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Abstract 
Quantitative analysis, using scanning electron microscopy (SEM) and energy dispersive x-ray analysis (EDAX), of inorganic 
particulate found in lung tissue has been carried out for different lung pathologies. Results show a marked correlation between 
adenocarcinoma and carcinoma in presence of heavy metals. Such association was not found on specimens related to before the 
massive Italian industrialization of the 1960’s. Most of the particles analyzed proved to be part of a coarse mode distribution. 
When their shapes were fibrous, they may be explained with fractal dimension. The aggregation processes have been simulated 
by a Diffusion-Limited Cluster Aggregation (DLCA) model. Results show that the significant part of the particulate matter was 
found in macrophages and has a fractal dimension that derives from a process of local aggregation of smaller particles rather 
than due to inhalation of larger coarse particles. Disruption of macrophage and tissue architecture due to aggregate deposition is 
significantly associated with lung cancer incidence. 
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1. Introduction

Carcinogenesis of lung cancer is a complex and hetero-
geneous process. Improvements in our understanding 
of alterations at multiple levels (microenvironment, 
genetic, epigenetic, protein expression) and their func-
tional significance have the potential to impact on lung 
cancer diagnosis, prognosis, and treatment. Lung can-
cers develop through a multistep process involving the 
microenvironment, the development of multiple genet-
ic and epigenetic alterations, activation of growth-pro-
moting pathways and inhibition of tumor suppressor 
pathways. Recently, studies on tumor have shown that 
microenvironmental factors promote oncogenesis at 
the tissue level (Bissel, Hatle, and Calvin, 1979, Barcel-
los-Hoff 2010). Numerous authors have demonstrat-
ed the tumor microenvironment not only responds to 

and supports carcinogenesis, but actively contributes 
to tumor initiation, progression, and metastasis. These 
issues have been addressed by the Tissue Organization 
Field Theory (TOFT) (Soto and Sonnenschein, 2011; 
Bizzarri & Cucina, 2016), which focus on cancer as ‘de-
velopment gone awry’, due to disrupted properties of 
the surrounding milieu. TOFT argues that the focus of 
the Somatic Cell Theory (SMT) (Bedessem & Ruphy, 
2015) on single cell events is inappropriate and misses a 
whole range of effects at the level of tissue organization, 
ultimately resulting in creating a pathological environ-
ment in which those mutations can accumulate. Aber-
rant disruption of the field can therefore produce aber-
rant structures without requiring any genetic changes 
(Bizzarri & Cucina, 2014). 
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Herein, we aim to investigate how aerosol partic-
ulate may disrupt the architecture of lung microenvi-
ronment, including stroma and macrophages, and how 
such changes are associated with lung cancer incidence. 

The structure of the respiratory tract is such that 
larger particulates are filtered out, or deposited in the 
more proximal portions. Only smaller respirable par-
ticles penetrate deeply into the lung. The aerodynam-
ic behavior of the particles is determined, not only by 
their size, but also by their shape and density. This be-
havior is expressed in terms of a mass median aerody-
namic diameter, which equates the particle behavior to 
that of a sphere of unit density. The shapes are defined 
as fibrous when the particles have an irregular shape, 
or compact when approximating a sphere or a regular 
solid. There are four deposition mechanisms: sedimen-
tation, inertial impaction, interception and diffusion. 
Sedimentation is responsible for the deposition in large 
airways of particles with an aerodynamic diameter of 
around 2 microns. It is influenced less by the length and 
shape of the particles than the falling speed of the par-
ticles which is determined by gravity, their density and 
cross-section area. Inertial impaction is responsible for 
most of the deposition in the nose and larger airways in-
volving particles larger than 10 microns in diameter. As 
for sedimentation, the density, diameter and cross-sec-
tion of the particle as well as change of direction and 
rate of airflow in the airway influence impaction. Inter-
ception is responsible for deposition of irregular and 
fibrous particles. Long fibrous particles tend to orient 
with the air stream and avoid sedimentation and im-
paction until they are intercepted by collision with the 
walls of the terminal respiratory bronchioles. Diffusion 
only affects the very small particles (around 0.1-micron 
diameter). It influences the deposition of the smallest 
particles which is independent of their density. As most 
of calculations are based on theoretical models, the pre-
vious statements may be considered as relative rather 
than absolute. In fact, the pattern of respiration can sig-
nificantly influence particle deposition. With a higher 
tidal volume, there is a deeper penetration of air in the 
lungs and with increasing breathing rates the time for 
particles to become deposited decreases. During mas-
sive physical effort the product of the tidal volume and 
number of breaths per minute increases and thus there 
is greater particle deposition than at rest. Atmospher-
ic aerosols may be classified concerning size distribu-
tion models. Mass size distributions of urban aerosols 
correspond to log-normal distribution with different 
modes. The current classification defines an accumula-

tion mode (AM) the size distribution with aerodynamic 
diameters ranging from 0.1 to 1micron, as coarse mode 
(CM) the size distribution for particles above 1 micron, 
and nucleus mode (NM) for particles with sizes of less 
than 0.1 microns.

We used an SEM-EDAX, to analyze the chemical and 
physical properties of inhaled particles. This approach 
enabled us to develop a method of analysis based on 
studies of the fractal dimension of the aerosol and the 
mechanisms of their accretion. We further established a 
correlation between the physical-chemical structure of 
aerosols aggregate absorbed by macrophages, and oc-
currence of lung cancer vs a sample of healthy controls, 
patients with non-cancerous lung diseases. 

2. Material and methods

2.1. Patients and histological samples
Our study was performed on 1000 measurements 

related to 87 patients, as previously described (Guzzi 
et al. 1996). Bioptic and autoptic lung specimens were 
collected from patients with no lung diseases (the con-
trol group) and patients with fibrosis, silicosis, carcino-
ma, adenocarcinoma (the experimental group). Bioptic 
sampling methodology was the same for all specimens. 
Analysis was carried out by focusing on the shape of 
the particle(s), and on their chemical composition. All 
patients lived in the Po Valley (Italy). To gain informa-
tion about the incidence of particles deposition during 
a less intensely industrialized period, we extended our 
analysis to biopsies performed before 1960 (in Italy the 
60’s can be considered the years of the introduction of 
the massive industrialization) in patients from the same 
geographic area. Overall, 69 subjects were enrolled 
along this second survey.

2.2. Electron microscopy
The resolving power of the Scanning Electron Mi-

croscopy (SEM) combined with Energy Dispersive 
X-ray Analysis (EDXA or EDAX), introduced by De Nee 
et al. (1974) and by Abraham (1974, 1978) and Amorico 
et al. (1989) allow us to examine the physical-chemi-
cal features of the particulate matter collected both in 
the natural environment and in lung macrophages. 
SEM-EDAX measurements were carried out in are-
as where optical microscopy observed an apparent 
particulate concentration. The particles detected were 
analyzed regarding their location and size, shape and 
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elemental composition. Paraffinized tissue samples, 
obtained by lung biopsy, were cut in thin slices, by a 
microtome, and deparaffinized. One should recall that 
approximately 90% of the tissue weight is water, which 
is removed during dehydration, before placing the 
specimen in the SEM vacuum chamber. The thin slices 
of tissue were glued with conductive carbon and coated 
with clean carbon. An accurate patient’s anamnesis was 
carried out to avoid any correlation between tobacco 
exposure risk and potentially related pathology. There-
fore, smoking patients were excluded from our present 
investigation.

An example of SEM EDAX results is shown in Fig-
ure 1 in which are reports both the image of the parti-
cle, its size, elemental composition and the associated 
disease. 

We selected the macrophage content to show the 
type of particulate matter inhaled and subjected to sed-
imentation in the lung. We ignored particles subjected 
to diffusion (consequently, as already cited, smokers 
were excluded from our analysis), and those subject 
to inertial impaction. Our samples concern phagocytic 
macrophages, which are correlated with phagocytosis 
phenomena. These are active in vivo phenomena and 

consequently any external contamination can be ex-
cluded. The use of biopsy preserved in paraffin, avoid-
ing the process of decomposition, permits one to com-
pare samples collected at different times. In cases where 
tumors were identified, particles found in neoplastic 
and in adjacent, non-cancerous tissues were analyzed.

2.3. Mathematical modelling and fractal analysis
The simplest method to analyze findings from the 

SEM EDAX images is to use the Box-Counting Meth-
od, even though it is recognized to have a lot of short-
comings (Iannaccone & Khokha, 1996). We start from 
extracting the boundary, which is the fractal object. 
Counting boxes with at least one white pixel can be 
calculated more efficiently using Integral Image, a tech-
nique introduced by Viola-Jones (2004). Then, the mass 
(white content) of a region is obtained from the area 
delimited by two corner points. Therefore, instead of 
partitioning the image, one can get a list of all the boxes 
of a given size. Kamer et al. (2013) suggest an improve-
ment of the box-counting method. Renyi (1970) claims 
that, first of all, it is important to point out that if we are 
only checking if a box is empty or not we are effectively 
measuring the D0, the box-counting dimension. By re-
ferring to D0 as the fractal dimension, we are assuming 
that our object is a mono-fractal, i.e., that all its general-
ized dimensions Dq are equal, where 

with D0=D1(entropy dimension)=D2(correlation di-
mension) and so on… and where ε is the scale of obser-
vation, pi(ε ) is the fraction of data points (e.g., estimat-
ed measure) within box i of size ε ; q is a real-valued 
moment order, and the sum is performed over all boxes 
covering the data set under investigation

However, even if you assume that the object is mo-
no-fractal, review literature of fractal dimension es-
timation concludes that the box-counting method is a 
poor choice (Theiler, 1990). The fundamental principle 
in fractal dimension estimation is to study the object at 
different scales (Kamer et al. 2013). The question is how 
to sample this continuum of scales. There are two dif-
ferent class of methods. The first one is the fixed-sized 
method that counts the number of points in a fixed size 
region (boxes/spheres). It performs poorly because one 
never knows how boxes grow. The second is the fixed-
mass method that improves the box by reaching over to 

Fig. 1. Example of SEM-EDAX analysis carried out on fibrous parti-
cles (Upper figure). Pathology: Carcinoma Elemental composition Fe, 
Al, Ti, S, P,O, Mg, Na, Si, K (Lower figure).
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their nth nearest neighbor. In such a way, one always 
assures that it is covering the same mass. 

Even though the fixed-mass method is more robust 
than fixed-size methods, both suffer from finite-size 
and edge effect. Then one needs some extra measures to 
avoid the edges of our object; otherwise at larger scales 
(of mass/size), one starts to get off this leveling effect.

Biennia Lung n. of 
cases Cancer# SC ADC SCC LCC

1963-1964 42 19 2 3 18

1973-1974 293 143 26 67 57

1983-1984 637 358 127 96 56

1993-1994 738 406 225 90 17

The method by Kamer et al. 2013. incorporates two 
motivated criteria (barycentric pivot point selection, 
and non-overlapping coverage) to reduce edge effects, 
improve precision and reduce computation time. Im-
plementation of the method on synthetic benchmarks 
demonstrates the superior performance of their meth-
od compared with existing alternatives routinely used 
in the literature. They also use the technique to esti-
mate the multifractal properties of the widely studied 
growth process of Diffusion Limited Aggregation. We 
have adopted their method to define the multifractality 
of our particles. In order to understand more about the 
“fractality” of the particles we also created stereoscopic 
images using the MeX software (by Alicona) which pro-
duces the 3D view of stereoscopic SEM images. Meas-
urements were performed by positioning the viewed 
specimen in a way that it is in a position to determine 
the final DEM (Digital Elevation Model). Since typical 
stereoscopic values range from 1 to 7 degrees, we put 
our viewer specimen around 4 degrees to create the 
correct tilting angle to produce the stereoscopic images. 
Figure 2 contains the 3D image sample as provided by 
this approach. This figure has been used to define the 
complexity of the particle.

3. Results

3.1. The relationship between pathology findings 
and elemental composition of the particles 
present in macrophages

Distribution of lung cancers and non-malignant 
diseases among the different groups and periods is re-
ported in Table I. The comparison between our findings 
obtained on pre-1960 and post-1960 shows that after 
the 60’s Squamous Carcinomas (SC) and Adeno-Carci-
nomas (ADC) both increase exponentially. Our speci-
mens were divided into three main groups related to 
the locality in which the patients lived: urban, rural 
and higher altitude sites. This selection was chosen by 
a long-term air sampling carried out in urban and hill 
locations. We did not consider the rural areas because 
they are currently comparable to the urban conditions, 
at least in the Po Valley. The results of such sampling 
are presented in Table II for urban and hill areas. 

The sets of case studies are reported in Table 3. Spec-
imens taken from patients resident in urban sites show 
the higher concentration of particulate matter with a 
marked presence of Cu, Ag, and Zn. Vanadium (V) was 
present in only one case of adenocarcinoma. To find a 
possible relationship between elements and diseases, 
we reconsidered our findings according to the ANOVA 
test. Results are shown in Table IV. The test of signifi-
cance shown in Table 4 indicates a significant correla-
tion (indicated by *) between lung disease and the per-
centage of the different elements found. 

Ag is associated with Squamous Carcinoma, while 
Cu, Ni, and V are associated with Adenocarcinoma. 
Comparing Table IV with Table II, we see how distri-
bution of aggregated elements values found in lung  

Table 1. Distribution of histological type from 1963 to 1994. 
SC=Squamous Carcinoma; ADC= AD, Adeno Carcinoma; SCC=Small 
Cell Carcinoma; LCC= Large Cell Carcinoma (adapted from Guzzi et 
al 1996). 

Fig. 2. Stereoscopic image of the particle of Figure 1, obtained by SEM 
image.
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macrophages mirrors the distribution of the same ele-
ments recorded during field measurements in urban and 
hill sites. Ag and Cu were not found in this investigation. 

Element Mean σ Mean σ
Ag - - - -
Ni 0.27 0.44 4.16 2.09
Cu - - - -
Ti 0.12 0.28 - -
Na 2.48 4.58 2.85 2.36
K 5.78 11.81 0.59 0.82
Mg 3.35 6.28 4.90 2.97
Fe 3.09 3.43 27.88 17.47
Ca 24.92 25.31 0.23 0.54
Zn 0.59 1.45 - -
Cr 0.50 0.66 10.53 6.19
Al 8.59 11.07 13.30 5.44
V 0.75 - - -
Cl 5.72 14.68 0.47 0.44
P 7.97 10.68 4.31 3.82
S 13.21 11.68 19.82 18.08
Si 19.14 16.18 10.95 4.60

The elements found are listed in the first column 
of Table II. It means that there is a direct link between 
atmospheric aerosols collected in the natural environ-
ment and those inhaled.

The nine specimens taken before the 60’s contain no 
more than ten elements. Ag, Ni, Cu, Ti, Zn, Cr, and V 
are absent. From the correlations between some of these 
elements and recent pathologies like such as Squamous 
Carcinoma and Adenocarcinoma as shown in Table IV, 
one may argue that the absence of such pathologies be-
fore the 60s, might be due to the lack of aerosols con-
taining such elements.

3.2. Extraction and modeling the particles by 
aggregation

Recently pattern-formation processes have been of 
scientific interest because it has been shown that even 
straightforward non-linear systems can lead to com-
plex, often chaotic behavior which can be described by 
fractal geometry. Random dendritic growth (Ball, 1986) 
seems to be close to the processes observed here. Forest 

and Witten (1979) used the fractal concept (Mandelbrot 
1977) to describe aggregates of metals. Fractal aggregates 
are scale invariant, and this concept includes a mathe-
matical description and the quantifiable Haussdorff pa-
rameter or fractal dimension D (Hausdorff, 1919). 

Case studies # of occurrence

Normal (pre-1960) 9

Normal (post-1960) 11

Fibrosis 10

Adenocarcinoma 19

Carcinoma 27

Silicosis 1

Benign tumour 4

Peumothorax 6

The scaling behavior does not apply to all length 
scale in a real system. 

The fractal in Figure 1 is characterized by an upper 
cut-off length (R) which equals the radius of the cluster 
and a lower cut-off length (a), equal to the radius of the 
primary particles. The fractal dimensionality (D) does 
apply to length scales between a and R. The concept of 
fractal aggregates may be described by the following 
expression:

N = K0 (Rg/a) D                  (1)

Where N is the number of primary monomers pro-
portional to the mass in the aggregate, R= Rg is the ra-
dius of gyration or a measure of the overall aggregate 
radius, K0 is a proportionality constant usually of order 
unit, D is the fractal dimension. It is straightforward to 
find D by a least-squares fit applied to a log-log trans-
formation on equation 1. In colloids and aerosols, clus-
ters meet other clusters through a random process and 
this process can be described by diffusion-limited clus-
ter aggregation (DLCA) because the role-limiting step is 
the diffusive motion of the clusters (Meakin 1983, 1988; 
Kolb et al. 1983).

Table 2. Elemental composition (in percent) of airborne par-
ticulate matter (coarse mode distribution) collected in urban 
and hilly sites (adapted from Guzzi et al 1996). The second 
and third columns refer to urban measurements, while the 
fourth and fifth columns are for hill measurements.  

Table 3. Case studies (adapted from Guzzi et al 1996).  
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In this situation, D is on the order of 1.75 – 1.8. In 
case of motion between collision to be a straight line 
(ballistic) rather than a random walk and then D is of 
the order of 1.9 (Meakin, 1984). In colloids, solute mod-
ification of the double layer surrounding the particles 
can drastically reduce the sticking probability and 
then the reaction limited cluster aggregation (RLCA) 
where D is in order of 2.1 to 2.2 (Weitz et al. 1985). As 
mentioned before most of the particles were related to 
coarse mode. In general, this particulate matter should 
be subject to sedimentation in the larger airways. Fur-
thermore, apart from a few spherical particles of Fe (see 
Figure 3) and well-defined particles of Al (see Figure 4), 
particulate matter found in the lungs seemed to derive 
from accretion processes.

Element Site Site Histology NNV NV Sex

Urban Hill

Ag * SC *

Ni * ADC *

Cu * ADC,SC,PT *PT *ADC,SC

Ti

Na * B,F,PT *PT

K

Mg

Fe B

Ca N,B

Zn SC,B *

Cr

Al PT *

V * ADC *

Cl * N,B,PT *PT *N,B *

P N,B

S ADC,B * *

Si * * ADC,SC,S *S

Table 4. Test of significance: NNV=Non Neoplastic Volume; 
NV=Neoplastic Volume; SC=Squamous Carcinoma; ADC=ADeno 
Carcinoma; B=Benign Tumour; N=Normal; F=Fibrosis; S=Silicosis; 
PT=PneumoThorax. The more significant correlation between ele-
ment presence and pathology is indicated in the columns NNV and 
NV with an asterisk. An asterisk without any prevailing pathology 
means that all the pathologies in the histology column are significant 
(adapted from Guzzi et al. 1996).

Accretion is a process in which particles move 
around until they encounter and adhere to another 
particle, irregularly shaped clusters being formed. Fi-
brous particles suggest the presence of an endogenous 
aggregation mechanism. The particles inhaled, having 
a size of around 0.1 microns, reach the lung where they 

Fig. 3. Spherical particle Upper figure) of Fe as identified by EDAX, 
in the lower figure.

Fig. 4. Non-Spherical particle (Upper figure) of Al, identified by 
EDAX in the lower figure.
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aggregate to form larger particles such as those ana-
lyzed here (Kolb et al. 1983). To better understand the 
growth mechanisms of particles we have used a Diffu-
sion-Limited-Cluster-Aggregation (DLCA) model used 
previously in biological processes. The sticking pro-
cesses were taken into account by introducing a factor 
of correction of this effect. In the DLCA model, particles 
are added, one at a time, to a growing cluster via ran-
dom-walk trajectories, originating outside of the region 
occupied by the cluster. This process leads to the forma-
tion of a random fractal structure with a fractal dimen-
sionality substantially smaller than that of the space in 
which the aggregate is embedded. A simple three-di-
mensional DLCA model can be developed with a gyra-
tion radius (Rg) measured from the original seeding of 
growth site that can be considered the actual size of the 
aggregate. The particle is placed on a randomly selected 
site at a distance Rs>Rg. If the particle follows a trajecto-
ry that eventually brings it to an empty perimeter site, it 
remains, and the cluster grows. Alternatively, particles 
may follow a path that finally takes it away from the 
cluster (for instance a distance Rs with Rs= 3Rg) where 
the trajectory is terminated. In such a case, the parti-
cle is annihilated, and a new random walk trajectory is 
started from a randomly selected site on the launching 
circle. This procedure is repeated many times until a 
large cluster has been generated. From what has been 
said so far it is apparent that an effective fractal dimen-
sionality exists and the fractal dimension is the way of 
characterizing scale changes between the object and its 
self-similar parts.

3.3. Fractal measures and DLCA method
The procedures above described has been applied to 

our samples. As an example, an analysis was carried out 
in the area shown in the Figure 5 where we explained 
the correspondent fractal dimension. 

Up to the fractal value D≈ 1.8 we have the case of 
Diffusion Limited cluster-cluster aggregation (DLCA), 
for D≈ 2.1 we have the Reaction limited cluster-cluster 
aggregation (RLCA) regime typical of colloids where 
solute modification surrounding the particles can dras-
tically reduce the sticking probability (Weitz et al. 1985, 
Lin et al. 1990) as appear to be in the phagocytosis pro-
cess. If we use the fractal values formed from our sam-
ples to reconstruct the particle shape using the DLCA 
model we can obtain similar configuration as shown in 
Figure 6 shows that irregular particles are due to a pro-
cess of local accretion.

From the Table V, we see a good agreement between 
the fractal dimension obtained for different SEM image 
and those derived from DLA model. We have also in-
troduced the value of the seed in such a way as to add 
in the random process precisely those values obtained 
from the measurements made on the fractal aggrega-
tion. In case of Erionitis the samples have a fractal di-
mension higher than two (FD >2), and thus cannot be 
simulated by DLA. In the last column, we show how 
the sample can be redrawn by DLA model. 

Fig. 5. Example of fractal analysis of a particle. D= 1.57 (left). Sam-
pling has been carried out on selected area. All the sample has been 
analyzed at different regions giving similar values. Sampling area in 
which the particle is not present gives D≈ 2.001 (right). 

Fig. 6. Comparison between an aerosol sample (Upper, SEM image) 
and that has been reconstructed via DLCA simulation (Lower image). 
In Table V we show the fractal dimension of some selected particles 
and that obtained by DLA model.
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We have used a visual comparison that fails when 
there is no overlapping between the DLA simulated 
image and SEM image. Even though the technique of 
modeling the particle aggregation need to be improved, 
our exercises show existing some peculiarities between 
the modality of aggregation and its fractal dimension 
that can be used to learn more about the accretion pro-
cesses in lungs.

4. Discussion

Quantitative information on particulate tissue bur-
den in the lung is essential for investigating relation-
ships of particulates to several aspects of the disease, 
such as exposure, physiology, and pathology. Quanti-
tative analysis using SEM and EDAX of inorganic ma-
terials found in lung tissue show that are reproducible 
results for different pathologies. This approach gives 
the size and shape of particulate matter present in mac-
rophages and relative element composition. Statistical 
analysis carried out on 87 patients shows that fractal 
dimension (FD) increases roughly linearly in cancerous 
specimens, from the simplest to the more complex ar-
chitecture of the examined tissue specimens (from car-
cinoma to complex adenocarcinoma). At a first glance, 
higher FD are associated with wider disruptive effects 
on the microenvironment and, consequently, with 
higher cancer risk. Indeed, in a previously epidemio-
logical study carried out on tissue specimens obtained 
before 1960 (i.e., before the onset of massive industri-
alization), we showed a total absence of heavy metals 
and no presence of adenocarcinoma and carcinoma 

(Amorico et al. 1989). In the present investigation, since 
most of the particles had sizes of about 2 - 5 microns 
and because their shape was irregular, we argue that 
they are due to aggregation of smaller particles regular 
apart homogeneous particles as those of Fe and Al. The 
p-value, obtained by the Z-test vs test group and pneu-
mothorax (see Table V), indicating for ADC a value 
of 1 supports the null hypothesis that the samples are 
comparable to a simple random sample from the pop-
ulation of reference (PN). The presence of Erionitis can 
produce mesothelioma, but in this case the patient was 
affected of benign asbestos - related pleural effusion 
and not of malignant pleural mesothelioma. Further-
more, analysis of fractal dimension of particles shows 
that they are linked to a value that is typical of RLCA 
regime. Results obtained from the DLCA model indi-
cate that there is a strong correlation between the frac-
tal dimension obtained by the DLCA model and that 
one got from SEM image showing that coarse particles 
are derived from local aggregation mechanisms rather 
than from the inhalation of larger particles. The current 
SEM technique has been also improved to take the ste-
reoscopic view to take into account the tri-dimensional 
structure of the particles. The present experiment does 
show that there are some peculiarities between the mo-
dality of aggregation and its fractal dimension which 
could be used to learn more about the accretion pro-
cesses of particles and their incidence in lung diseases. 
Overall, these findings suggest that specific dynamics 
of the microenvironment are crucial in determining the 
shape acquired by mineral aggregates and consequent-
ly in constraining their effects on lung tissue (Min Hu & 

Specimen
(n)= number analyzed samples Fractal Dimension of the object p Fractal Dimension DLA Radius-No Particles-Seed

CC(7)-Simple 1.17+-0.1 0.44 1.17+-0.08 4/80/1
ADC(4)-Simple 1.25+-0.2 0.75 1.25+-0.06 2/150/5
CC(9) Complex 1.29+-0.1 1 1.3+-0.1 4/70/5
ADC(5)-Complex 1.55+-0.1 1 1.55+-0.09 2/90/9

PN(11)-Simple 1.18+-0.2 1.18+-0.05 4/10/5
PN(9-)Complex 1.37+-0.1 1.37+-0.09 3/90/7
E(5)-Simple 2.05+-0.1 1 - -
E(7)-Complex 2.08+-0.1 1 - -

Table 5. Comparison between the fractal dimension calculated by the SEM image and the image obtained by the simulation with DLA. 
CC=Carcinoma; ADC=Adeno Carcinoma; PN=Pneumothorax; E=Erionitis. The number refers to the sample analyzed. Simple means the parti-
culate matter is compact, while complex means the particulate matter is spread into the macrophage. The number into the brackets, next to the 
disease, indicates the number of samples analyzed.
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Polyak, 2008). This experiment opens a door in favor to 
TOFT paradigm since the aggregation modality seems 
due to the previous inflammatory process of lung stro-
ma. However, we believe we should develop a multipa-
rameter assessment of immune and inflammatory cell 
composition of human lung cancer stroma in order to 
understand the relation between the fractal structure 
of aerosol in macrophages and the fractal structure of 
tumor, which is beyond the scope of the present study. 
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