to 
feeding structures, OAM wave generation methods, and other factors, 
which depend on the materials used and specific design details. Please 
refer to (Ilić et al., 2023) for more detailed description and equations. 
Here, we employed short dipole modeling to accurately represent the 
OAM modes, shown in Figs. 2 and 3, as well as to study the energy 
delivered to the tissue surface for different sets of OAM wave and irra-
diation setup parameters. When generating Figs. 2 and 3, we decided to 
represent the OAM EM field patterns for the first several OAM modes, for 
identical radii of OAM mode maxima at the tissue surface, rather than 
the same size of the OAM UCA producing these modes. We believe that 
such a choice of system sizing allows a more meaningful comparison of 
the OAM field patterns, as well as the complex magnitude plots shown in 
Fig. 3 (a). We set the source UCA radii to obtain the Rss = 20 mm, at a 
distance zts = 120 mm, and defined an irradiated tissue spot size as Dss =

2 Rss. The identical spot sizes required different sizes of the source UCA, 
which were obtained from (4) as 1.910 λ0, 2.864 λ0, 3.820 λ0, and 4.774 
λ0, for l = 1 to l = 4, respectively, at 60 GHz. The corresponding 
free-space wavelength, λ0, equals 5 mm. For l = 0, the complex 
magnitude is always maximal at the z-axis. As a reference, in this section 
as well as in Section 3, for l = 0 we used the same source UCA radius as 
the one producing Rss = 20 mm for l = 1. In all cases shown in Figs. 2 
and 3, UCA consisted of 32 short dipoles, 0.04 λ0 long, excited uniformly 
by the current having rms value of 1 mA. For different OAM modes, UCA 
elements are differently phased, according to 

In = I0ej(φ0+l φn) = I0ej(φ0+2πl n/Na) (6)  

where n is the ordering number of a UCA element. The number of UCA 
elements, Na , limits the number of achievable OAM modes to |l max| =
1
2 (Na − 1), as EM source fields are defined in a finite number of points. 
As can be seen from Fig. 3 (a), the positions of OAM mode maxima 
obtained in this way are somewhat approximate and could be further 
fine-tuned by optimization. For the first part of this study, that is not 
critical, as the level of EM fields complex magnitude does not vary too 
much close to the maxima. 

3. EM energy delivered to the tissue 

In biomedical applications, one of the main questions of interest is 
the amount of EM energy which can be delivered to the tissue surface. 
Therefore, we need an assessment of the complex magnitude of the 
Poynting vector component perpendicular to the tissue surface, i.e., in 
the direction of z-axis, which directly gives us the EM power flux 
through the tissue surface. Another important objective is to define ways 
of designing biomedical applicators, or choosing certain parameters, 
which would result in enabling the desired irradiation of tissue. In this 
section, basic analysis results will be presented first. We focus on two 
frequencies, which were designated to be widely used in millimeter- 
wave applications, 28 GHz and 60 GHz. The free-space wavelength 
corresponding to the central frequency of operation equals λ0 = 10.7 
mm at 28 GHz, and λ0 = 5.0 mm at 60 GHz. It has been demonstrated, in 
our previous work (Ilić et al., 2023; Ilić et al., 2023; Golubović et al., 
2023), as well as the work of other groups (Gil et al., 2021; Yagi et al., 
2022), that the most benefit of the OAM EM fields could be gained in 
short-range applications. Functioning of the OAM-based systems was 
optimal up to the Rayleigh distance and for somewhat larger distances, 
but still close to the Rayleigh distance. The wavelength, λ0, defines the 
Rayleigh distance, zR, for a given source size. For the OAM UCA of a 
radius Ra, it can be approximated as 

zR = πR2
a

/
λ0 (7) 

For example, Ra = 30 mm corresponds to zR = 264 mm at 28 GHz, 
and zR = 565 mm at 60 GHz, respectively. Biomedical applications often 

use such short-range distances; therefore, the electric field strength and 
mode quality of the OAM modes could be adequate for the planned 
applications. We have also previously shown (Ilić et al., 2023), that the 
OAM EM field pattern formation might not be very good if the source 
and target surface are placed too close. For that reason, extremely short 
distances to the tissue, taking into account the electrical size of an OAM 
field source, are not recommendable. 

To assess what could be expected from the use of OAM modes in 
certain application cases, we consider the above two frequencies and a 
range of distances of a UCA from the tissue surface. We consider dis-
tances, zts , from 80 mm to 280 mm, with a step of 4 mm, in a parametric 
study of the EM power flux in the z-axis direction for the first several 
modes. Without the loss of generality, the results in this study were 
obtained with the linearly polarized electric field of the short dipoles, in 
the y-direction, Ey, situated in the free space without other objects. We 
note that circular polarization can be easily produced by two perpen-
dicular linearly polarized and phase shifted fields, e.g. by the use of 
crossed dipoles. 

However, the here presented OAM modes analysis does not depend, 
in any way, on the choice of EM field polarization. In all analyses, the 
OAM UCA consisted of 16 short dipoles, 0.2 mm long, which is 0.04 λ0 at 
60 GHz, and about 0.02 λ0 at 28 GHz. The dipoles were set, in all cal-
culations, as excited by the 1 mA uniform rms input current. The 
Poynting vector has annular magnitude patterns in planes parallel to the 
xOy plane, similar as the OAM EM wave complex magnitudes. However, 
when considering multiple OAM modes, which are mutually orthogonal, 
one should be adding the z-components of the Poynting vector. The 
angle of the Poynting vector while precessing about the propagation axis 
differs for different modes, and the wavefronts are under different angles 
for different modes. Complex magnitudes of the Poynting vector, Pz,m, 
have been used and presented as results throughout this work. In order 
to somehow define the irradiated tissue spot size, we have defined it as a 
radius corresponding to the maximal Pz,m at a given surface, noting that 
annular regions are being exposed. Figs. 4 and 5 show the required 
source OAM UCA radii to obtain the desired spot sizes at considered 
distances from the tissue, as well as the resulting z-components of the 
Poynting vector at the tissue surface. The results are given for the first 
several OAM modes for 28 GHz in Fig. 4 and for 60 GHz in Fig. 5, 
respectively. In both figures, the so defined spot size ranged from 12 mm 
to 52 mm with a calculation step of 0.8 mm, while the applicator dis-
tance from the tissue varied from 80 mm to 280 mm. The results were 
obtained for the single OAM UCA case. Since the EM field modeling 
required an input of the UCA radius, we used equation (4) to estimate 
the UCA radii for various distance – spot size combinations (shown in 
upper parts of the plots, denoted as (a), of Figs. 4 and 5). The source size 
(UCA radius) is proportional to wavelength, distance, and mode number 
increased by one, and inversely proportional to the desired spot size. The 
mode l = 0 has its maximal Pz,m at the propagation axis and equation 
(4) is not applicable to this mode. For this mode, we take the same 
source UCA radius as the one producing the spot size of 40 mm for l =

1, at a given distance. The data for l = 0 were used as a reference. We 
can clearly notice, from the parts (a) of Figs. 4 and 5, that larger radii Ra 

are needed for larger distances and to produce the smaller spot sizes. We 
also observe, from parts (b) of Figs. 4 and 5, that the obtained Poynting 
vector mainly depends on the distance. However, it can be seen that at 
28 GHz it is more difficult to produce small spot sizes than at the 60 GHz. 
Also, the power flux carried by the OAM modes is lower than that for the 
l = 0 case, requiring the appropriate scaling of input currents. Figs. 4 
and 5, therefore, present the ranges of Poynting vectors which can be 
obtained from the OAM-based biomedical applicators, under usual 
conditions. 

Finally, the same Pz,m data is shown in Fig. 6 as normalized by the 
Pz,m corresponding to l = 0, for the same considered distance and 
expressed in percents. In this way, we are able to critically compare the 
possibilities of obtaining the desired spot sizes at different distances 
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from the source. We confirmed that obtaining smaller spot sizes at 28 
GHz is challenging for higher-order OAM modes. We can now also 
clearly notice, that for the larger spot sizes, for l = 1, the OAM fields 
decrease faster than that for l = 0. 

4. Design of OAM beam applicators 

Using the insights on the OAM EM wave behavior, we designed two 
example biomedical applicators for OAM beams. To obtain filled rather 

Fig. 4. The required OAM UCA radii, Ra, and the resulting z-components of the Poynting vector, Pz,m , for the first several OAM modes at 28 GHz. (a) The required Ra 

to obtain the desired spot size, Rss , at a distance, zts, from the OAM UCA to the tissue surface. (b) The dependence of the Poynting vector component delivered on the 
tissue surface, Pz,m , on two main parameters of interest – the desired spot size and the distance of an applicator from the tissue surface. 

Fig. 5. The required OAM UCA radii, Ra, and the resulting z-components of the Poynting vector, Pz,m , for the first several OAM modes at 60 GHz. (a) The required Ra 

to obtain the desired spot size, Rss , at a distance, zts, from the OAM UCA to the tissue surface. (b) The dependence of the Poynting vector component delivered on the 
tissue surface, Pz,m , on two main parameters of interest – the desired spot size and the distance of an applicator from the tissue surface. 
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than annular regions of the irradiated tissue, both examples use the l =

0 EM fields to provide radiation in the central parts of areas of interest. 
The applicator designs, shown in Figs. 7 and 8, use the same l = 1 OAM 
mode and the combination of different OAM modes, respectively. The 
frequency of operation for all shown examples was taken as 60 GHz. We 
set the desired distance of biomedical OAM beam applicators from the 
tissue surface at zts = 120 mm. Several irradiated tissue spot sizes, Dss =

2 Rss , were considered. Firstly, a relatively narrow but highly uniform 
beam spot can be obtained by surrounding the l = 0 EM power flux 
maximum by a single annular region corresponding to l = 1. We set 
Ra,0 = 7.0λ0, Ra,1 = 5.8λ0, and scale the input currents to 1.0 mA and 
1.7 mA to produce the Pz,m shown in Fig. 7 (a) by the thick dashed blue 
line, while the individual contributions from OAM UCA are shown by 
the solid lines (dark blue and blue). The Poynting vector for this case is 
also shown in Fig. 7 (c). We aimed to place the first maximum of the l =

1 mode (blue line in Fig. 7 (a)) at the location of the first zero of l = 0. 
The required source UCA radius, Ra,1, was adjusted based on Eq. (4). As a 
result, a significantly wider flattop maximum was obtained in compar-
ison with the l = 0 only. To attain even wider flattop maxima, one 
would need to take smaller UCA radii, both Ra,0 and Ra,1, which in turn 
would result in wider both central maximum and the annular pattern 
corresponding to the l = 1 mode. We further add two UCA, at Ra,2 =

2.8λ0 and Ra,3 = 1.6λ0, set their currents to 1.1 mA and 1.2 mA, 
respectively, and downscale the current of Ra,1 to 1.3 mA to obtain the 
sum of all Poynting vector z-components shown by the thick green line 
in Fig. 7 (b), and in Fig. 7 (d). This final design corresponds to the 
arrangement of UCAs shown in Fig. 1 (a). One could use modes l = 0 
and l = 2, instead of the above ones; however, that would somewhat 
increase the applicator size due to the larger required source UCA size. 

Another possibility, for the applicator design, is to use the combi-
nation of different OAM modes in an arbitrary ordering. Here, we 
wanted to start the design with the same two positions of Ra,0 and Ra,1, 
for l = 0 and l = 1. That somewhat limited the possibilities, since the 
overlapping of UCA was avoided, to the ordering shown in Fig. 8 (a). The 
innermost two UCA were set as Ra,2 = 4.3λ0 and Ra,3 = 3.2λ0. The input 
currents for the first, second, and third OAM mode were set as 1.6 mA, 
1.8 mA, and 1.8 mA, respectively. The described UCAs arrangement is 

shown in Fig. 1 (b). The resulting Pz,m is shown by the thick dashed lines 
in Fig. 8 (a) and Fig. 8 (b), and also in Fig. 8 (c) and 8 (d), when three or 
four UCA were used, respectively. In any case, wider beam spots can be 
attained by using additional UCAs, and performing the optimization of 
UCA positions and input currents. 

5. Conclusions 

In this work, we have utilized the previously developed short dipole 
OAM UCA modeling to study the possibilities of using the OAM beams 
for tissue irradiation. The study is also of relevance to other biomedical 
applications of OAM EM waves in short-range scenarios, such as sensing, 
imaging, and wearable antenna applications. The main results are the 
estimates of the Poynting vector component in the propagation direc-
tion, giving the power flux delivered to the tissue surface area of interest, 
and the design examples demonstrating the possibilities to combine 
multiple UCA, generating the same or the different OAM modes, for 
achieving more uniform distribution of EM energy on the tissue surface. 
The obtained insights into the OAM EM wave properties should be 
guiding the design of biomedical components and devices based on OAM 
EM waves. 
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Fig. 7. The OAM beam biomedical applicator design example using only the 
modes l = 0 and l = 1. (a) The l = 0 EM field profiles, for the UCA radii of 3 
λ0, 5 λ0, and 7 λ0, are shown by the thin dark blue lines. The here chosen UCA 
radius of Ra,0 = 7 λ0 is shown by the thicker dark blue line. The first maximum 
of the l = 1 mode (blue line) is produced by the UCA of a radius Ra,1, and 
placed to coincide with the first zero of l = 0. The resulting power flux profile 
in the z-direction is shown by the very thick dashed blue line. (b) Two more 
UCA of radii Ra,2 and Ra,3 can be adjusted to produce the first l = 1 mode 
maxima at the locations of consecutive zeros of the power flux profile. In that 
case, the input currents of the Ra,1 UCA were scaled down as shown by the solid 
blue line, and the input currents of UCA at Ra,2 and Ra,3 were properly scaled to 
give the resultant power flux profile shown by the very thick dashed green line. 
(c) The flattop maximum of Pz,m produced by UCAs at Ra,0 = 7 λ0 and Ra,1 (very 
thick blue line). (d) Relatively uniform, with ripples, Pz,m, shown by the very 
thick green line, produced by four UCA. 

Fig. 8. The OAM beam biomedical applicator design example using a combi-
nation of different OAM modes. (a) The UCA of radii Ra,0, Ra,1, and Ra,2, were 
designed to produce the modes l = 0, l = 1, and l = 2 respectively. Using 
only the modes l = 0, l = 1, and l = 2, the power flux profile shown by the 
very thick dashed blue line is obtained. (b) By using all four UCA, with the one 
of radius Ra,3 producing the l = 3 mode, the power flux profile shown by the 
thick dashed green line is obtained. By a slight adjustment of UCA input cur-
rents (mode scaling shown by the thin dotted lines), a deep minimum at x = 24 
mm can be slightly improved (thick dotted line). (c) The Pz,m, obtained by using 
the outermost three UCA (very thick dashed blue line). (d) The Pz,m, obtained 
when the fourth, innermost, UCA is added to the previous three UCA (very thick 
dashed green line). 
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Orbital angular momentum (OAM) multiplexing is, since recently, considered to be one of the key 
technology enablers for enhancing wireless and free-space optical communications channel capacity, 
whether implemented separately or in combination with existing multiplexing techniques. The OAM wave 
generation systems have been a topic of a number of recent publications. The actual possibilities and 
limitations of the free-space OAM wave transmission have also been investigated in several studies, 
e.g. [1-4]. The results have pointed out the most probable utility of the free-space OAM waves for short-
range transmission distances that are on the order of magnitude of the Rayleigh distance. However, there 
are just a few in-depth investigations into the properties of such short-range OAM wave transmission. 
Here we report on the recently proposed use of the short (Hertz) dipole method customized for the detailed 
analysis of the OAM waves [5]. Employing that method and focusing on the uniform circular antenna 
arrays (UCA), as a very representative example of easily reconfigurable discrete OAM wave sources, we 
studied the properties of the short-range transmission at different frequencies, for different UCA 
electrical sizes, and different distances from the source plane [5]. Guidelines for using the proposed 
methodology and the obtained results in the future designs of free-space communication systems 
employing OAM multiplexing were provided. 
 
As expected, short (Hertz) dipole modeling proved highly efficient and versatile in an investigation of 
electrically large discrete OAM EM wave sources. A general framework of combining the short dipole 
method with full-wave numerical EM modeling for the analysis of arbitrary antenna arrays or other 
OAM wave radiating structures was also presented. 
 

 
 

Figure 1. Short (Hertz) dipole modeling, computationally efficient for electrically large discrete EM wave sources 
(plot on the left). The vortex angle, v , corresponds to the OAM EM field maximum. The link distance is denoted 
as Lz . Dependence of the axial Poynting vector for x = 0, y = Rrec = Lz tan( v ), on the distance from the source plane, z, 

is plotted on the right (Rrec represents the radius of receiving UCA). The Rayleigh distance is denoted as Rz . The 
optimal receiving distance, i.e., link range, corresponds to the axial coordinates of OAM EM field maxima.  
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Electromagnetic (EM) waves carrying the orbital angular momentum (OAM) are currently being 
considered for use in optical wireless communications, as well as wireless communications at terahertz 
and millimeter wave frequencies [1,2]. The apertures radiating with their entire surfaces, often used in the 
optical domain, produce very high quality OAM EM waves. However, partial radiating apertures and 
discrete OAM wave sources, considered here, facilitate OAM source reconfiguration as well as 
multiplexing of different OAM modes through a single aperture. Moreover, at terahertz and millimeter 
wave frequencies, powering and phasing of discrete OAM EM wave sources often becomes increasingly 
more complex and costly, especially for a very large number of elements of radiating antenna arrays. 
Therefore, it is of interest to use low-cost, low-profile, efficiently powered and phased antenna arrays 
consisting of a limited number of elements, while optimizing the OAM mode quality.  
 

 
 

Figure 1. Uniform circular antenna arrays (UCA) are often used to produce the OAM EM waves at millimeter 
wave frequencies. Rectangular antenna arrays (RAA) could offer some additional flexibility to the designer; 

however, the calculation of the RAA element phase shifts is more complex, and additional optimization might 
be required to attain similar OAM mode quality in comparison with the UCA. 

 
Utilization of uniform circular antenna arrays (UCA) as discrete OAM EM wave sources has been 
successful in the millimeter wave frequency band; phasing of the UCA is quite straightforward and 
symmetrical antenna arrangements are advantageous from the OAM mode quality viewpoint. However, 
the OAM EM wave sources for use in wireless communications have to be electrically large [2,3], to allow 
the desired system performance. From that point of view, either uniform or non-uniform rectangular 
antenna arrays (RAA) provide additional flexibility to the designer and could benefit from the well-
developed theory and implementation methods of conventional antenna arrays [4]. We compare the OAM 
mode quality of different antenna array arrangements at millimeter wave frequencies to define the 
prerequisites for the RAA for attaining high wireless data transfer performance. 
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Recently, there has been an increase of interest in use of electromagnetic (EM) waves with helical 
wavefronts, known as the orbital angular momentum (OAM) waves. The OAM waves are considered 
to be among the key technological resources to improve optical / wireless communication system 
capacity and transmission data rates. Additionally, applications in the field of biomedicine have been 
foreseen, such as medical imaging and diagnosis, deep-tissue imaging, biosensing, and 
communication with medical implants (doi: 10.1038/s41598-022-18483-3; doi: 10.1038/s41598-
021-82033-6; doi: 10.1364/JOSAA.34.002046). Other possible applications include various localized 
tissue treatments or tissue ablation. The available references mainly study the interaction of OAM 
light with biological structures, offering some novel insights into the biophotonics effects. 
Investigations are needed and should also be carried out for other frequency ranges, such as 
microwaves and millimeter waves. These studies are also important for the design of recently very 
popular wearable antennas, in the context of body area networks that utilize OAM and the specific 
absorption rate (SAR) in that case (doi: 10.1109/ISWTA55313.2022.9942785). 

Here we use semi-analytical modeling and full-wave numerical computations of OAM EM fields 
to investigate their interaction with biological tissues. Specifically, we compare the results for various 
OAM modes by altering the OAM beam parameters and the distance from the target tissue. The 
output variables of interest include the spot size obtained and the energy delivered to the tissue, 
expressed in terms of the Poynting vector. We also explore the possibility of combining several OAM 
modes. The results provide insights into potential biomedical applications of OAM EM waves at the 
examined frequencies and should guide the design of components and devices based on OAM EM 
waves. 
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The orbital angular momentum (OAM) waves, from microwave and millimeter waves to optical 
frequencies have lately been recognized as one of the key technological enablers of high-data-rate 
wireless communications. Given their planned use in short-distance line-of-sight (LoS) application 
scenarios in B5G / 6G wireless communications, such as immersive extended reality (IXR) or 
wearable antennas / monitoring devices within the body-area networks (doi: 10.1007/978-3-030-
72777-2_6; doi: 10.1109/ISWTA55313.2022.9942785), it is important to study the interaction of 
OAM waves with tissue. Moreover, the OAM waves have been proposed for medical imaging and 
diagnosis, deep-tissue imaging, biosensing, and communication with medical implants  
(doi: 10.1038/s41598-021-82033-6; doi: 10.1364/JOSAA.34.002046). Our previous study addressed 
the amounts of EM energy which can be delivered to the tissue surface, in terms of the Poynting 
vector obtained under the various specified conditions (doi: 10.1016/j.apradiso.2024.111261). There, 
biomedical applicator designs aiming at localized tissue treatments or tissue ablation by OAM beams 
were proposed. 

In this work, we consider different OAM beam parameters and different properties of tissue 
layers, aiming at the detailed analysis of the effects of propagation of OAM waves through the 
biological tissue. The investigation is carried out utilizing full-wave numerical simulations of OAM 
EM fields. Attention is particularly directed to the attenuation of different OAM modes during 
propagation with various initial vortex angles, possible decrease in OAM mode quality, and amounts 
of energy delivered to the tissue layers. The results could guide the design of components utilizing 
mutually orthogonal OAM modes for biomedical or communication purposes. 
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The COVID-19 pandemic has once again steered the attention of the public to not only medical 
but also economic and societal problems, caused by airborne microorganism infections. As one of the 
means of controlling airborne pathogens, there has been a revived interest in using air ionizers to 
purify the indoor air in closed spaces. The major benefit of newer corona air ionizers stems from the 
use of carbon fibres to produce small air ions without the harmful side effect of producing ozone 
(doi: 10.1080/02786820802339553). In addition to speeding up the natural deposition of particles 
in the air (doi: 10.1016/j.jaerosci.2023.106199), including the bio-aerosol particles, small air ions 
have been reported also to produce a biocidal action on airborne microorganisms (doi: 10.1186/1471-
2180-7-32, doi: 10.1016/j.jhin.2022.04.004, doi: 10.1128/Spectrum.00651-21). In order to perform a 
detailed study of the effects of small air ions to the gas-phase bio-aerosol, we have developed a 
dedicated experimental setup for bio-aerosol exposure, able to provide accurate measurements even 
with moderate bio-aerosol concentrations. 

Here we describe the newly invented air ion exposure setup and its principles of work. We report 
on the experiments with Aspergillus fumigatus and Mycobacterium gordonae. We study the effects 
of air ions of different air ion concentrations, polarity ratios, and exposure times. The increased 
efficiency of particle deposition as well as the noticed biocidal effects are reported. 
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Computational image analysis has recently gained increased importance in medical research and 
diagnostics. Precisely established tissue and cell properties, resulting from dedicated image analyses, 
are quantitative, repeatable, and free from subjective judgement bias possible with human observers. 
We were the first group to apply fractal analysis for the description of structural complexity of 
Toxoplasma gondii tissue cysts, in combination with the morphological and particle analyses 
(doi.org/10.1371/journal.pone.0234169). The majority of analyzed parameters were stable among 
cysts, indicating a highly uniform structure and occupancy of the T. gondii brain cysts of different age 
and parasite strains, as well as of those derived from mice of different genetic background. 

In this work, we present the results of our most recent investigation in this field. Photographs of 
the in vitro conversion of bradyzoites to tachyzoites simulating reactivated toxoplasmosis (RT) in an 
immunocompromised host, but also cellular invasion and intracellular proliferation 
(parasitophorous vacuole, rosettes, etc.), will be obtained in experimental settings with (sulfadiazine 
and/or acridines/acridones) and without (control group) treatment. High resolution digitalized 
microscopic images will be analyzed using the ImageJ software. The optimization of the 
morphological, particle, and fractal analyses to the acquired data, as well as investigation of 
usefulness of other methods, e.g. texture analysis will be carried out. 
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