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Abstract. Intercellular communication plays a crucial role as the structural substrate 
for the brain functions. It occurs according to two main processes, namely wiring 
transmission, i.e. the transmission of signals through physical contacts between cells, 
and volume transmission, i.e. the chemical signal diffusion along the interstitial fluid 
pathways. Intercellular communication represents the main rationale for the emerg-
ing field of connectomics, defined as the comprehensive study of all aspects of central 
nervous system connectivity, aimed at creating a comprehensive map (connectome) of 
the cellular networks in the brain to better understand brain functions. A consensus 
exists that the brain connectome structure follows a hierarchical or nested architec-
ture, and macro-, meso- and microscales have been defined. Available data on network 
organization at these different miniaturization levels will be here briefly reviewed. The 
connectome, however, is also a dynamical entity, undergoing changes during lifetime. 
Thus, a specific focus will be maintained on the changes the network organization 
undergoes during normal aging.

Keywords:	 intercellular communication, brain networks, brain aging, connectome, 
molecular networks.

INTRODUCTION

The central nervous system (CNS) can be well described as an interac-
tion-dominant dynamics system (Anderson et al., 2012; Guidolin et al., 2017) 
where interaction processes among cells and regions determine virtually all 
aspects of its integrative function, making difficult, and sometimes impos-
sible, to assign tightly defined and unique roles to each specific component. 
The key role played by the network architecture as a structural substrate for 
the CNS functions represents the main rationale for the emerging field of 
connectomics, the comprehensive study of all aspects of CNS connectivity 
(Sporns, 2012). This idea has a quite long history behind it (see Schmahmann 
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and Pandya, 2007). Early neuroanatomists, indeed, were 
aware of the inappropriateness of their anatomical tech-
niques to unravel the complex brain organization, and 
mapping the connections within the CNS has been a 
scientific goal for centuries. A significant example is rep-
resented by the 1685 Steno’s far-sighted lecture “On the 
anatomy of the brain” (see Steno, 1965) where he empha-
sized the need of a program aimed at detailing brain 
anatomy in particular for what it concerns the fibers 
course through the white matter, since “it is impossible 
to explain the movements of a machine if the contriv-
ance of its parts is unknown”. 

The characterization of inter-neuronal pathways, 
however, became possible only when new methods able 
to stain and trace neuronal connections were developed 
(Flechsig, 1901; see Sporns, 2013, for a thoughtful histor-
ical summary on this topic), and a significant advance-
ment in the field occurred in the 1990s with the develop-
ment of noninvasive magnetic resonance-based imaging 
methods and the related computational techniques (see 
Le Bihan and Johansen-Berg, 2011, for a review). Thus, 
the idea emerged of creating a comprehensive map of the 
brain structural connections to better understand brain 
function based on the structural features of neuronal 
networks, leading to the definition of the NIH ‘Human 
connectome project’ (www.humanconnectomeproject.
org) aimed at providing an unparalleled compilation of 
neural data and the opportunity to achieve never real-
ized conclusions about the living human brain (Van 
Essen et al., 2012). As pointed out by Sporns (2013), the 
emphasis on structure is important because anatomi-
cally determined connections among CNS elements 
embody a large (but finite) set of properties that (at 
least in principle) can be objectively mapped and rep-
resented by appropriate network models characterized 
by well-defined geometrical, biophysical and functional 
features. Defining the connectome, however, involves a 
careful analysis of the communication processes existing 
between CNS elements and of the pathways they exploit.

In this respect, it has to be observed that although 
networks of neurons interconnected by synapses repre-
sent the fundamental structural substrate of the CNS 
function, they do not deal exhaustively with the issue. In 
the last decades, indeed, a broadened view on the con-
nectivity in the CNS came with the proposal (Agnati et 
al., 1986; Nicholson, 2001) of the existence of two main 
modes of intercellular communication in the CNS (see 
Guidolin et al., 2017 for a recent review), that have been 
called wiring transmission (WT: point-to-point commu-
nication via private channels, as, for instance, synaptic 
transmission) and volume transmission (VT: communi-
cation by diffusion in the extracellular fluid and in the 

cerebrospinal fluid). Experimental evidence suggested 
that these communication processes involve not only 
neurons but also other types of cells in the CNS (Syko-
vá and Chvátal, 2000; Färber and Kettenmann, 2005; 
Guidolin et al., 2022), allowing the formation of ‘com-
plex cellular networks’ including neurons and glial cells 
(in particular astrocytes), in addition to the extracellular 
matrix.

A further aspect deserving consideration concerns 
the hierarchical structure exhibited by CNS networks. It 
is well known, indeed, that all anatomic systems exhib-
it the pivotal property to form multiscale structures 
(Jacob, 1970) each of which forms “a whole in relation 
to its parts and is simultaneously part of a larger whole” 
(Grizzi and Chiriva-Internati, 2005). In the CNS this 
feature is of particular relevance, being its architecture 
extending over a range of up to five orders of magnitude 
of scales: from microns for cell structures at one end to 
centimeters for inter-areal neuronal connections at the 
other. Thus, a hierarchical or nested architecture has 
been suggested as a suitable model to describe the CNS 
network organization (Agnati and Fuxe, 1984; Sporns et 
al., 2005; Sporns, 2013; Guidolin et al., 2016). From the 
point of view of connectomics this structural feature 
poses a significant challenge (see Zalesky et al., 2010), 
that concerns an unambiguous identification of the sig-
nificant levels of organization. In this respect, an almost 
general consensus exists (see Agnati and Fuxe, 1984; 
Sporns et al., 2005) in defining at least three nested 
levels (see Guidolin et al., 2017 for details), namely the 
“macroscale” (where CNS areas and neuronal popula-
tions represent the basic elements), the “mesoscale” (the 
level of complex cellular networks forming a CNS area) 
and the “microscale” (where single cells and intercellular 
contacts, such as synapses, can be found). They are sche-
matically illustrated in Figure 1 and briefly discussed 
in the sections that follow. Furthermore, being age one 
of the arguably most robust sources of neurobiological 
variation in the connectome, a specific focus will be on 
available data illustrating the changes the CNS network 
organization undergoes during normal aging. 

MACROSCALE: CNS NETWORKS AND PATHWAYS

Basic elements at this level are CNS areas, neu-
ronal populations and the pathways connecting them. 
A number of anatomical regions on the order of 100 or 
more (Van Essen et al., 1998; Glasser et al., 2016), for 
instance, can be defined in the human cerebral cortex 
on the basis of several different criteria (see Wig et al., 
2011). Despite the limitation associated with the lack of 
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a single universally accepted parcellation scheme, the 
macroscale level is considered the most feasible organi-
zational level for a first draft of a connectome (Sporns et 
al., 2005). In this respect, direct, invasive, techniques for 
localizing brain regions and tracing anatomical connec-
tions have been available for many decades and used in 
animal studies. They involve the use of tracers and the 
post-mortem analysis of the distribution of labeled axons 
(Markov et al., 2011). For mapping neuronal connec-
tions non-invasively in the human brain two approaches 
are currently used (see Behrens and Sporns, 2012), both 
involving magnetic resonance imaging (MRI), but rely-
ing on very different principles. ‘Diffusion tractography’ 
(tMRI) aims to infer the tracks of axon bundles in the 
white matter, while ‘resting state functional MRI’ (rfM-
RI) measures spontaneous fluctuations in the blood-oxy-
genation-level-dependent (BOLD) signal in grey matter 
regions and estimates statistical dependencies between 
these time series. Although methodological issues (see 
Behrens and Sporns, 2012; Mohanty et al., 2020), such 
as reduction of artifacts and improvement of accuracy 
by using more appropriate metrics, still deserve further 
development, the analysis by methods from network sci-

ence and graph-theory (Rubinov and Sporns, 2010; For-
nito et al., 2013) of available MRI datasets obtained in 
animals (see Hilgetag et al., 2000) and humans revealed 
a convergence on some key features of brain architec-
ture. Concerning the neural connections between dif-
ferent cortical areas, for instance, they were shown to 
possess an organization in the form of ‘small-world net-
works’ (Watts and Strogatz, 1998; Liao et al., 2017), char-
acterized by clusters of nearby cortical areas connected 
by short links, which in turn have long-range connec-
tions to other clusters (Sporns and Zwi, 2004; Stam and 
Reijneveld, 2007). Within clusters, the network topology 
identified by functional MRI is the type called ‘scale-
free’ (Eguiluz et al., 2005), in which some nodes (hubs 
of connectivity) have a high number of connections to 
other nodes, whereas most nodes have just a handful. 
These basic architectures are schematically illustrated in 
Figure 2. VT pathways at macroscale were also proposed 
(see Fuxe et al., 2013; Illes, 2018). The proposal was 
based on the hypothesis that cyclic pressure oscillations 
(associated to intracranial arterial pulses) exist in the 
subarachnoid space leading to “tide” movements (Agnati 
et al., 2005) in the fluid of the Virchow-Robin spaces. 
Such convective movements would generate long-dis-
tance VT signals (Picard and Zanardi, 2015). As indicat-
ed by experimental studies on β-endorphin (Bjelke and 
Fuxe, 1993; MacMillan et al., 1998), peptidergic neurons 
appear able to operate via long-distance VT with dis-
tances in the range of millimeters (Jansson et al., 2002).

This research effort provided important insights into 
how anatomical connections shape and constrain brain 
dynamics, how this relation varies across individuals, 
and applications to clinical disorders are under develop-
ment (Siddiqi et al., 2023). Concerning MRI-based life 
span studies (see Zuo et al., 2017 for a detailed review on 
the topic), tMRI approaches largely confirmed early find-
ings indicating an inverted-U trajectory for white matter 

Figure 1. Schematic representation of the hierarchic structure 
of CNS networks, characterized by at least three nested levels of 
increasing miniaturization. 

Figure 2. Schematic representation of the two basic network topol-
ogies identified in the CNS. The left panel illustrates a ‘small-world 
network’ and the right panel a ‘scale-free network’ (see text for 
details). 
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development (Mwangi et al., 2013). In particular, phylo-
genetically primitive sensorimotor brain structures were 
found to exhibit the most rapid development and great-
est preservation, while more phylogenetically advanced 
structures (e.g., prefrontal cortex) showed slower devel-
opment and faster declines, suggesting a first-in-last-out 
pattern of development across the life span (Imperati et 
al., 2011). Complementing structural perspectives of life 
span development for the connectome are those emerg-
ing from rfMRI, suggesting, in young brains, age-related 
increases in long-range connectivity when compared 
to both short-range and interhemispheric connectiv-
ity (Fair et al., 2007). By contrast, aging studies revealed 
consistent patterns of decreases in long-range connectiv-
ity (Andrews-Hanna et al., 2007), leading to a reduction 
in network modularity (Chen et al., 2011; Varangis et 
al., 2019), i.e. in the propensity for a network to be divis-
ible in subnetworks or modules. The interpretation of 
this pattern of results is contentious, with some suggest-
ing that this pattern represents a compensatory process 
which allows an optimization of the wiring cost in older 
adults (Cabeza, 2002), while others posit that it simply 
reflects network dedifferentiation (Colcombe et al., 2005), 
a process that could be associated with some decline of 
cognitive functions (Varangis et al., 2019).

MESOSCALE: COMPLEX CELLULAR NETWORKS

Within each brain region, segregated neuronal sub-
circuits can be recognized. A classic example is provided 
by cortical columns (Lorente de Nò, 1938) consisting of 
an array of cooperating neuronal groups extending radi-
ally across the cortical layers and representing units of 
operation (Rakic, 2008). They appear loosely delimitated 
in morphological terms, being dynamic entities chang-
ing according to functional needs. A role in delimiting 
them is probably played by astrocytes, since the astroglial 
cells, especially in mammalian brains, define the micro-
architecture of the parenchyma by dividing the gray mat-
ter into relatively independent structural units through a 
process known as ‘tiling’ (Bushong et al., 2004). 

The relationship between neurons and astrocytes, 
however, is much more significant than this (see Guido-
lin et al., 2023 for a recent review). Evidence, indeed, 
exists highlighting the involvement of ‘neuron-astroglial 
interactions’ in the higher brain functions (Pereira and 
Furlan, 2010). As a matter of fact, the concept of ‘tri-
partite synapse’ has been introduced (Araque et al., 
1999), since in most glutamatergic central synapses, the 
extremity of a protoplasmic astrocyte process wraps the 
synaptic cleft. Since astrocytes express membrane recep-

tors to neurotransmitters and can release their own 
chemical messengers (gliotransmitters), this arrange-
ment allows them to establish a cross-talk with both pre- 
and postsynaptic neurons. Several astrocytes participate 
in this functional organization, coupled with each other 
by gap junctions, leading to the formation of real neu-
roastroglial networks (Fellin and Carmignoto, 2004).

A further broadening of this view can be appreci-
ated when VT-based intercellular communication pro-
cesses are considered. In fact, this signaling backbone 
involves almost all the types of cells in the CNS (Syková 
and Chvátal, 2000). Hence, the concept of ‘complex cel-
lular networks’ has been introduced to indicate the set of 
cells of any type that exchanging signals in a certain vol-
ume of brain tissue are capable not only of integrating 
multiple inputs to give out appropriate outputs but also 
of supporting each other’s survival (Agnati et al., 2000). 

On this basis, it can be proposed that the basic net-
work elements at mesoscale should be defined by consid-
ering not only neuronal networks but also whole com-
partments of brain tissue where different cell types and 
the extracellular matrix work as an integrated ‘function-
al module’ (Agnati et al., 2009; Guidolin et al., 2017).

Age-related changes in brain cell number received 
a significant attention in the last century. Early studies 
(reviewed in Pannese, 2011) led to the idea that a signifi-
cant loss of neurons occurred during normal aging, sug-
gesting such a substantial loss as the origin of the cogni-
tive decline often associated with brain aging. However, 
subsequent studies (see von Bartheld, 2018; Pannese, 
2011 for reviews), exploiting more accurate morphomet-
ric methods, have evidenced that during normal aging 
neuronal loss is limited to restricted regions of the cen-
tral nervous system and is quite small (probably no more 
than 10%). Similar concepts apply to astrocytes as well 
(see Pannese, 2021) and changes with aging in astrocyte 
number were detected only in specific brain regions. 
Moreover, the idea of an overabundance of glial cells 
as compared to neurons also changed with the devel-
opment of modern counting methods and the concept 
that glial cells are not more abundant than neurons in 
human brains is now becoming increasingly accepted in 
the field (von Bartheld, 2018). 

During aging, however, evident morphological 
changes have been reported in both neurons and glial 
cells. The most common age-related structural changes 
undergone by neurons involve a reduction in the com-
plexity of dendrite arborization and dendritic length, 
and the myelin sheaths of axons may become less com-
pact (Dickstein et al., 2007; Pannese 2011). Concern-
ing glial cells, astrocytes may become hypertrophic and 
accumulate intermediate filaments, oligodendrocytes 
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and Schwann cells exhibit alterations consistent with the 
observed changes to the myelin sheaths, while in micro-
glia, proliferation in response to injury, motility of cell 
processes, ability to migrate and phagocytic capabilities 
are often reduced (Rodriguez-Arellano et al., 2015; Pan-
nese, 2021). Possible age-related modifications affect-
ing VT processes in the cortex were also investigated 
(Nicholson, 2005) indicating no significant changes of 
the extracellular space in terms of volume and tortuos-
ity, suggesting that, at least in the cortex, diffusion prop-
erties for small signaling molecules should not change 
dramatically with age.

Altogether these changes likely may modify the pat-
tern of intercellular interactions at this scale, probably 
contributing to the behavioral impairment and cognitive 
decline often associated with normal aging.

MICROSCALE: SYNAPSES AND 
MOLECULAR NETWORKS

At this scale, single cells and synapses can be found. 
Of particular interest at this level are the so-called 
synaptic clusters (SC), in which multiple synapses act 
cooperatively to modulate their strength (Golding et 
al., 2002). SC are often organized around the dendritic 
spines and partially isolated from the surrounding envi-
ronment by glial cells (Golding et al., 2002; Cutsuridis et 
al., 2009).

As pointed out by Sporns et al. (2005), drawing 
the connectome at microscale is infeasible, at least in 
the near future. Even considering the single neurons 
as the basic element, the connections to map would be 
in the order of 1015, a technically impossible task. If we 
also consider other cell types and VT connections, the 
connectome size would become even greater. Howev-
er, it must be said that such a level of structural detail 
may be unnecessary and a simple characterization of 
mechanisms remodeling connectivity at this scale could 
represent a sufficiently significant dataset for a deeper 
description of CNS functions. In particular, to better 
capture properties concerning the strength and plas-
ticity of synapses, looking at the cell membrane can be 
useful. At this level molecular networks can be found. 
They are made of molecules (in particular proteins) 
that function as a metabolic and/or regulatory signaling 
pathway in a cell (Bhalla and Iyengar, 1999). For our dis-
cussion of particular interest are the ‘receptor mosaics’, 
i.e. macromolecular complexes formed at the membrane 
level by receptors as a consequence of direct (structural) 
allosteric receptor-receptor interactions (see Guidolin 
et al., 2019; 2023 for recent reviews). The cooperativity 

that emerges in the actions of orthosteric and allosteric 
ligands of the monomers forming the assembly provides 
the cell decoding apparatus with sophisticated dynamics 
in terms of modulation of recognition and signal trans-
duction. Thus, the formation of the receptor mosaics 
allows an integration of the incoming signals already at 
the plasma membrane level and can significantly con-
tribute to set and tune the efficiency of the connections 
between cells and, in particular, the synaptic strength 
(Agnati et al., 2003). Interestingly, methods from graph 
and network theory appear appropriate also to describe 
the dynamic behavior of interacting receptors (Guidolin 
et al., 2007), further suggesting the possibility of includ-
ing these structures in the context of connectomics. In 
particular, the possible existence of receptors acting 
as ‘hubs’ in the receptor assembly has been suggested 
(Agnati et al., 2016). Due to their position in the network 
of receptor interactions, hub receptors could play a key 
role in the integrative action of the assembly and repre-
sent a target of primary importance from the pharmaco-
logical perspective.

As mentioned before, with increasing age the den-
dritic tree undergoes progressive regression. In this con-
text, it has been known for a long time that the number 
of dendritic spines significantly decreases (Nakamura 
et al. 1985; Nunzi et al., 1987). These changes have been 
assessed quantitatively in certain regions of the nervous 
system. For instance, the reduction in spine number in 
monkey cerebral cortex ranges from 25 to 50% accord-
ing to the area considered (Dumitriu et al. 2010), while 
in the CA1 region of the rat hippocampus the reported 
reduction was of about 12% (Nunzi et al., 1987). Being 
dendritic spines important sites of synapse formation, 
these findings are consistent with observations indicat-
ing a decrease of neuronal connectivity at microscale 
during normal aging (Morrison and Baxter, 2013). A 
tendency to reduced inter-astroglial coupling has also 
been reported (Cotrina et al., 2001). However, during 
aging astrocytes seem to conserve their ability to express 
spontaneous and neurotransmitter-dependent intracellu-
lar Ca2+ signals. Moreover, gliotransmission resting lev-
els, and astrocyte-neuron interactions also appear largely 
conserved (Gomez-Gonzalo et al., 2017).

From the functional standpoint, one of the general 
hallmarks of aging is the decline of a number of physi-
ological functions in response to a variety of stimuli. 
These observations led to an emerging hypothesis attrib-
uting aging to loss of cell communications (see Robert 
and Fulop, 2014) mainly associated either to some recep-
tor loss in aging cells and tissues or to their uncoupling 
from their specific signaling pathways (Santos-Otte et 
al., 2019). Several examples of these processes have been 
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documented in the CNS. They include decline in mus-
carinic responsiveness with age (Joseph and Roth, 1990), 
loss of D2/D3 dopamine receptors in extrastriatal regions 
(Kaasinen et al., 2020), and alterations in the expres-
sion and activity of Gi/0 protein-coupled receptors in the 
human frontal cortex, hippocampus, substantia nigra and 
striatum (de Oliveira et al., 2019). The involvement of G 
protein coupled receptors (GPCRs) is of particular inter-
est for the present discussion, in view of their well-doc-
umented (see Guidolin et al. 2007; 2019; 2023) capability 
to form receptor complexes at the cell membrane through 
direct allosteric receptor-receptor interactions. In fact, due 
to oligomerization of GPCRs at the membrane and their 
cooperative signaling, downregulation of some specific 
GPCR may affect signaling and drug targeting of other 
types/subtypes of GPCRs with which it interacts, opening 
the possibility that the dynamics of molecular networks 
could exhibit significant age-associated changes.

CONCLUDING REMARKS

The rapid increase of studies addressing connec-
tomics clearly indicates that the anatomical mapping 
of the relationship among CNS components may lead 
to a deeper level of understanding of CNS functions. 
The CNS, indeed, is believed to accomplish its activ-
ity mainly through the integrative action of networks 
in which functions emerge from collections of elemen-
tary units (nodes), linked by connections and bound 
together dynamically (Bullmore and Sporns, 2012). Thus, 
drawing the connectome is much more than collecting 
a large descriptive dataset. It strongly implies the adop-
tion of network models for brain function, including but 
not limited to the quantitative methods offered in abun-
dance by network science (Sporns, 2013).

This research effort has been so far focused mainly 
on neuronal connectivity at a macroscale level, exploit-
ing the possibilities offered by magnetic resonance imag-
ing to evaluate the inter-regional structural and func-
tional connectivity patterns. The obtained data dem-
onstrated a number of nontrivial architectural features 
of the human neuronal networks (Behrens and Sporns, 
2012). Brain integrative actions, however, strongly 
depend, but certainly not only, on the wiring diagram of 
neurons, since additional networks and processes exist 
modulating neuronal activity (Brezina, 2010). In this 
respect, two aspects should deserve consideration. 

The first refers to the increasing evidence indicating 
that synaptic transmission is significantly complemented 
by cell types other than neurons. As illustrated above, 
neurons and glial cells form complex cellular networks 

communicating via two modes of connection, WT and 
VT, which are not mutually exclusive. From the connec-
tomics point of view, it is also of interest to observe that 
both modes can be identified, mapped, characterized in 
terms of their neuroanatomical and biophysical features 
(Syková and Chvátal, 2020) and included in formal net-
work models (Guidolin et al., 2007; 2017). The second 
concerns the level of highest miniaturization of the CNS 
network organization, where protein-protein allosteric 
interactions generate molecular networks performing 
integrative functions already at the plasma membrane lev-
el, suggesting they could be of relevance for connectomics 
(Sala et al., 2023). In this respect, of the greatest impor-
tance are direct (structural) receptor-receptor interactions, 
playing a role in setting synaptic efficacy and in memory 
processes (Agnati et al., 2003; Guidolin et al., 2007). 

Finally, it must be observed that the connectome is 
a dynamical entity, undergoing changes during lifetime. 
A number of connectomics-based studies concerning 
typical and atypical development of human brain neu-
ronal networks from birth to early adulthood are pres-
ently available (see Cao et al., 2016, for a review) and, 
as briefly discussed above, the number of studies on the 
modifications induced by the normal aging process is 
increasing (see Zuo et al., 2017). In this respect, however, 
a better understanding of the relationship between brain 
structure (at all the organizational levels) and behav-
ior across the whole life span still represents a defining 
agenda for the next future. This effort, indeed, may help 
to better discriminate the effect that pathologic aging 
and disease processes have on the declining CNS archi-
tecture, as well as the interventions aimed at targeting 
these conditions. 

REFERENCES

Agnati LF, Fuxe K (1984). New concepts on the structure 
of the neuronal networks: the miniaturization and 
hierarchical organization of the central nervous sys-
tem. (Hypothesis). Biosci Rep 4: 93–98.

Agnati LF, Fuxe K, Zoli M, Ozini I, Toffano G, Ferraguti 
F (1986). A correlation analysis of the regional dis-
tribution of central enkephalin and beta endorphin 
immunoreactive terminals and of opiate receptors in 
adult and old male rats. Evidence for the existence of 
two main types of communication in the central ner-
vous system: the volume transmission and the wiring 
transmission. Acta Physiol Scand 128: 201–207.

Agnati LF, Fuxe K, Nicholson C, Sykova E, eds. (2000). 
Volume transmission revisited. Progress in Brain 
Research, Elsevier, Amsterdam.



9On the connectivity in the central nervous system and the age-induced changes of its network organization

Agnati LF, Franzen O, Ferré S, Leo G, Franco R, Fuxe K 
(2003). Possible role of intramembrane receptor-re-
ceptor interactions in memory and learning via for-
mation of long-lived heteromeric complexes: focus 
on motor learning in the basal ganglia. J Neural 
Transm Suppl. 65: 1–28.

Agnati LF, Genedani S, Lenzi PL, Leo G, Mora F, Ferré S, 
Fuxe K (2005). Energy gradients for the homeostatic 
control of brain ECF composition and for VT signal 
migration: introduction of the tide hypothesis. J Neu-
ral Transm 112: 45–63.

Agnati LF, Baluška F, Barlow PW, Guidolin D (2009). 
‘Mosaic’, ‘self-similarity logic’, and ‘biological attrac-
tion’ principles: three explanatory instruments in 
biology. Commun Integr Biol 2: 552–563.

Agnati LF, Guidolin D, Cervetto C, Borroto-Escuela DO, 
Fuxe K (2016). Role of iso-receptors in receptor-re-
ceptor interactions with a focus on dopamine iso-re-
ceptor complexes. Rev Neurosci 27: 1–25.

Anderson ML, Richardson MJ, Chemero A (2012). 
Eroding the boundary of cognition: implications of 
embodiment (1). Top Cogn Sci 4: 717–730.

Andrews-Hanna JR, Snyder AZ, Vincent JL, Lustig C, 
Head D, Reichle ME, et al. (2007) Disruption of 
large-scale brain systems in advanced aging. Neuron 
56: 924–935.

Araque A, Parpura V, Sanzgiri RP, Haydon PG (1999). 
Tripartite synapses: glia, the unacknowledged part-
ner. Trends Neurosci 22: 208–215.

Behrens TEJ, Sporns O (2012). Human connectomics. 
Curr Opin Neurobiol 22: 144-153.

Bjelke B, Fuxe K (1993). Intraventricular beta-endorphin 
accumulates in DARPP-32 immunoreactive tanycy-
tes. Neuroreport 5: 265–268.

Bhalla US, Iyengar R (1999). Emergent properties of net-
works of biological signaling pathways. Science 283, 
381–387.

Brezina V (2010). Beyond the wiring diagram: signalling 
through complex neuromodulator networks. Phil 
Trans R Soc B 365: 2363–2374.

Bullmore E, Sporns O (2012). The economy of brain net-
work organization. Nat Rev Neurosci 13: 336–349.

Bushong EA, Martone ME, Ellisman MH (2004). Matura-
tion of astrocyte morphology and the establishment 
of astrocyte domains during postnatal hippocampal 
development. Int J Dev Neurosci 22, 73–86.

Cabeza R (2002). Hemispheric asymmetry reduction in 
older adults: the HAROLD model. Psychol Aging 17: 
85–100.

Cao M, Huang H, Peng Y, Dong Q, He Y (2016). Toward 
developmental connectomics of the human brain. 
Front Neuroanat 10: 25.

Chen ZJ, He Y, Rosa-Neto P, Gong G, Evans AC (2011). 
Age-related alterations in the modular organization 
of structural cortical network by using cortical thick-
ness from MRI. Neuroimage 56: 235–245.

Colcombe SJ, Cramer AF, Erickson AI, Scalf P (2005). 
The implications of cortical recruitment and brain 
morphology for individual differences in inhibitory 
function in aging humans. Psychol Aging 20: 363–
375.

Cotrina ML, Gao Q, Lin JH, Nedergaard M (2001). 
Expression and function of astrocytic gap junctions 
in aging. Brain Res 901: 55-61.

Cutsuridis V, Wennekers T, Graham BP, Vida I, Taylor JG 
(2009). Microcircuits: their structure, dynamics and 
role for brain function. Neural Netw 22: 1037–1038.

de Oliveira PG, Ramos MLS, Amaro AJ, Dias RA, Vieira 
SI (2019). Gi/0-protein coupled receptors in the aging 
brain. Front Aging Neurosci 11: 89.

Dickstein DL, Kabaso D, Rocher AB, Luebke JI, Wearne 
SL, Hof PR (2007). Changes in structural complexity 
of the aged brain. Aging Cell 6: 275-284.

Dumitriu D, Hao J, Hara Y, Kaufmann J, Janssen WGM, 
Lou W, Rapp PR, Morrison JH (2010). Selective 
changes in thin spine density and morphology in 
monkey prefrontal cortex correlate with aging-related 
cognitive impairment. J Neurosci 30:7507–7515

Eguiluz VM, Chialvo DR, Cecchi GA, Baliki M, Apka-
rian AV (2005). Scale-free brain functional networks. 
Phys Rev Lett 94: 018102.

Fair DA, Dosenbach NU, Church JA, Cohen AL, Brahm-
bhatt S, Miezin FM, et al. (2007). Development of dis-
tinct control networks through segregation and inte-
gration. Proc Natl Acad Sci USA 104: 13507–13512.

Färber K, Kettenmann H (2005). Physiology of microglial 
cells. Brain Res Rev 48: 133–143.

Fellin T, Carmignoto G (2004). Neurone-to-astrocyte sig-
naling in the brain represents a distinct multifunc-
tional unit. J Physiol 559: 3–15.

Flechsig P (1901). Developmental (myelogenetic) local-
ization of the cerebral cortex in the human subject. 
Lancet 158: 1027–1030.

Fornito A, Zalesky A, Breakspear M (2013). Graph analy-
sis of the human connectome: promise, progress and 
pitfalls. Neuroimage 80: 426-444. 

Fuxe K, Borroto-Escuela DO, Tarakanov A, Romero Fer-
nandez W, Manger P, Rivera A et al. (2013). Under-
standing the balance and integration of volume and 
synaptic transmission. Relevance for psychiatry. Neu-
rol Psych Brain Res 19: 141–158.

Glasser MF, Coalson TS, Robinson EC, Hacker CD, Har-
well J, Yacoub E et al. (2016). A multi-modal parcel-
lation of human cerebral cortex. Nature 536: 171–178.



10 Diego Guidolin et al.

Golding NL, Staff NP, Spruston N (2002). Dendritic 
spikes as a mechanism for cooperative long-term 
potentiation. Nature 418: 326–331.

Gomez-Gonzalo M, Martin-Fernandez M, Martinez-Mu-
rillo R, Mederos S, Hernandez-Vivanco A, Jamison S, 
et al. (2017). Neuron- astrocyte signaling is preserved 
in the aging brain. Glia 65: 569-580.

Grizzi F, Chiriva-Internati M (2005). The complexity of 
anatomical systems. Theor Biol Med Model 2: 26.

Guidolin D, Fuxe K, Neri G, Nussdorfer GG, Agnati LF 
(2007). On the role of receptor-receptor interactions 
and volume transmission in learning and memory. 
Brain Res Rev 55: 119–133.

Guidolin, D., Tortorella, C., De Caro, R., and Agnati, L.F. 
(2016). Does a self-similarity logic shape the organi-
zation of the nervous system? In: Di Ieva A (ed.) The 
Fractal Geometry of the Brain. Springer, New York.

Guidolin D, Marcoli M, Maura M, Agnati LF (2017). New 
dimensions of connectomics and network plasticity in 
the central nervous system. Rev Neurosci 28: 113-132.

Guidolin D, Marcoli M, Tortorella C, Maura G, Agnati 
LF (2019). Receptor-receptor interactions as a wide-
spread phenomenon: novel targets for drug develop-
ment. Front Endocrinol 10: 53.

Guidolin D, Tortorella C, Marcoli M, Maura G, Agnati 
LF (2022). Intercellular communication in the central 
nervous system as deduced by chemical neuroanat-
omy and quantitative analysis of images: impact on 
neuropharmacology. Int J Mol Sci 23: 5805.

Guidolin D, Tortorella C, Marcoli M, Cervetto C, Maura 
M, Agnati LF (2023). Receptor-receptor interactions 
and microvesicle exchange as mechanisms modulat-
ing signaling between neurons and astrocytes. Neu-
rophamacology 231: 109509. 

Hilgetag CC, Burns GAPC, O’Neill MA, Scannell JW, 
Young MP (2000). Anatomical connectivity defines 
the organization of clusters of cortical areas in the 
macaque monkey and the cat. Phil Trans R Soc Lond 
B Biol Sci 355: 91–110.

Illes S (2018). More than a drainage fluid: the role of CSF 
in signaling in the brain and other effects on brain 
tissue. In: Deisenhammer F, Teunissen CE, Tumani 
H, eds. Cerebrospinal fluid in neurologic disorders. 
Handbook Clin Neurol 146: 33-46.

Imperati D, Colcombe S, Kelly C, Di Martino A, Zhou 
J, Castellanos FX, et al. (2011) Differential develop-
ment of human brain white matter tracts. PLoS One 
6: e23437.

Jacob F (1970). La logique du vivant. Une histoire de 
l’hérédité. Gallimard, Paris.

Jansson A, Descarries L, Cornea-Hebert V, Riad M, Ver-
ge D, Bancila M et al. (2002). Transmitter receptor 

mismatches in central dopamine serotonin and neu-
ropeptide systems. In: Walz W, Totowa NJ, eds. The 
Neuronal Environment, Brain Homeostasis in Health 
and Disease. Humana Press, New York, pp. 83–107.

Joseph JA, Roth GS (1990). Loss of agonist-receptor 
efficacy in senescence: possible decrements in sec-
ond messenger function and calcium mobilization. 
In: Bergener M, Emini M, Stahelin HB, eds. The 
1990 Sandoz Lectures in Gerontology. Challenges in 
Aging. Academic Press, New York, pp 167–184.

Kaasinen V, Vilkman H, Hietala J, Nogren K, Helenius H, 
et al. (2000). Age-related dopamine D2/D3 receptor 
loss in extrastriatal regions of the human brain. Neu-
robiol Aging 21: 683–688.

Le Bihan D, Johansen-Berg H (2011). Diffusion MRI at 
25: exploring brain tissue structure and function. 
NeuroImage 61: 324–341.

Liao X, Vasilakos AV, He Y (2017). Small-world net-
works: perspectives and challenges. Neurosci Biobe-
hav Rev 77: 286-300.

Lorente de Nò R (1938). Architectonics and structure of 
the cerebral cortex. In: Fulton JF, ed. Physiology of 
the Nervous System. Oxford University Press, New 
York, pp. 291–330.

MacMillan SJ, Mark MA, Duggan AW (1998). The release 
of β-endorphin and the neuropeptide-receptor mis-
match in the brain. Brain Res. 794: 127–136.

Markov NT, Misery P, Falchier A, Lamy C, Vezoli J, 
Quilodran R, et al. (2011). Weight consistency spec-
ifies regularities of macaque cortical networks. Cereb 
Cortex 21:1254-1272.

Mohanty R, Sethares WA, Nair VA, Prabhakaran V 
(2020). Rethinking measures of functional connectiv-
ity via feature extraction. Sci Rep 10: 1298.

Morrison JH, Baxter MG (2013). The aging cortical 
synapse: hallmarks and implications for cognitive 
decline. Net Rev Neurosci 13: 240-250.

Mwangi B, Hasan KM, Soares JC (2013). Prediction of 
individual subject’s age across the human lifespan 
using diffusion tensor imaging: a machine learning 
approach. Neuroimage 75: 58–67.

Nakamura S, Akiguchi I, Kameyama M, Mizuno N 
(1985). Age-related changes of pyramidal cell basal 
dendrites in layers III and V of human motor cortex: 
a quantitative Golgi study. Acta Neuropathol 65:281–
284.

Nicholson C (2001). Diffusion and related transport 
mechanisms in brain tissue. Rep Prog Phys 64: 815–
884.

Nicholson C (2005). Factors governing diffusing molec-
ular signals in brain extracellular space. J Neural 
Transm 112: 29-44.



11On the connectivity in the central nervous system and the age-induced changes of its network organization

Nunzi MG, Milan F, Guidolin D, Toffano G (1987). Den-
dritic spine loss in hippocampus of aged rats. Effect 
of brain phosphatidylserine administration. Neurobi-
ol Aging 8: 501-510.

Pannese E (2011). Morphological changes in nerve cells 
during normal aging. Brain Struct Funct 216: 85-89.

Pannese E (2021). Quantitative, structural and molecu-
lar changes in neuroglia of aging mammals: a review. 
Eur J Histochem 65: 3249.

Pereira A, Furlan FA (2010). Astrocytes and human cog-
nition: modeling information integration and mod-
ulation of neuronal activity. Progr Neurobiol 92, 
405–420.

Picard NA, Zanardi CA (2015). Brain motion and volume 
transmission: keeping the interstice flowing. Med 
Hypotheses 85: 41–44.

Rakic P (2008). Confusing cortical columns. Proc Natl 
Acad Sci USA 105: 12099–12100.

Robert L, Fulop T (2014). Aging of cell communication: 
loss of receptor function. Interdiscipl Top Gerontol 
39: 142-162.

Rodriguez-Arellano JJ, Parpura V, Zorec R, Verkhratsky 
A (2015). Astrocytes in physiological aging and Alz-
heimer’s disease. Neuroscience 323: 170-182.

Rubinov M, Sporns O (2010). Complex network mea-
sures of brain connectivity: uses and interpretations. 
Neuroimage 52: 1059–1069.

Sala A, Lizarraga A, Caminiti SP, Calhoun VD, Eickhoff 
SB, Habeck C, et al. (2023). Brain connectomics: time 
for a molecular imaging perspective ? Trends Cogn 
Sci 27: 353-366.

Santos-Otte P, Leysen H, van Gastel J, Hendrickx JO, 
Martin B, Maudsley S (2019). G protein-coupled 
receptor systems and their role in cellular senescence. 
Comp Struct Biotech J 17: 1265-1277.

Schmahmann JD, Pandya DN (2007). Cerebral white 
matter – historical evolution of facts and notions 
concerning the organization of the fiber pathways of 
the brain. J Hist Neurosci 16: 237–267. 

Siddiqi SH, Taylor JJ, Horn A, Fox MD. Bringing human 
brain connectomics to clinical practice in psychiatry. 
Biol Psych 98: 386-387.

Sporns O (2012). Discovering the Human Connectome. 
MIT Press,. Cambridge, MA.

Sporns O (2013). The human connectome: origins and 
challenges. NeuroImage 80: 53–61.

Sporns O, Zwi JD (2004). The small world of the cerebral 
cortex. Neuroinformatics 2: 145–162.

Sporns O, Tononi G, Kötter R (2005). The human con-
nectome: a structural description of the human brain. 
PLoS Comput Biol 1: 245–251.

Stam CJ, Reijneveld JC (2007). Graph theoretical analysis 

of complex networks in the brain. Nonlinear Biomed 
Phys 1: 3.

Steno N. (1965). Lecture on the Anatomy of the Brain: 
Nordisk Forlag Brusck, Copenhagen.

Syková E, Chvátal A (2000). Glial cells and volume trans-
mission in the CNS. Neurochem Int 36: 397–409.

Van Essen DC, Drury HA, Joshi S, Miller MI (1998). 
Functional and structural mapping of human cere-
bral cortex: solutions are in the surfaces. Proc. Natl. 
Acad. USA 95: 788–795.

Van Essen DC, Ugurbil K, Auerbach E, Barch D, Behrens 
TEJ, Bucholz R et al. (2012). The Human Connec-
tome Project: a data acquisition perspective. Neuro-
Image 62: 2222–2231.

Varangis E, Habeck CG, Razlighi QR, Stern Y (2019). The 
effect of aging on resting state connectivity of pre-
defined networks in the brain. Front Aging Neurosci 
11: 234.

von Bartheld CS (2018). Myths and truths about the cel-
lular composition of the human brain: a review of 
influential concepts. J Chem Neuroanat 93: 2-15. 

Watts D, Strogatz S (1998). Collective dynamics of small 
world networks. Nature 393: 440–442.

Wig GS, Schlaggar BL, Petersen SE (2011). Concepts and 
principles in the analysis of brain networks. Ann NY 
Acad Sci 1224: 126–146.

Zuo X-N, He Y, Betzel RF, Colcombe S, Sporns O, Mil-
ham MP (2017). Human connectome across the life 
span. Trends Cogn Sci 21: 32-45.





Italian Journal of Anatomy and Embryology 127(2): 13-17, 2023

Firenze University Press 
www.fupress.com/ijae

ISSN 1122-6714 (print) | ISSN 2038-5129 (online) | DOI: 10.36253/ijae-14548

ITALIAN JOURNAL OF
ANATOMY AND EMBRYOLOGY

Citation: Malerba, S., Puglisi, G.R., 
Panzera, P., Pasculli, A., Prete, F.P., 
Gurrado, A., & Testini, M. (2023). Wander-
ing gallbladder wrapping hepatoduo-
denal ligament and mimicking gastro-
intestinal stromal tumor at imaging. 
Case report and literature review. Ital-
ian Journal of Anatomy and Embryolo-
gy 127(2): 13-17. doi: 10.36253/ijae-14548

Copyright: © 2023 Malerba, S., Puglisi, 
G.R., Panzera, P., Pasculli, A., Prete, 
F.P., Gurrado, A., & Testini, M. This is 
an open access, peer-reviewed article 
published by Firenze University Press 
(http://www.fupress.com/ijae) and dis-
tributed under the terms of the Crea-
tive Commons Attribution License, 
which permits unrestricted use, distri-
bution, and reproduction in any medi-
um, provided the original author and 
source are credited.

Data Availability Statement: All rel-
evant data are within the paper and its 
Supporting Information files.

Competing Interests: The Author(s) 
declare(s) no conflict of interest.

Wandering gallbladder wrapping 
hepatoduodenal ligament and mimicking 
gastrointestinal stromal tumor at imaging. Case 
report and literature review

Silvia Malerba, Giuliana Rachele Puglisi, Piercarmine Panzera, 
Alessandro Pasculli, Francesco Paolo Prete, Angela Gurrado, 
Mario Testini*

Department of Precision and Regenerative Medicine and Ionian Area. University of Bari, 
Italy
*Corresponding author. E-mail: mario.testini@uniba.it
The first two authors contributed equally to the work

Abstract. Wandering or free-floating gallbladder is a rare anomaly of position of the 
gallbladder, characterized by an unusually long or absent mesentery. This condition 
may present clinically as an emergency case of gallbladder torsion or as part of a com-
plex clinical picture, where patients may present symptoms that trace to gallbladder 
pathology, but show morphologic features that are distant from gallbladder disease. 
We present a case where a wandering gallbladder wrapping around the hepatoduode-
nal ligament adhered to the stomach mimicking features of a gastrointestinal stromal 
tumor at preoperative imaging.

Keywords:	 ectopic gallbladder, cholecystectomy, anatomical variant, position anoma-
ly; gastrointestinal stromal tumor. 

INTRODUCTION

Cholelithiasis is one of the most common surgical diseases; its estimated 
overall prevalence is 10–15% in the general population, with some differences 
across Countries, and the majority of patients are asymptomatic [1, 2]. 

Laparoscopic cholecystectomy (LC) is considered worldwide the gold 
standard for the treatment of symptomatic gallbladder lithiasis, and it is cur-
rently one of the most frequently performed procedures in general surgery [3]. 
However, this procedure has rare but potentially very serious complications[4]. 

Guidelines and technical suggestions have been published to offer indica-
tions for a safe cholecystectomy, although this body of evidence most com-
monly refers to the normal anatomical situation of the gallbladder with its 
most common variants[5]. Some anomalies of the gallbladder position may 
present unexpected challenges to the surgeon but also to the physician inves-
tigating symptoms that may involve gallbladder pathology.
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There are different types of anomalies and anatomic 
variants of gallbladder: agenesis, duplication, anomalies 
of shape, of size, and position. For what concerns the 
defects of position, they are divided in wandering gall-
bladder, gallbladder torsion and ectopic gallbladder. An 
ectopic gallbladder usually can be intrahepatic, supra-
hepatic, retrohepatic, supradiaphragmatic, and retrop-
eritoneal; left-sided gallbladders may occur in situs inver-
sus or as an isolated finding [6]. Ectopic gallbladder can 
also lie in the falciform ligament, transverse mesocolon, 
and anterior abdominal wall. When the gallbladder has 
an unusually long mesentery, it can “wander” or “float” 
(wandering or free-floating gallbladder, WG), increas-
ing the risk for torsion, as it can twist around its pedi-
cle, leading to subsequent necrosis. In the literature, over 
500 cases of gallbladder torsion, but less than 10 reports 
of WG [7] have been reported at the time of writing.

We describe a case where we detected intraopera-
tively a WG, which wrapped around the hepatoduodenal 
ligament. The patient was brought to the operating thea-
tre with working diagnosis of a gastrointestinal stromal 
tumor (GIST), supported by CT scan.

CASE REPORT

A 77-year-old male with a medical history of hyper-
tension, carrier of an aortic prosthesis for thoracic aneu-
rysm, treated with endovascular techniques, with prior 
excision of Kaposi’s sarcoma of the glans and of the leg, 
was admitted as an emergency case for abdominal pain, 
fever, and obstructive jaundice (hyperbilirubinemia, 3.30 
mg/dL), with no biochemical signs of acute pancreatitis. 
An abdominal ultrasound showed a distended gallblad-
der with a large gallstone in the fundus, and a marked 
dilation of the intra and extra-hepatic biliary tract. A 
subsequent CT-scan confirmed the gallstone disease, 
and the distention of the proximal segment of the biliary 
tract, evidencing a normal size of the distal choledochus. 
Furthermore, CT-imaging (Figure 1) showed a thicken-
ing in the context of the submucosa of the anterior wall 
of the distal stomach that suggested a GIST of the gas-
tric antrum. The working diagnosis was cholangitis in a 
patient with suspected GIST of the stomach. After ini-
tiating antibiotic therapy and restoring the hydro-elec-
trolyte balance, the patient underwent an Endoscopic 
Retrograde Cholangio Pancreatography (ERCP). ERCP 
showed absence of gallstones in the common bile duct, 
the mid segment of which appeared thinned, while there 
was proximal dilation before the biliary carrefour. More-
over, a swelling of the gastric antrum wall in the pres-
ence of a normal mucosa was confirmed. A cholangio-

MRI could not be performed due to the presence of a 
non-titanium prosthesis of the hip, and an endoscopic 
US was not exhaustive regarding the gastric wall. Based 
on this diagnostic picture, the patient was referred to 
laparoscopic surgery for a cholecystectomy and resection 
of the stomach. Intraoperatively, anatomical subversion 
of the standard anatomy was evident by a marked pat-
tern of abdominal adhesions with diffuse post-inflam-

Figure 1. Coronal CT scan of the abdomen showing a tumor at the 
distal stomach with hypodense core, which was interpreted as sus-
pect GIST.

Figure 2. Schematic drawing depicting the gallbladder free from 
attachments to the liver and wrapped around the hepatic pedicle. 
The fundus of the gallbladder rests on the posterior portion of the 
gastric antrum.
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matory scar tissue, resulting in the complete obfuscation 
of the hepatoduodenal ligament and the hepatic hilum 
(Figure 2). An intraoperative, laparoscopic US-scan was 
performed, documenting an area of fusion of the walls 
of the gallbladder and of the gastric antrum, with the 
interposition of a fluid-containing area of 2.5 cm of 
maximum diameter. This intraoperative picture suggest-
ed a cholecysto-gastric fistulation process, contraindicat-
ing further laparoscopy, so the procedure was converted 
to laparotomy (Figure 3).

Therefore, following the opening of the gastro-colic 
and gastro-hepatic ligament, gentle adhesiolysis, from the 
stomach and duodenum to the hepatic hilum, evidenced a 
wandering bulky gallbladder, wrapping anteriorly the hep-
atoduodenal ligament and the hepatic hilum. The fundus 
of the gallbladder containing a large stone appeared fused 
with the prepyloric antrum, forming a gallbladder-gastric 
fistula, mimicking the gastric swelling already demon-
strated at preoperative imaging. Surgery was completed by 
standard cholecystectomy after repositioning the gallblad-
der to its natural location to the right of the common bile 
duct. An intra-operative trans-cystic duct cholangiogram 
showed normal anatomy of the biliary tract. Postoperative 
course was uneventful and the patient was discharged four 
days after surgery with normal serum bilirubin. Pathol-
ogy confirmed inflammatory changes of the portion of 
gallbladder wall adherent to the stomach, representing the 
early stage of a cholecysto-gastric fistula. 

DISCUSSION

Cholecystectomy for gallstone disease represents 
one of the most common procedures in routine surgical 

practice, with a risk for post-operative mortality that has 
been estimated to be between 0.1 and 0.7% [8]. However, 
mortality increases to 3.6% when cholecystectomy is per-
formed for acute cholecystitis[9, 10]. Mortality rates were 
not substantially affected by the introduction of a LC; LC 
is a widely accepted procedure, because postoperative 
recovery is rapid, it is more acceptable to patients and, 
consequently, it has replaced open cholecystectomy as 
the procedure of choice for the treatment of symptomat-
ic gallbladder disease[10]. On the other hand, LC is the 
most frequent cause of injury to the bile duct, and more 
rarely to the hepatic artery and portal vein, duodenum, 
small bowel, and colon. These injuries tend to occur 
when the operation is difficult as a result of inflammation 
or subversion of anatomy, or resulting from trocar punc-
tures, thermal injury, and difficult adhesiolysis[10-12].

Congenital anomalies of the gallbladder, its duct, and 
its blood supply, are sufficiently common for the surgeons 
that they need to be aware of these vagaries. Indeed, 
most postoperative complications of cholecystectomy 
may be related to a combination of inadequate anatomi-
cal knowledge or poor visualization of the operative field 
[13]. This determines a high rate of perioperative compli-
cations, but also of mortality. So, the results can be addi-
tional surgeries, long recovery time, loss of time from 
work, and reduction in the quality of life [14] [15] [16].

In WG there is no adhesion or even a loose attach-
ment to the liver, so the gallbladder is only connected to 
the cystic duct and its mesentery. The first report of free-
floating or wandering gallbladder was by Wendel in 1898 
with a torsion of the gallbladder complicated by perfo-
ration [17]. Gallbladder torsion is largely acquired and 
secondary to aging but it may also be congenital. Gener-
ally, there is an abnormal migration of the pars cystica 

Figure 3. Intraoperative picture showing: a) laparoscopic view of the hepatic pedicle; b) adhesion of the gallbladder fundus to the gastric 
antrum in a fashion that suggested a fistulation process; c) gallbladder mobilized from the gastric fundus and repositioned to its original site. 
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from the hepatic diverticulum during the fourth to sev-
enth weeks of embryologic development. Aside an early 
description in 1952, a handful of articles on WG have 
since appeared (Table 1). 

The clinical presentation varies among individuals. 
It can be asymptomatic, it may cause recurrent episodes 
of abdominal pain and transient hyperbilirubinemia, or 
present acutely with potential fatal torsion and necro-
sis due to its predisposition to twist around its vascular 
pedicle leading to ischemic necrosis[18] . The incidence 
of torsion is higher in the elderly population, with male 
to female ratio of 1:3 [19]. 

Preoperative diagnosis  is difficult and  rarely  made 
by ultrasonography, and also CT. However, there are no 
specific radiologic signs, but a  gallbladder  with a long 
cystic duct that is not in its normal anatomic position 
can be suggestive [7]. A delay in the diagnosis may end 
up in rupture and peritonitis. 

When a complete torsion occurs, a scenario of acute 
abdomen could appear. The mechanisms leading to tor-
sion are poorly understood [7]. Three anatomic vari-
ants are believed to be responsible for torsion. The first 
variant is a free-floating gallbladder, suspended only by 
the cystic mesentery, where the gallbladder may rotate 
around its vascular axis represented by the cystic artery. 
Another variant is when the gallbladder hangs from the 
liver through an elongated, narrow-based and freely 
mobile mesentery, possibly due to age-related viscerop-
tosis. Here rotation may occur around an axis repre-
sented by the gallbladder itself or its liver mesentery. A 
third variant described is extremely rare and consists of 
a normally fixed gallbladder to a mobile liver lobe free of 
its coronary and triangular ligaments[13]. Various trig-

gering mechanisms have been mentioned including vis-
ceroptosis, weight loss, gastric or colonic hyperperistal-
sis, constipation or diarrhoea, sigmoid volvulus, chole-
lithiasis, kyphosis, or iatrogenic manipulation. Patients 
with wandering gallbladder can present biliary colic-like 
symptoms attributed to torsion and de-torsion around 
the cystic duct as well as acute cholecystitis secondary 
to persistent obstruction[17-19]. In this reported case the 
encirclement of the hepatoduodenal ligament and adhe-
sion to the stomach was evidently the result of a long 
and chronic process, with no acute signs of ischaemia.

A further peculiarity of this case was the misun-
derstanding of the gastric wall at imaging. So that the 
inflammatory reaction of the gallbladder wall with ini-
tial involvement of the adjacent stomach mimicked a 
swelling of the gastric wall, looking like a GIST. 

Accurate knowledge of anatomical variants of the 
biliary anatomy is important when elaborating differen-
tial diagnosis for suspect gallbladder pathology and even 
more so when operating complex cases with a work-
ing diagnosis that may be misleading. In fact, a routine 
cholecystectomy may harbour unexpected and at times 
severe complications that may be anticipated and pre-
vented when a complex picture can be reverted to nor-
mal anatomy. 

CONCLUSION

A case is reported of wandering gallbladder wrapped 
around the hepatoduodenal ligament and adherent to 
the gastric fundus. Anomalies of position of the gall-
bladder are rare and should be suspected when gallblad-

Table 1. Wandering gallbladder.

N. Author Year of publication Publication type Age Presenting signs/symptoms Hospital admission

1 Wendel A.V. 1898 Case report 33 Abdominal pain Emergency
2 Ziegler H. 1952 Case report - - -
3 Maki et al 1962 Case report - - -
4 Chiavarini RL et al 1975 Case report 22 Abdominal pain Elective
5 Faso F.J. et al 1989 Case report 81 - Emergency
6 Mathonnet et al 2001 Case report - - -
7 Marano A. et al 2002 Case report 90 Abdominal pain, nausea, vomiting Emergency
8 Otani et al 2007 Case report 57 Abdominal pain, pyrexia Emergency
9 Morales A.M. et al 2008 Case report 70 Acute diarrhoea, back pain Emergency
10 Boer J. 2011 Case report 89 Abdominal pain, nausea Emergency
11 Warfe S. R. et al 2013 Case report 69 Acute epigastric pain, nausea Emergency
12 Wu W-C et al 2013 Case report 40 Abdominal pain Emergency
13 Kopp et al 2019 Case report 51 Hypertension, GE reflux, abdominal pain Emergency
14 Miroslav K. et al 2019 Case report 51 Abdominal pain Emergency
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der is not found in its classical position. Reverting to 
normal anatomy by careful dissection is the key to rec-
ognize anatomical variants and to prevent complications 
at surgery.
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Abstract. The prevalence of “megaureter” among children can be as high as 20-25% 
and can be bilateral or unilateral; in some cases, the contralateral kidney is either 
absent or dysplastic. Megaureters can be categorized as obstructed, refluxing, obstruct-
ed and refluxing, or neither obstructing nor refluxing. Megaureter is likely to either 
transiently or permanently involve the kidneys, resulting in hydronephrosis or other 
medullary and cortical derangement. During routine student dissection of an 86-year-
old female donor who died of atherosclerotic cardiovascular disease, we observed the 
presence of large ureters on both kidneys with the right-side ureters comparatively 
much larger than the left side. The upper and lower lobes of the right kidney were 
drained by independent ureters, which were encased in a thin, membranous connec-
tive tissue structure. Additionally, we also observed thinning of the renal cortex, renal 
pelvis, and caliceal dilation with total loss of medulla and lack of corticomedullary 
delineation. Importantly, reproductive structures such as uterus, fallopian tubes, ova-
ries. cervix and vagina were normal. This paper, in addition to providing a description 
of what was observed on dissection, will discuss various causes, pathophysiology, and 
alterations in the matrix composition of the ureter and kidney.

Keywords:	 hydronephrosis, megaureter, altered ureteric matrix, reflux, obstruction, 
anomaly, dysfunction, ureterovesical junction.

INTRODUCTION

This paper starts with a review of the development of the renal system, 
followed by a report of the association between megaureter and hydrone-
phrosis and, finally, various ways megaureter develops and is classified. 
Analysis deliberating whether megaureter or hydronephrosis occurred first 
follows a description of the findings and morphometric measurements of 
the renal system in this case. The introduction and discussion provide solid 
foundations about the complications observed in the case. 

Embryologically, the permanent kidneys develop from two sources: the 
ureteric bud (aka metanephric diverticulum) and the metanephric blastema 
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(aka metanephric mass). The ureteric bud is a divertic-
ulum or an outgrowth from the mesonephric duct. The 
ureteric bud is the primordium of the ureter, renal pel-
vis, calices, and collecting tubules. The extending ureter-
ic bud penetrates the metanephric blastema that forms 
the nephrons. The stem of the ureteric bud becomes the 
ureter, of which the cranial part undergoes repetitive 
branching to form the collecting tubules. The initial four 
branches enlarge and coalesce to form major calices, 
while the subsequent four coalesce to form minor cal-
ices (Moore et al., 2020). Additionally, the ureter under-
goes changes in its matrix components, including types 
of collagen and longitudinal and smooth muscle content 
(Friedrich et al., 1987; Hanna et al., 1976; Hanna et al., 
1977; Vlad, et al., 2007). 

Congenital ureteric abnormalities, specifically 
megaureter, are a common and widespread pathol-
ogy (Sharif, 2021); frequency varies between 20% and 
40% of all malformations related to the urinary system. 
Megaureter is most often diagnosed in children and is 
also discovered in incidental findings when other prob-
lems are investigated. More common in boys than girls, 
megaureter occurs more frequently on the left side (Wil-
cox and Mouriquand, 1998), but arises bilaterally in 25% 
of cases (Shokeir and Nijman 2000; Manzoni 2002; Wil-
cox and Mouriquand, 1998). The disruption of urody-
namics affected by megaureter makes possible the subse-
quent development of pyelonephritis or scarring of renal 
tissue that causes loss of physiological functions. A ureter 
is considered a megaureter if the lumen diameter is larger 
than 7-8 mm (Hodges et al., 2010; Baskin et al., 1994).

In general, an obstruction to the f low of urine, 
due either to intrinsic or extrinsic compression, pro-
duces hydronephrosis. The causes of intrinsic obstruc-
tion include renal stones, tumor, ureteropelvic junction 
narrowing, ureteral strictures from earlier infections, 
posterior urethral valves, prostatic hyperplasia, and 
neurogenic bladder, etc. The causes of extrinsic com-
pression include pregnancy, pelvic/perineal cysts, mal-
positioned ureter, tumor, pelvic fibrosis, etc. (Thotakura 
and Anjum, 2022). Anatomic abnormalities, such as ure-
thral valves or strictures, stenosis at the ureterovesical or 
ureteropelvic junction, or vesicourethral reflux, account 
for most cases in children (Capriotti and Frizzell, 2016). 
In pregnancy, rotation to the right (dextrorotation) of 
the uterus can cause compression of the right ureter, 
thus making hydronephrosis more common in the right 
kidney than left (Rasmussen and Nielsen, 1988).

Based on the international classification of nomen-
clature, the megaureters can be classified as obstructive, 
refluxing, obstructed and refluxing, or neither obstruct-
ing nor refluxing (Report of working party to establish 

an international nomenclature for the large ureter 1977). 
Primary obstructive megaureter occurs when the ureter 
is too narrow at the point where it enters the bladder; 
peristalsis of the ureter proves insufficient and blockage 
results. An obstructive process characterizes secondary 
obstructive megaureter occurring secondary to elevated 
intravesical pressure of some other cause such as neuro-
genic bladder, ectopic ureter, ureteral vesicular junction 
problem, retroperitoneal mass and enlarged prostate and 
others (Shokeir and Nijman, 2000; Khoury and Bagli, 
2007; Berrocal et al., 2002). The primary and second-
ary refluxing megaureters represent a refluxing ureter 
that happens to be dilated. This may be associated with 
abnormalities of uretero-vesicular junction problem. In 
the refluxing obstructed megaureter, some degree of 
obstruction occurs, perhaps due to ectopic insertion of 
the ureter into the neck of the bladder (Weiss and Lyt-
ton, 1974). 

In the light of what is known about megaureter and 
hydronephrosis and what is observed in the present case, 
the authors will attempt to explain the possible causes of 
the megaureter and hydronephrosis seen in the female 
donor.

MATERIALS AND METHODS

Case report

We report on pathology seen in a donated body 
that was obtained from the willed body program; it was 
intended for medical student dissection and learning at 
Cooper Medical School of Rowan University. During 
students’ dissection of an 86-year-old female Caucasian 
donor who died of atherosclerotic cardiovascular dis-
ease, we observed megaureter of both kidneys; the right 
ureter was much larger with hydronephrosis of the right 
kidney. Unfortunately, the students randomly dissected 
the kidneys before the authors had a chance to carefully 
dissect, document and display the abnormalities. Despite 
this, we performed a detailed study of the anomalous 
renal system presented here. 

Declaration: The authors state that every effort was 
made to follow all local and international ethical guide-
lines and laws that pertain to the use of human cadav-
eric donors in anatomical research. 

Results and observations

The right kidney was primarily affected; the magni-
tude became noticeable when comparing it with the less-
involved left kidney and its ureter. An Illumifun elec-
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tronic digital vernier caliper was used to make all meas-
urements reported here.

The right kidney was slightly smaller compared to 
the left kidney in all the dimensions measured (see Table 
1: length (122.2 mm vs 139.9 mm); width at the hilum 
(51.3 mm vs 55.4 mm); and thickness measured at the 
hilum (44.8 mm vs 60.6 mm). The right kidney addi-
tionally exhibited medullary cavitation due to loss of the 
integrity of pyramid and caliceal systems and cortical 
thinning [see Figure 1]. 

Both right and left ureters exhibited dilation and 
contortion, the right far more than the left [see Figure 2].

Measurements listed in Table 1 clearly show that the 
right ureter luminal diameter was considerably larger 
(mega) and more misshapen in comparison to the left 
ureter, though that was also enlarged [see Table 1 and 
Figure 1].

Though initially separate, a clear, thin membranous 
connective tissue sheath wrapped the ureters from the 
upper and lower lobes of the right kidney together. Distal-

ly, the ureters joined as a single ureter prior to reaching the 
bladder posterolaterally. Ureter length of the upper lobe is 
130 mm; the lower lobe was 130 mm before uniting and 63 
mm after uniting. The left ureter length was 241 mm, was 
less contorted and ran parallel with the large left ovarian 
vein, which drained into the left renal vein.

In the medulla of the right kidney, the renal pyra-
mid and papilla were unrecognizable [see Figure 1].

The renal caliceal system of minor and major calices 
and the renal pelvis appear to have lost their histology 
and physical configurations. The interlobular vascular 
system appears intact, allowing a viable cortex, even 
though the thickness of the cortex is diminished in size 
(see Figure 1). Cortex thickness across from the hilum 
was 8.3 mm on the right and 19.4 mm on the left [see 
Figures 1 and 3].

The medulla of the left kidney is acceptably well 
defined and the caliceal system is recognizable when 
viewed with higher magnification (see Figure 4). Meas-
ured at two different sites, the bladder wall thickness 
was between 1.4 and 1.7 mm. Normally, bladder wall 
thickness is 2.76 mm when the bladder is almost empty 
and 1.55 mm when it is distended. The inter-ureteral ori-
fice was 21.7 mm apart (normal 13-41 mm) and the dis-
tance between the ureteral orifice and the urethral open-
ing was 34.7mm (normal 17-40 mm) (see Figure 4).

Figure 1. Longitudinal section of the right kidney showing hydro-
nephrosis, cortex thinning, renal pelvis and caliceal dilation with 
total loss of medulla and lack of corticomedullary delineation. 
C=Cortex; Short black arrows pointing to vasculatures and double 
headed yellow arrow indicates renal pelvis and caliceal dilation with 
total loss of medulla and lack of corticomedullary delineation.

Table 1.

R. Kidney L. Kidney

Length 122.2 mm 139.9 mm
Width 51.3 mm 55.4 mm
Thickness 44.8 mm 60.6 mm
Medulla Non-existent Fairly defined
Cortex at Hilum 8.3 mm 19.4 mm

Ureter Luminal Diameter
Lower lobe: proximal part 247 mm 201 mm
Lower lobe: middle part 316 mm n/a
Lower lobe: distal part 119 mm 15.1 mm
After uniting 146 mm n/a
Upper lobe 21.3 mm n/a

Ureter Length
Length: 241.5 mm
Upper lobe 132 mm n/a
Lower lobe 130 mm n/a
After uniting 63 mm n/a

Bladder
Wall thickness 1.4-1.7 mm
Inter ureteral orifices distance 21.7 mm
Ureteral orifice to internal urethral 
opening 34.7 mm
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The trigone (or Lieto Triangle), which is the triangu-
lar portion of the bladder floor, was the site of the anti-
reflux mechanism [see Figure 5]. 

One ovary showed fibrosis and the uterus showed 
age-related reduction in size; otherwise, the reproductive 
structures were within normal limits. 

DISCUSSION

Megaureter 

Epidemiologically, occurrence of congenital primary 
megaureter (PM) is unclear; however, it is the second 
most common cause of neonatal hydronephrosis (Younsi 
2020). A primary congenital megaureter means a dilata-
tion of the ureter with a ureteric diameter ≥7 mm (nor-
mal 3-5 mm) due to a structural or functional obstruc-

tion of the ureterovesical junction (Younsi 2020). The 
male to female ratio is nearly 4:1 and the left side is more 
often affected than right (1.6-4.5 times) (Braga et al., 
2016). Most cases are non-refluxing and unobstructed. 
The frequency of obstructed megaureter is 1/10,000 (Far-
rugia et al., 2014). Primary megaureter has been classi-
fied in many ways, based on functional impediment. The 
Pfister–Hendren classification established in 1978 was 
based on the morphological appearance: Type I involved 
the distal ureter without associated hydronephrosis; 
Type II extended to both ureter and pelvis; and Type III 
was associated with severe hydroureteronephrosis and 
ureteric tortuosity (Pfister and Hendren, 1978; Weber et 
al., 1971). Using the Pfister–Hendren classification, we 
assign the findings in this case as Type III hydronephro-
sis with megaureter and ureteric tortuosity. 

The Society for Fetal Urology (SFU) classification 
specified five grades of hydronephrosis which, in addition 
to renal parenchyma, describes the ureter (Fernbach et 
al., 1993). Based on the SFU classification, the findings in 

Figure 2. Megaureter –Right kidney: In situ view showing markedly 
large and tortuous ureters of both upper and lower lobes that fused 
distally forming a single ureter that entered the bladder posterolater-
ally. Left kidney (LK) Ureter is less large and less twisted. RK= Right 
kidney; RULl= Right ureter lower lobe; RUul=Right ureter upper 
lobe; RUun= Right kidney upper and lower lobe ureters united; 
IVC=Inferior Vena Cava; AA=Abdominal aorta; IMA=Inferior mes-
enteric artery; LRV-Left renal vein; LU=Left ureter; LK=Left kidney.

Figure 3. Left kidney: vertical section showing normal caliceal 
system and cortex and in general larger than the right kidney. 
C=Cortex; The vertical block of medulla is enlarged and shown in 
figure 4.
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this case can be classified as grade V hydronephrosis with 
megaureter and ureteric tortuosity [see Figure 6]. Figure 
6 here was drawn to show what was observed during the 
dissection, similar to what is seen in Fernbach et al.

According to Baskin et al., primary megaureter 
results from a functional or anatomical abnormality 
involving the ureterovesical junction, whereas secondary 
megaureter results from abnormalities that involve the 
bladder or urethra. It appears to be most commonly due 
to an abnormality or delay in the development of the 
muscle in the distal ureter adjacent to the ureterovesical 
junction at 20 weeks gestation. This results in the forma-
tion of an aperistaltic segment which leads to functional 
obstruction (Baskin et al., 1994). 

Primary obstructive megaureter (POM) is a con-
genital dilatation of the ureter due to an adynamic seg-
ment of vesicoureteral junction obstruction (Hamid et 

Figure 4. Left kidney= An enlarged vertical section from figure 3 
showing normal caliceal system.

Figure 5. Urinary bladder= The ventral wall removed to display the 
dorsal ‘trigone’ region. The open bladder wall is marked by red out-
line. The solid white arrows pointing to the ureteral entrance with 
wooden picks. The dotted white line and wooden picks indicate the 
urethral opening. 

Figure 6. Schematic diagram based on the actual dissection show-
ing gross dilation of the ureter, pelvis, and calyces; loss of papillary 
impressions; thinning of cortex and ureteral tortuosity.
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al 2022). Megaureters may be primary or secondary and 
the dilatation may be due to obstruction or reflux or 
both. Hamid et al. found that refluxing or obstructive 
types of megaureter occurred 58% and 18.5% of time 
respectively and the distribution of ureteral diameter 
varied from 5-30 mm (Hamid et al., 2022). The cause of 
primary obstructed megaureter is the aperistaltic and 
narrowed pre-vesical portion of the ureter. The inner 
sheath of the terminal ureter generally shows a reduced 
amount of longitudinal smooth muscle bundles and an 
increased amount of collagen (Merlini and Spina, 2005). 
Primary obstructive megaureter (POM) is an uncom-
mon disease in adults, it is defined as an intrinsic con-
genital abnormality at the lower segment of the ureter in 
the ureterovesical junction (Ibrahimi and Ziani, 2020). 
Refluxing PM is caused by a short or absent intravesi-
cal ureter, congenital para-ureteric diverticulum or other 
derangement of the vesico-ureteric junction. Obstructed 
PM is a functional obstruction arising from an aperi-
staltic jucstavesical segment 0.5-4cm long that is unable 
to transport urine at acceptable rates. Causal theories 
include excessive collagen deposition, hypertrophy of 
ureter muscle, thick periureteral tissues or a circum-
ferential segment devoid of muscle (Merlini and Spina, 
2005). Primary megaureter is not known to be heredi-
tary, but families with more than one affected member 
have been described (Farrugia et al., 2014). A recent pub-
lication (Ayad Y Khudair, 2020) brings to light numer-
ous studies related to both embryology and pathophysi-
ology of megaureter. Sharif writes, “It is believed that the 
ureters has an aperistaltic jucstavesical (adynamic) seg-
ment, which leads to insufficient peristalsis of the ureter 
and, therefore, to urinary outflow. This distal segment 
was examined histologically, and it was found to con-
tain elevated collagen levels of types I and III (mainly 
type I). It is this increased fibrosis that is connected with 
the disturbance of intercellular connections and leads to 
arrhythmias and ureteric obstruction. Some scientists 
have proved the atrophy of internal longitudinal muscles 
in these segments of the ureter (longitudinal muscles 
transmit peristalsis) and hypertrophy of external com-
pressive circular muscles, which leads to obstruction. 
” (Sharif, 2021) (Hanna et al., 1976; Merlini and Spina, 
2005, Hill, 2015). The muscular layer of the ureter con-
sists of longitudinal and circular smooth muscles that 
create the peristaltic contractions to move the urine into 
the bladder without the aid of gravity (Hill, 2015).

While there are many scientific studies explaining 
the histological origin of megaureter, the results often 
varied from one another. However, they all showed an 
increase of connective tissue in the megaureter (Han-
na et al., 1977; Vlad et al., 2007). A quantitative study 

showed that the collagen to smooth muscle ratio in the 
normal ureter is 0.52, while in obstructive and reflux 
megaureters, it is 0.78 and 1.99 respectively (Lee et al., 
1998). Other researchers have shown the presence of 
smooth muscle cells in these ureters, which produce 
abnormally increased amount of collagen (Hanna et al., 
1977). It has also been shown that muscles in these seg-
ments of the ureter have an abnormal response to neuro-
transmitters, emphasizing the atypical behavior of these 
cells (Hanna et al., 1977; Vlad et al., 2007; Lee et al., 
1998; Mackinnon, 1977; Mackinnon et al., 1970).

Congenital megaureter is considered to be relat-
ed to the expression of transforming growth factor β, 
which might lead to a lack of post-natal muscle dysplasia 
(Ozturk et al., 2012; 2016). According to Nicótina et al., 
the primary megaureter should be attributed to a seg-
mental developmental delay of the terminal ureter aris-
ing at about 20 weeks of gestation, with a possible patho-
genetic involvement of autocrine TGF-β overexpression 
(Nicótina et al., 1997). Mackinnon et al. theorized that 
an absence of longitudinal muscle in the distal ureter 
led to the functional obstruction, which was accepted by 
number of other researchers (Mackinnon et al., 1970). 
Notley utilized an electron microscope to observe the 
normal nerve distribution and hyperplasia of collagen 
fiber in the muscular layer of megaureters, which was 
believed to be the primary cause of megaureter (Notley 
1972). Furthermore, Tokunaka and Koyanagi and Toku-
naka et al. described a small subgroup of megaureters 
with muscle dysplasia that affected the dilated part of 
the ureter; and the muscle dysplasia was thought to 
be the primary cause leading to the dilatation (Toku-
naka and Koyanagi, 1982; Tokunaka et al., 1984). In 
light of the evidence, we, like other researchers, believe 
that multiple factors contributed to the congenital 
megaureter. 

Hydronephrosis

The renal parenchyma, which produces urine, and 
the pelvicalyceal system, which collects and conveys the 
urine into the ureter, comprise the two functional seg-
ments of the kidney. Hydronephrosis occurs due to two 
distinct causes: ureteropelvic junction problems or vesi-
coureteral reasons (Onen 2020). It happens when there is 
either a blockage of the outflow of urine or reverse flow 
of urine that is already in the bladder (vesicoureteral 
reflux), contraction of bladder detrusor muscles (neuro-
genic bladder) that can cause the renal pelvis to become 
enlarged (Thotakura and Anjum, 2022). Furthermore, 
structural defects of the connections between the kidney, 
ureter and bladder can also lead to hydronephrosis. Oth-
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er causes that result in hydronephrosis are due to renal 
stone, congenital causes, scarring from infections or ear-
lier surgery, cancer, enlarged prostate, and pregnancy, 
to name a few (Thotakura and Anjum, 2022). Common 
causes of upper urinary tract obstruction include kidney 
stones at the ureteropelvic junction (UPJ) and blockages 
caused by intrinsic narrowing of the ureters or extrinsi-
cally caused by overlying renal blood vessels. Ureteropel-
vic junction obstruction (UPJO) is primarily a congenital 
condition that results in diminished urine flow from the 
renal pelvis into the ureter; this can cause hydronephro-
sis and, if untreated, may result in complete functional 
loss of the affected kidney (Jackson et al., 2018; Sule-
manji and Vaklit, 2013). Reflux of urine into the kidney 
(e.g., neurogenic bladder or ureteral obstruction) causes 
impairment in the lower urinary tract (Thotakura and 
Anjum, 2022). In pregnancy, towards the end of 2nd tri-
mester, physiological dextrorotation (rotation to the 
right) of the gravid uterus and engorged right ovarian 
vein that drain into the right renal vein can cause com-
pression on the right ureter, thus making hydronephrosis 
more common in the right kidney than the left (Rasmus-
sen and Nielsen, 1988). Hydronephrosis or hydroureter is 
a normal finding in pregnant women. The renal pelvises 
and caliceal systems may be dilated due to effects of pro-
gesterone and mechanical compression of the dilated ure-
ters against the bony pelvic brim (Rasmussen and Niels-
en, 1988. According to Rasmussen and Nielsen (1988), 
pregnancy-induced hydronephrosis recedes in 80% of 
women, but persists in 20%. It is possible that, in the case 
of the female donor, it did not return to normal, as seen 
in the right-side kidney. 

Other congenital causes of hydronephrosis include 
ureteral hypoplasia that may lead to an aperistaltic seg-
ment of the ureter due to abnormal arrangement of the 
smooth muscle layer, which in turn will impair the urine 
drainage from the renal pelvis into the ureter and cause 
functional obstruction, rather than mechanical [Jackson 
et al., 2018; Sulemanji and Vaklit, 2013]. High insertion 
of the ureter into the renal pelvis can result in urine 
failing to empty from the pelvis into the ureter. Entrap-
ment of the ureter by a crossing accessory renal vessel 
occurs most commonly from the lower pole. This results 
in kinking of the proximal ureter, interrupting the free 
flow of the urine and, rarely, a malrotated kidney can 
cause UPJO. UPJO is estimated to occur 1 in 1000-1500 
cases. [Jackson et al., 2018; Sulemanji and Vaklit, 2013]. 

 No matter what causes hydronephrosis, staging of 
the condition is important in planning a treatment pro-
tocol. With ultrasound (US), it has become possible to 
detect and stage hydronephrosis. Onen and his group 
studied the hydronephrosis for several years; in 2020, 

they published an article with staging of hydronephro-
sis (Onen 2020). From the US images in Onen, it is easy 
for us to stage the donor kidney’s functional status and 
explain what has been exposed in our dissection (see Fig-
ures 5 and 6). The anterior-posterior thinning (44.4 mm 
vs 60.6 mm) parenchymal thinning indicates a possible 
severe functional loss. Onen (2020) further distinguished 
the parenchymal thinning into medullary thinning and 
cortical thinning. In the right kidney of the donor (see 
Figure 1), we also observed pelvis plus caliceal dilation, 
total medulla loss, cortical thinning, and no recognizable 
corticomedullary differentiation, resulting in progressive 
and permanent damage to the right kidney. 

ANALYSIS 

The following analysis pertains to the case present-
ed here; it is based on our observations, findings and 
on available published research studies on megaureter 
and hydronephrosis. Deciding which came first, the 
megaureter or hydronephrosis, is analogous to the 
“chicken or egg” conundrum. Resolving the question 
requires consideration of the following: the donor was 
an 86-year-old female with complete internal reproduc-
tive structures whose right side of the renal system was 
primarily involved. Due to donor confidentiality, we 
do not know whether she was married or had children. 
Any conclusion drawn in the discussion is the authors’ 
assumption or based on available published materials.

As mentioned earlier, megaureter may be caused by 
a structural or functional obstruction of the ureterovesi-
cal junction; it represents the second most likely cause 
of neonatal hydronephrosis (Younsi 2020). According 
to Merlini and Spina (2005), abnormality or delay in the 
development of the longitudinal muscle bundle and an 
increased amount of collagen in the distal ureter adja-
cent to the ureterovesical junction results in the forma-
tion of an aperistaltic segment that leads to functional 
obstruction. It is believed (Ayad Y Khudair, 2020) that 
the ureters have an aperistaltic jucstavesical (adynamic) 
segment, which leads to insufficient peristalsis of the 
ureter and, therefore, to urinary outflow (Ayad Y Khu-
dair, 2020). Other reasons such as expression of trans-
forming growth factor β, which might lead to a lack of 
post-natal muscle dysplasia (Ozturk et al. (2012; 2016); 
a possible pathogenetic involvement of autocrine TGF-β 
overexpression (Nicótina et al., 1997), or abnormal 
changes in the collagen to smooth muscle ratio (Lee et 
al., 1998). In agreement with other researchers, we feel 
that multiple factors contributed to the development of 
the congenital megaureter in this donor.
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Hydronephrosis occurs for two reasons: ureteropel-
vic junction or vesicoureteral causes (Onen 2020). Any 
number of reasons can cause the renal pelvis to become 
enlarged: a blockage of the outflow of urine or reverse 
f low of urine already in the bladder (vesicoureteral 
reflux), contraction of bladder detrusor muscles (neuro-
genic bladder) at the ureteropelvic junction (UPJ); renal 
stone, congenital cause, scarring from infections or ear-
lier surgery, cancer, enlarged prostate, pregnancy, etc. 
(Thotakura and Anjum, 2022). 

Based on the Pfister–Hendren classification and 
what was observed in this donor, we consider that the 
findings in the case presented here can be classified as 
type III hydronephrosis with megaureter and ureteric 
tortuosity of the right-side renal system (Pfister and 
Hendren 1978). Additionally, we also observed Onen’s 
Grade 4 hydronephrosis with cortex thinning, renal pel-
vis and caliceal dilation with total loss of medulla and 
lack of corticomedullary delineation (Onen 2020). 

Our report does not include histological appearance 
of the vesicoureteral junction or distal ureter due poor 
preservation of such details in an embalmed cadaver tis-
sue. However, there are studies that report that defective 
vesicoureteral junction and loss of muscles at the distal 
ureter and increased connective tissues caused aperistal-
tic distal ureter and retrograde flow of urine from the 
bladder towards kidney, resulted in dilated ureter and 
hydronephrosis (Nicótina et al., 1997; Lee et al., 1998). 

CONCLUSION

With the available information about the donor, 
who lived for 86 years, had complete reproductive struc-
tures to ovulate, conceive, and carry a fetus to full term, 
and the fact her megaureter and hydronephrosis are 
on the right side, we assume that she carried a fetus to 
full-term. In pregnancy, in the late second semester, the 
gravid uterus rotated to the right side, causing compres-
sion of the right ureter and gonadal vein. This compres-
sion of the right ureter initiated the hydronephrosis. 
Hence, we believe that the megaureter came first and 
caused the hydronephrosis.
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Abstract. Introduction. Due to its complex anatomy and function the craniovertebral 
junction (CVJ) is prone to several pathological conditions. The unique topography of 
neuro-vascular and bony structures makes surgical management of this area particu-
larly challenging. Methods. A systematic online literature search was conducted in 
PubMed, Google Scholar, Scopus, and Web of Science with keywords relating to Chiari 
malformation, Wallenberg syndrome, Syringomyelia, and atlantoaxial dislocations. 
Results. This paper presents an up-to-date summary of the pathogenesis and surgical 
management of Chiari malformation, Wallenberg syndrome, syringomyelia, and atlan-
toaxial dislocation with particular emphasis on developmental and surgical anatomy. 
Conclusion. In such complex pathologies of the CVJ, the many factors contributing to 
the patient’s condition and the aspects playing a key role in the treatment process are 
all difficult to be considered concurrently. A better and universal surgical technique is 
impossible to be established.

Keywords:	 craniovertebral junction, Chiari malformation, Wallenberg syndrome, 
syringomyelia, atlantoaxial dislocations, surgical management.

INTRODUCTION

The human head contributes to approximately 6% of total body weight. 
Therefore, an average 80 kg male individual carries five kilograms of weight 
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at the top of his torso throughout his lifetime (Szczygieł 
et al., 2020). The cranium transitions through the cranio-
vertebral junction into the spine. Several structures con-
tribute to the junction including 6 joints in total: the 
upper joint of the head comprises two atlantooccipital 
joints, while the lower joint of the head contains four 
joints: two lateral atlantoaxial joints and two median 
atlantoaxial joints anterior and posterior (Gworys, 2012, 
Standring, 2021) these joints are supported by muscles, 
ligaments, and membranes which serve two functions: 
allowing movement in the upper cervical region and pro-
tecting vital structures, such as the spinal cord, nerves 
and vessels supplying the cerebrum. Both congenital and 
acquired diseases develop in this area. The complexity of 
the region and its anatomical variability among individu-
als provide challenges to surgical management.

The multistage diagnostic process usually begins 
with computer tomography (CT scan imaging), which 
has questionable accuracy and poor image resolution 
(Takami et al., 2014; Chi et al.,2019). In contrast, mag-
netic resonance imaging (MRI) and its parameters pro-
vide physicians with a more precise image of a patient’s 
current stage. A further advantage of MRI is its ability 
to depict soft tissue (Winklhofer et al., 2014). A more 
invasive diagnostic examination is a myelogram (Kular 
& Cascella, 2022). This paper focuses on the pathogen-
esis of diseases of the craniovertebral junction and pro-
vides a comparison of specific procedures which were 
performed during each pathological study.

METHODS

This review was based on an internet search of 
PubMed, Google Scholar, Scopus, and Web of Science in 
order to find pathological cases based on a specific word 
search. Word search entries included ‘Chiari malfor-
mation’, ‘Chiari malformation types’, ‘Wallenberg syn-
drome’, ‘lateral medullary syndrome’, ‘posterior inferior 
cerebellar artery syndrome’, ‘Syringomyelia’, and ‘atlan-
toaxial dislocations’.

RESULTS

Etiology and classification

Chiari malformation (CM, previously known as 
Arnold-Chiari malformation) was first observed and 
described by Julius Arnold (1835-1915), a German 
pathologist, along with his Austrian colleague Hans 
Chiari (1851-1916). They discovered a general deforma-
tion of the hindbrain accompanied by ectopic cerebel-

lar tonsils. Currently, CM is classified according to four 
types (Table 1). Type 1 is the most prevalent type of 
CM, which involves a caudal displacement of the cer-
ebellar tonsils through the foramen magnum. The dis-
placement must be 5mm or greater with no involvement 
of spinal herniation to be classified as type 1 CM. Nev-
ertheless, a spinal herniation may also appear in other 
types of CM. Another common characteristic of type 1 
CM is its late appearance in adolescents, whereas type 
2 CM can be diagnosed much earlier. Furthermore, 
type 2 CM is typically diagnosed with ectopy of the 
cerebellar vermis, fourth ventricle as well as brainstem, 
and myelodysplasia. Type 3 and 4 CM are extremely 
rare (Kular & Cascella, 2022; Fric et al., 2019; Brito et 
al., 2019; Milhorat, 2009). Type 0/0,5 CM has recently 
been identified as having no symptoms of type 1 CM 
in children, however, in this type, the cerebellar tonsils 
wrapped around the medulla oblongata. Type 1.5 com-
bines symptoms of type 1 and 2. Additionally, there is 
no evident spine herniation in type 1.5 CM (Fric et al., 
2019; Morgenstern et al., 2020).

No specific or supported mechanism of the patho-
genesis in CM has been supported by research. Some 
arguments purport that CM is a genetic disease with 
association with alleles located on the 9th and 15th 
chromosomes (Boyles et al., 2006). Alternatively, coun-
terarguments highlight that CM is rarely identified 
in families and that late diagnosis in infants may be 
asymptomatic (Fric et al., 2019). Although type 2 and 3 
CM derive from neuro-ectodermal defects, type 1 CM is 
believed to be an effect of a para-axial mesoderm lesion 
leading to impaired development of the posterior cranial 
fossa. Interestingly enough, type 1 CM can occur along-
side cases in which no cranial hypoplasia is observed, 
such as tethered cord syndrome, hydrocephalus, or acro-
megaly (Milhorat, 2009). Thus, CM can be diagnosed as 
a secondary condition to other diseases. Iatrogenic CM 
has also been reported (Kular & Cascella, 2022).

Table 1. Epidemiology of the craniovertebral junction pathologies.

Disease Epidemiology

Chiari 
malformation

Type 1 1 per 1280 live births (Capra et al., 2019)

Type 2 1 per 1000 live births (Kuhn and Emmady, 
2022)

Type 3 51 cases reported (Elbaroody et al., 2021)
Type 4 no data available

Wallenberg syndrome 60 000 cases a year only in the United 
States (Venti, 2012)

Syringomyelia 8.4 per 100000 live births (Sharma et al., 
2006)
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Wallenberg Syndrome (WS) otherwise known as the 
lateral medullary syndrome was first mentioned in 1808 
by Gaspard Vieusseux (1746-1814), with a more pre-
cise description of WS being presented by the German 
neurologist Adolf Wallenberg (1862-1949) in 1895 (Wal-
lenberg, 1895). Vieusseux described WS as an occlusion 
of the vertebral artery or the posterior inferior cerebel-
lar artery (PICA) followed by infarction of the lateral 
medulla oblongata (Lui et al., 2022). Lateral medullary 
syndrome (LMS) is the non-eponym designation of WS. 
In WS the lateral region of the medulla oblongata, poste-
rior to the olivary nucleus is affected. 

In order to understand the mechanism of WS a brief 
description of PICA is necessary. The posterior inferior 
cerebellar artery is a branch of the vertebral artery, aris-
ing 1,6-1,7 cm below the vertebrobasilar junction. The 
main trunk of PICA is the source of branches supplying 
the lower cerebellar hemispheres, the vermis, the fourth 
ventricle, and the tonsils. As mentioned, blood clots can 
develop in PICA or even in the vertebral artery. Moreo-
ver, PICA is important when aneurysms are involved 
since they are prone to rupture during surgical pro-
cedures (Lui et al., 2022). Risk factors of WS include 
hypertension, smoking, diabetes, or arteriosclerosis. 
Also, head trauma may contribute to the evolution of 
WS, as well as Marfan syndrome, Wegener’s granulo-
matosis, or during a cocaine overdose (Lui et al., 2022; 
Gasca-González et al., 2020)

Syringomyelia which is the subsequent pathology in 
focus, is a condition in which a cavity filled with fluid in 
the parenchyma of the spinal cord occurs (Wichmann et 
al., 2020). It was originally described by Brunner et. al. 
in 1688 (Hart, 2014). The fluid-filled cavity is called the 
syrinx. A vital aspect of the fluid filling the cavity is that 
it is isotonic or close to isotonic with the CSF but with a 
much lower protein content (Rusbridge et al., 2006). That 
fluid-filled cavities must be separated from protein-filled 
tumor cavities which may resemble the syrinx (Rus-
bridge et al., 2006). Specialists describe the syrinx as a 
secondary lesion to another aforementioned disease of 
CM or myelomeningocele but with higher prevalence as 
it is associated with high-energy trauma (Wichmann et 
al., 2020; Fischbein et al., 1999). Syringomyelia can also 
develop in patients with no history of trauma due to cer-
vical spondylostenosis or arachnoiditis.

Although an accurate mechanism remains unclear, 
the consensus is that it is caused by impaired cerebrospi-
nal fluid (CSF) flow and partial obstruction. The theory 
of syringomyelia proposes that it occurs due to hyper-
tension in the arachnoid matter the CSF is pumped 
through perivascular spaces into the parenchyma and 
accumulates in the central canal of the spinal cord. If 

the CSF remains in the parenchyme the condition is 
called presyrinx (Fischbein et al., 1999). An alternate 
theory argues that a cascade of this kind would rather 
cause increased pressure on the spinal cord; second, the 
differential pressure between the spinal cord and the 
subarachnoid space provides the driving force for such 
action. However, these theories do not explain the low-
ered protein level in the syrinx. Yet another hypothesis 
is described by Clare Rusbridge et al. to explore the rela-
tionship between syringomyelia and the principles of 
thermodynamics, specifically investigating fluid dynam-
ics in the context of CM. The authors delve into the 
potential implications of fluid flow and energy consid-
erations on the development and progression of syringo-
myelia, providing valuable insights into the underlying 
mechanisms of this neurological condition (Rusbridge 
et al., 2006). The authors suggested a division between 
communicating and non-communicating types of syrin-
gomyelia in reference to the connection between the syr-
inx and the fourth ventricle. The first type is diagnosed 
in less than 10% of patients and has received little theo-
retical attention (Rusbridge et al., 2006). However, some 
authors have speculated that the first type of syringomy-
elia may run in families (Busis & Hochberg, 1985).

Previous research has highlighted the vital con-
nection between the cervical vertebrae C1 and C2 ver-
tebrae in relation to mobility as well as instability. The 
principal joints of this region the atlantooccipital joint 
and atlantoaxial joints have various functions. While 
the atlantooccipital joint provides a positioning func-
tion, the atlantoaxial joint performs head rotation. That 
unfortunately makes it highly prone to any defects and 
damages. Some researchers consider that the atlantooc-
cipital joint is a highly vulnerable structure (Goel, 2019; 
Salunke, 2018; Ibrahim et al., 2021).

Even small forces like a tap on the head in early 
childhood may lead to instabilities and minimal defor-
mation of the upper cervical region (Goel, 2019). Insta-
bility and dislocations are frequently diagnosed in elder-
ly people with weakened muscle tonus and children due 
to their smooth and slippery articular cartilages. 

These conditions may contribute to the loss of cor-
rect stabilization (Goel, 2019). It has also been observed 
that any inborn asymmetry or malformation of the lat-
eral masses of the atlas will lead to increased forces on 
one side of the joint (Salunke, 2018). Charles Bell in 1830 
described a case in which a patient developed spinal 
cord compression secondary to pharyngitis and syphi-
lis (Grisel, 1951). After two more cases of nontraumatic 
atlantoaxial dislocations (AAD), it was defined as Gri-
sel syndrome. The mechanism of this condition remains 
unknown (Barcelos et al., 2014). Atlantoaxial disloca-
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tions are a frequent outcome of high-energy trauma with 
a high mortality rate. Odontoid fracturing often occurs 
in such situations (Sánchez-Ortega et al., 2021). Other 
risk factors include rheumatoid arthritis, tuberculosis, 
Hirayama disease, or myelopathy which is related to the 
ossification of the posterior longitudinal ligament (Goel, 
2021). Some researchers claim that atlantoaxial insta-
bility itself can cause basilar invagination or the CM 
(Wagner et al., 2020). Two classifications of atlantoaxial 
dislocations have been developed. The first classification 
focuses on the direction and surface of the malformation 
therefore we have anterio-posterior dislocation, rotary, 
central, and mixed one. The second one is clinically 
divided by surgeons into reducible (RAAD) and irreduc-
ible (IAAD) atlantoaxial dislocations. 

Symptoms

Since pathologies occurring in the craniovertebral 
junction show similarity, they are difficult to distinguish.

Symptoms of CM derive from impaired CSF flow 
through a very constricted foramen magnum during any 
neck maneuvers. Pain accompanies coughing and sneez-
ing. Suboccipital pain radiates to the frontal and parietal 
areas. Other symptoms include nausea and cognitive 
disorders. Intracranial pressure can cause disorders of 
the autonomic nervous system manifested as loss of con-
sciousness, bradycardia, tinnitus, or swallowing prob-
lems. Children with CM suffer from sleep apnea and dif-
ficulties in food intake due to CNIX and CNX dysfunc-
tion (Kular & Cascella, 2022; Fric et al., 2019).

Nystagmus, dizziness, dysphagia, ataxia, and 
Horner’s syndrome occurring on the side of the lesion, 
as well as contralateral loss of pain and temperature of 
the body and ipsilateral loss of pain and temperature to 
the face are signature symptoms of WS. Another notice-
able symptom of WS is hiccupping (Lui et al., 2022; (16)
(17). The progression of WS can be both rapid and grad-
ual. In both cases the symptoms are similar.

Syringomyelia is a disease that can be symptomatic 
and asymptomatic. Due to the individual location of 
the cysts, the symptoms will vary in intensity and area 
of radiation (Wichmann et al., 2020). Generally, patients 
experience pain, oversensitivity, impaired muscle func-
tion, and spasticity (Schurch et al., 1996). Some patients 
report loss of temperature and nociception but with 
intact proprioception and sense of vibration (Wichmann 
et al., 2020). Muscular dysfunction of one limb or neuro-
genic bladder is also spotted in patients with syringomy-
elia (La Haye & Batzdorf, 1988). Interestingly, the time 
between trauma and the appearance of symptoms varies 
from 2 months to even 30 years (Schurch et al., 1996).

Atlantoaxial dislocations, especially in children tend 
to be asymptomatic. This unfortunately delays diagno-
sis and treatment. No specific neurological symptoms 
have been assigned to this pathology, but a cock-robin 
position of the head can be an indication. In this posi-
tion, the head inclines to one side and tilts to the other 
side (Goel, 2019; Štulík et al., 2022). The literature also 
mentions acute neck pain and numbness of the limbs 
(Ibrahim et al., 2021). Dislocations occurring after high-
impact trauma may cause breathing difficulties (Kol-
jonen & Cheung, 2021; Liu et al., 2022). It is difficult for 
patients in the cock-robin position to turn their heads 
contralaterally.

Surgical management

As in most spinal defects, a patient’s individual 
anatomy and general condition must be taken into 
consideration while clinical treatment of CM is being 
established. Though surgical management is usually a 
method of choice, some ideas of conservative treatment 
also occur in literature. This depends on whether the 
symptoms exacerbate, or the disease is prone to devel-
opment. The Pediatric Section of the American Asso-
ciation of Neurological Surgeons stated that there is no 
need for surgical decompression procedures in asympto-
matic children (Siasios et al., 2012). Conservative treat-
ment includes non-steroidal anti-inflammatory drugs 
and muscle relaxants which provide minimal results in 
patients with more intensified symptoms.

Surgical procedures aim to re-establish equal pres-
sure between the intracranial subarachnoid space and 
the intramedullary area. The cerebral spinal fluid (CSF) 
should have normal pressure. The main procedure per-
formed in almost 99% of cases was the posterior fossa 
decompression (PFD) which focuses on widening the 
cisterna magna with one or two posterior arches of the 
cervical vertebrae and opening the dura matter but leav-
ing the cerebellar tonsils in herniation (Fric et al., 2019; 
Arnautovic et al., 2015; Siasios et al., 2012; Lou et al., 
2019). However, this is not a flawless procedure since the 
side effects may include cephalomeningitis or CSF leak-
age. Moreover, 17% of patients require repeated surgery 
(Lou et al., 2019). To decrease the side effects of PFD, a 
posterior fossa reconstruction (PFR) with duroplasty 
can be performed in type 1 CM with syringomyelia. An 
advantage of PFR is that it does not interfere with the 
CSF flow due to the remained continuity of the arach-
noid matter. Currently, there is no consensus on a ‘bet-
ter’ method for PFR. Advantages of PFD include shorter 
operating times and lower hospitalization costs. Research 
carried out on 582 patients provides information about 
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similar outcomes of PFD with or without duroplasty 
(Lou et al., 2019; Mohanty, 2019). A less invasive tech-
nique does not involve craniectomy removal of subdural 
tonsil herniation with a reconstruction of cisterna magna 
in patients with type 1 CM with syringomyelia. However, 
some side effects were also observed (Kular & Cascella, 
2022; Lou et al., 2019). If the CSF flow does not return 
to its proper level after any of those procedures or the 
intracranial pressure increases, then a ventriculoperito-
neal shunt is recommended (Fric et al., 2019).

Regarding WS, diagnostic tools are worth men-
tioning. MRI with diffusion-weighted imaging (DWI) 
is a prescribed method since it allows early detection 
of ischemic lesions (Lui et al., 2022; Heinemann et al., 
2009). Rare cases like vertebral artery dissection can be 
dismissed due to the use of a CT or MRI angiogram fol-
lowed by a precise location of the damaged area (Lui et 
al., 2022; Saleem & Das, 2022). The best-case prognosis 
is where a quick diagnosis is established. Some research 
mentions similar steps, beginning with an intravenous 
(IV) thrombolysis with IV tissue plasminogen activa-
tor (Lui et al., 2022; Saleem & Das, 2022). Endovascu-
lar revascularization performed with modern devices 
is recommended if large intracranial vessels have been 
impaired. Patients who have undergone this procedure 
tend to have improved recovery (Lui et al., 2022). Sec-
ondary prevention includes statins, antiplatelets (i.e., 
aspirin and antihypertensive drugs).

Using phase-contrast MRI to measure blood flow in 
large vessels is considered an optimal diagnostic method 
in syringomyelia. A benefit of this method is that it is 
free from side effects and provides physicians with quali-
tative and quantitative data. Moreover, it is less invasive 
than lumbar puncture or neuroendoscopy (Wichmann 
et al., 2020; Fischbein et al., 1999). 

Surgical treatment is performed in symptomatic cas-
es in which patients’ mobility is impaired and limited or 
where there is inordinate pain. Conservative treatment 
is sparsely used in symptomatic cases (Schurch et al., 
1996). An interesting position among surgical maneu-
vers is the syringo-subarachnoid-peritoneal shunt with a 
T-tube. According to some authors, this method differs 
from syringe-subarachnoidal or syringe-pleural shunts 
which are also used to siphon off CSF. Unfortunately, a 
drawback of syringe-subarachnoidal or syringe-pleural 
shunts is their tendency to fail. In the case of syringe-
pleural shunts repeat surgery may be required within a 
year (Kim et al., 2012). Other disadvantages of shunts 
are their incidence of displacement and obstruction. For 
example, a linear catheter in syringostomia runs a high 
risk of dislocation. The method presented in the article 
included high perforation of the T-tube and allocation 

of only one arm of the tube in the syrinx and the sec-
ond in the subarachnoid space to avoid injuring the spi-
nal cord during its removal. In one patient who received 
this treatment, his syrinx decreased with subsequent 
improvement in motor function in his upper right arm 
(Kim et al., 2012).

Other articles which mention the T-tube as a shunt 
of choice do not evaluate any specifics of the proce-
dure. Syringostomia tends to have a positive outcome 
in patients most of whom report decreased symptoms 
(Schurch et al., 1996). In one of the positions available 
after individual assessment doctors performed: suboc-
cipital decompression with partial resection of cerebel-
lar tonsils or C3 through C7 laminectomy with section-
ing the dentate ligament at C3-C4 and lysis of subdural 
adhesions or VP shunting. Even though some patients 
had suffered from other disorders aside from syringo-
myelia, in most of them, an improvement was observed 
(Fischbein et al., 1999). Another research used cyst-to-
peritoneal shunt in most patients all of whom regained 
physical strength and their pain decreased (La Haye & 
Batzdorf, 1988).

In Goel and Desai’s research, an interesting aspect 
was that a syringe-subarachnoidal shunt was used to 
treat syringomyelia secondary to CM and basilar invagi-
nation (Goel & Desai, 2000). Here, the shunt was a fun-
damental procedure. Although the operation may suc-
ceed in decreasing the size of the syrinx, symptoms 
caused by the pressure on the brainstem and cervical 
spinal cord may increase. The authors point out that the 
syrinx might have evolved as a protective phenomenon to 
protect vital structures prone to any damage because of 
the CM and not as a pathological condition (Goel, 2001).

Between 2002-2015, a series of surgical procedures 
containing laminectomy, lysis of adhesions, cyst fenes-
tration, and duraplasty was performed in patients with 
post-traumatic syringomyelia. The outcome was ambigu-
ous since some patients reported improvement and some 
claimed that the symptoms declined (Li et al., 2021). 
Patients often required a repeated operation after surgical 
management in syringomyelia, in some cases there is a 
need for even 10 re-operations when spine fusion is per-
formed. Circumferential spine surgery, lysis of adhesions, 
or duraplasty are believed to be the most effective in 
decreasing the risk of repeated operation (Li et al., 2021).

Before proceeding with the surgical methods in 
atlantoaxial dislocations, some discussion on the aims 
of treatment is necessary. The inclination should be 
reduced with traction (closed method) and if not pos-
sible by opening the joints (open method). No pressure 
on any vital structures should remain post-operation. 
Usually, an arthrodesis is recommended (Jain, 2012). In 
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most reported cases, a reduction followed by fixation is 
performed (Jain, 2012; Štulík et al., 2022).

Among techniques used in RAAD treatment after 
the repositioning of the joint and bone graft, is sub-lam-
inar wiring. In this procedure, complications may occur 
involving cutting the posterior arch of the atlas with the 
wire. Titanium is often used due to its pliability when 
compared to steel rods. It should be pointed out that a 
fusion from the occiput to C4 should be performed only 
when a patient requires it. Another disadvantage of such 
fusion from the occiput to C4 is the high force impact-
ing the structures at both ends. The C1-C2 spacer jam-
ming is a further option but should be executed along 
with sub-laminar wiring or C1-C2 fusion to strengthen 
the connection. A trans-articular screw with sub-lam-
inar wiring by the Magerl technique is also considered 
functional, stable, and efficient (Jain, 2012).

Atul Goel proposes that the first approach to reduc-
ing a dislocation can be cervical halter or halo-gravity 
traction. If after 3-4 weeks no improvement is observed, 
an open procedure can be implemented. The Goel meth-
od allows the patient to have greater freedom of move-
ment in the cervical region (Goel, 2019). This method 
has proven to be successful. Prevalent procedures are 
C1-C2 posterior fixations executed by transarticular 
Magerl or the above-mentioned Goel technique. New 
solutions include transpendicular axis mass fixation 
and an anterior transarticular fixation with the Vaccaro 
method (Sánchez-Ortega et al., 2021).

Not many papers mention the management of atlan-
toaxial instabilities in the Grisel syndrome. In this case, 
conservative treatment precedes surgical intervention. A 
protocol of conservative treatment in atlantoaxial dislo-
cations is mentioned by Wetzel and La Rocca who dis-
cuss the management of dislocations emerging in chil-
dren in relation to a 7-year-old male patient. Due to the 
patient’s age and body build, a fusion would have had a 
high risk considering the size of the child’s bones and 
soft tissues. The authors mention Menezes who proposes, 
in this case, a subtle craniectomy with laminectomy of 
the upper cervical region and a bilateral interlaminar 
followed by occipital rib graft. This is fixed with a tita-
nium wire (Barcelos et al., 2014).

Harms-Goel and Magerl techniques are mentioned 
along with the Wright method in which the screw is 
allocated through the lateral masses of the atlas and 
intralaminarly of the axis (Marcon et al., 2012). In the 
case of IAAD, a transoral odontoidectomy is performed, 
although some surgeons prefer a more applicable meth-
od of transoral decompression. A transoral odontoidec-
tomy is aimed at delivering the neurological structures 
(Jain, 2012). This procedure has a high risk of CSF leak-

age and meningitis (Liu et al., 2022). Halo traction and 
vest are listed again as ways for managing acute atlan-
toaxial dislocations in children with no guarantee of 
reduction. Surgical operations involved here are Magerl, 
Harms-Goel technique, and Brooks or Gallie wiring 
(Koljonen & Cheung, 2021).

DISCUSSION

Undoubtedly, the complexity of the cranio-vertebral 
junction has several drawbacks which need to be con-
sidered before surgery. Their etiology is probably an out-
come of many factors including a genetic base possible 
in the development of CM or syringomyelia (Boyles et 
al., 2006; Busis & Hochberg, 1985). High-impact trauma, 
on the other hand, may contribute to the increase of 
syringomyelia or atlantoaxial dislocations (Wichmann 
et al., 2020; Fischbein et al., 1999; Sánchez-Ortega et al., 
2021). The occurrence of one pathology in this area does 
not exclude others. For example, syringomyelia may 
be secondary to CM. Symptoms of both diseases often 
resemble each other. 

As for the treatment, milestone steps have been 
made. A posterior fossa reconstruction aims at eliminat-
ing side effects of PFD in CM which is found in the liter-
ature. Nevertheless, many surgeons perform a PFD with 
various levels of success (Lou et al., 2019; Mohanty, 2019).

Magnetic resonance imaging with diffusion-weight-
ed imaging (DWI) which is used in Wallenberg syn-
drome diagnostics allows a fast and accurate diagnosis 
(Lui et al., 2022; Heinemann et al., 2009). Additionally, 
endovascular revascularisation provides a patient with a 
higher rate of recovery (Lui et al., 2022).

The treatment of syringomyelia offers several tools 
that can be employed in the treatment process. The 
syringo-subarachnoid-peritoneal shunt, as the authors 
propose, is a questionable option since the obstruction 
and moveability of shunts have to be taken into con-
sideration (Kim et al., 2012). Other surgeons perform 
a series of cyst-to-peritoneal shunt placements with a 
highly positive outcome (La Haye & Batzdorf, 1988). 
Laminectomy, lysis of adhesions, cyst fenestration, and 
duraplasty used in the treatment of patients found in 
one article had questionable results (Li et al., 2021). The 
idea that syringomyelia is an evolutionary development 
for decreasing pressure still requires more research 
(Goel, 2001).

In relation to atlantoaxial dislocation, the Goel and 
Magerl method in posterior fixation is often preferred 
(Goel, 2019; Koljonen & Cheung, 2021). Other aspects 
have been addressed in the medical literature, including 
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the unnecessary occiput to C4 fusion which can limit a 
patient’s movements. This systematic review found few 
papers discussing the treatment of Grisel syndrome. In 
relation to children’s atlantoaxial dislocations, Menezes 
management has been examined (Barcelos et al., 2014).

CONCLUSIONS

The aim of this paper was to review the surgical 
aspects of cranio-vertebral junction pathologies. Current 
knowledge of each disease’s etiology and treatments was 
included. Although several surgical techniques are cur-
rently in use, more research is necessary to identify any 
long-term effects. Fortunately, due to ongoing develop-
ments in medical technology, surgeons have an increas-
ing number of resources to use. A conclusion drawn 
from this paper is that a universal technique for correct-
ing pathologies of the craniovertebral junction is not pos-
sible. This is due to the complex nature of pathologies, as 
well as various other factors contributing to a patient’s 
condition which play a vital role in the treatment process, 
and which are difficult to be considered concurrently.
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Abstract. In recent years, scientific literature has been focusing on the study of the 
Canalis Sinuosus (CS); this canal contains the anterior superior alveolar nerve (ASAN), 
together with bundles. Accordingly, the CS may vary its frequency and anatomical fea-
tures. These variations can be identified through imaging technologies such as cone 
beam computed tomography (CBCT). The aim of this mini review is to present the 
current understanding of the CS, its prevalence and localization in order to decrease 
the potential surgical risk associated with this region. As revealed by the analysis of 
the international literature available, presence of CS is a crucial factor to consider in 
implantology and generally in oral surgery procedures in this area. In conclusions the 
use and analysis of CBCT imaging in the diagnosis stage is fundamental to preserve 
the most important anatomical structures which are present in the jaws. 

Keywords: canalis sinuosus, maxillary anatomy, CBCT.

INTRODUCTION

Replacement of single or multiple missing teeth with dental implants in 
the anterior maxilla is a reliable treatment option, with success rates reach-
ing as high as 95% [1]. However, the occurrence of complications remains a 
concern, needing an accurate preoperative planning [2]. The anterior region 
of the jaw exhibits significant variability in innervation and blood supply 
and high trabecular density, emphasizing the need for Cone Beam Comput-
ed Tomography (CBCT) and highlighting the importance of three-dimen-
sional diagnostics.

Compared to two- dimensional radiographic techniques, CBCT is con-
sidered the most informative method for comprehensive pre and postopera-
tive analysis of the maxillary anatomy [3]. It is crucial in avoiding complica-
tions [4], such as bleeding and neurological symptoms [5,6]. 

Oliveira-Santos et al. reported the relative frequent occurrence of foram-
ina and canals in the anterior superior maxillary region underlining the 
need for dental surgeons to be well trained in identifying these variations [7]. 
One significant anatomical structure in this region is the Canalis Sinuosus 
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(CS) whose damage can lead to the aforementioned com-
plications [8]. The CS is a small branch of the infraor-
bital canal that contains the anterior superior alveolar 
nerve and vessels, providing innervation and nutrition 
to the anterior maxilla [7,9]. It runs below the inferior 
wall of the orbit, passing below the infraorbital foramen 
and skirting the lateral and inferior borders of the nasal 
fossa, with its opening located in front of the nasopala-
tine canal [10,11]. The CS innervates dental elements 
such as incisors and the canines, as well as the corre-
sponding soft tissues. Despite being under-discussed in 
scientific articles, CS and other jaw structures are still 
unfamiliar to most oral surgeons and dental students 
[12]. The aim of this study was to evaluate the course 
of the CS using CBCT and emphasize the importance 
of identifying the CS before performing surgical proce-
dures near the canal. This awareness and knowledge of 
CS variability allows for increased safety during such 
procedures

MATERIALS AND METHODS

Study design

Literature searches were conducted trough PubMed 
and Web of science databases.

The terms used to identify studies were: “canalis sin-
uosus”, “maxillary anatomy” and “CBCT”. These report-
ing items for the research was performed by using combi-
nations of the following Boolean operators: “AND”, “OR”. 

The mini review included only English language 
articles and the electronic search of publications was 
conducted in the last 10 years. 

Inclusion criteria were: trials investigated using 3D 
radiographs (CBCT) that presented data on the preva-
lence and location of canalis sinuosus as main result. 

All articles, presenting secondary results connected 
only to accessories canalis sinuosus (AC), canalis sinuo-
sus orientation and meta-analysis, were ruled out.

RESULTS

The Table 1 below sum up the results of the study.
The search identified 19 articles in which the most 

common percentage, location and anatomical size of 
canalis sinuosus found, were examined, through detailed 
CBCT image.

The average and frequency of these values can be 
defined in detail by analyzing Table 1.

DISCUSSION

The increased and continuos use of implants for 
oral rehabilitation, together with the wider availabil-
ity of CBCT imaging, has provided valuable information 
regarding important anatomical structures in the anteri-
or maxillary region, where most surgeries are performed 
[7]. Within this area, the anterior superior alveolar nerve 
(ASAN) can be found, supplying innervation to the inci-
sors, canines and their adjacent soft tissues. The ASAN is 
an intraosseous branch of the infraorbital nerve, originat-
ing from the maxillary nerve. The canalis sinuosus (CS) is 
a bony canal through which the infraorbital nerve passes 
to facilitate the passage of the ASAN [10]. In 1939, Fred-
eric Wood Jones firstly described the CS, a bony canal 
containing neurovascular bundles that conveys the ante-
rior superior alveolar nerve and vessels to the premaxilla 
[10]. The CS runs beneath the inferior margin of the orbit, 
medial to the anterior wall of the maxillary sinus, pass-
ing below the infraorbital foramen and skirting the lateral 
and inferior limits of the nasal fossa, ultimately opening 
into the nasal septum in front of the nasopalatine canal 
[13]. CBCT imaging is the most effective method for 
determining the location of the CS, making it highly valu-
able for diagnosis and implant planning [14].

In our search for studies on CS, we identified 19 
publications in the PubMed database, comprising 11 
case report and 6 prospective studies. These studies 
investigated the existence of the CS using CBCT with 
the number of subject ranging from 1 to 1460. 

The frequency of CS occurrence varied significantly, 
ranging from 15.7% to 100%. 

Regarding its specific locations, according to Olivei-
ra-Santos et al’s classification, the end of the CS trajec-
tory, was found in several sites, with the highest occur-
rence observed in the maxillary intercentral region, 
particularly close to the lateral incisor, followed by the 
central incisor, between the central and lateral incisors, 
canine, posterior to the incisive foramen, and first pre-
molar [7,10,15,16].

The majority of the studies in the literature describe 
cases of CS with diameter greater than or equal to 1 
mm. However, Ghandourah et a, Fernandes et al and 
Khojastepour et al, reported cases with a diameter less 
than 1 mm.

Gender and age did not appear to inf luence the 
diameter, spatial location or and of the CS trajectory. 
While some studies suggests a higher prevalence of CS 
in males compared to females, no statistically no statisti-
cally significant differences were found [3,10,16,17]. 

Oliveira-Santos et al concluded that: “over 15% of the 
population studied had additional foramina in the ante-
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rior palate, ranging from 1 mm and 1.9 mm in width and 
located variably. In most cases, the canals associated with 
these foramina either served as a direct extension of the 

CS or traveled towards the nasal cavity floor [7].” Torres et 
al presents a case of dental implant placement in the ante-
rior maxilla. The patient experienced neurovascular dis-

Table 1.

Author Year Type of 
article

CBCT 
images 

evalueted

Presence 
of at least 

one CS
% Localization End of CS Size diameter

Aoki at al 2019 Prospective 
study 200 133 66.5 Central incisor (n = 91; 44.39%), Lateral incisor (n 

= 45; 21.95%) Canine (n = 29; 14.15%) 
1 mm (n = 198/205; 96.6%)

> 1 mm (n =6; 3.4%)

Anatoly at al 2019 Prospective 
study 150 101 67

Central incisor (n=36; 24.2%)  
Between central and lateral incisors (n=16; 10.7%) 

Lateral incisor (n=50; 33.5%)  
Canine (n=32; 21.5%) 

First premolar (n=14; 9.4%)  
Lateral to incisive foramen (n=1; 0.7%) Posterior to 

incisive foramen (n=0; 0%)

0.5-1 mm

Manhaes et al 2015 Prospective 
study 500 181 36.2

Central incisor (n=8;4.42%). Between central 
and lateral incisors (n=51;28.18%) Lateral incisor 
(n=28;15.46%) Canine (n=38;21%) First premolar 

(n=50;2762%) Lateral to Incisive foramen 
(n=35;19.33%) Posterior to incisive foramen 

(n=15;8.3%)

NS

Gurler et al 2017 Prospective 
study 111 111 100

Central incisor (n=1;1%) Between central and 
lateral incisors (n=o;o%) Lateral incisor (n=o;o%) 
Canine (n=o;o%) First premolar (n=0;0%) Lateral 

to incisive foramen (n=110;99%). Posterior to 
incisive foramen (n=o;o%) 

(0.75-2.25 mm) 1.37 mm

Ruso et al 2017 Case report 1 1 100 NS NS
Ghandourah 
et al 2017 Prospective 

study 219 144 65.75 NS <1 mm

Wanzeler 
et al 2014 Prospective 

study 100 88 88 NS 0.7-0.8 mm

Machado 
et al 2016 Prospective 

study 1000 521 52.1 1.0-1.5 mm

Leven et al 2018 Case report 1 1 100 Lateral incisor 1.5 mm

McCrea et al 2017 Case report 1 1 100 Canine
Posterior to incisive foramen 

Von Arx et al 2013 Prospective 
study 176 97 55.1 NS NS

Oliveira-
Santos et al 2013 Prospective 

study 178 28 15.7 Incisor
Canine 

(1-1.9 mm)
1.4 mm

Torres et al 2015 Case report 1 1 100 Medial at canine 2.5mm

Orhan et al 2018 Prospective 
study 1460 1460 100 Maxillary intercentral region NS

Fernandes 
et al 2022 Prospective 

study 100 18 18 Palatal to the maxillary lateral incisor <1 mm

Rosano et al 2020 Case report 1 1 100 Central incisor NS
Harumiti 
Shintaku et al 2020 Case report 3 3 100

Canine
Central incisor
Lateral incisor

NS

Khojastepour 
et al 2023 Prospective 

study 485 380 78.35 Lateral incisor <1 mm

Shan et al 2020 Prospective 
study 1007 372 36.9 Central incisor 

Lateral incisor 1.2 ± 0.1 mm
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turbances, profuse postoperative nasal bleeding, pain, sub-
nasal swelling, and a sense of “blockage” and “ethmoidal 
sinusitis” after 6 months [18]. When postoperative bleeding 
and prolonged paresthesia occur following dental implant 
placement in the anterior maxilla, neurovascular injury 
should be suspected [19] Shelley A et al, discussed a case 
in which an accessory canal (AC) was encountered during 
surgical implant placement, which could potentially result 
in persistent postoperative pain [3].

The presence of CS should be highlighted not only 
when planning surgery in the maxillary anterior, as it 
can affect implant success, but also when interpreting 
intraoral radiographs, as it may be mistaken for a peri-
apical pathologic condition [20]. 

In conclusions, the CS is an anatomical structure 
which presence is relevant for oral surgery procedures in 
the anterior maxillary area. The awareness of it from cli-
nicians lead to a more accurate diagnosis and treatment 
planning.
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Abstract. The evaluation of maxillary sinus volumes is fundamental for pre-surgical 
planning in this area, as well as for the diagnosis of sinusitis and the diagnosis and 
treatment of maxillary hypoplasia. This study aimed to assess changes in sinus volume 
over time as a function of different conditions, such as sex, orthodontic treatments like 
rapid palate expansion, and the presence of edentulism. The Cone-Beam Computed 
Tomographies of eighteen patients were selected, and their entire sinus volumes were 
segmented, enabling the measurement of the sinus volume in three spatial dimensions. 
The collected data were statistically analyzed using the T-Student test and ANOVA. 
The mean size of the measured right sinus volume was 14.42 cm³, and that of the left 
sinus was 14.17 cm³. No statistically significant difference was identified between the 
right and left maxillary sinus volumes, even in correlation with the considered factors 
(p-value > 0.05). The values found in the present study agreed with those in the litera-
ture, confirming the importance of radiographic evaluation of this structure for diag-
nosis and treatment planning.

Keywords:	 maxillary sinus, maxillary antrum, Cone Beam Computed Tomography, 
innovation technology, health.

INTRODUCTION

The paranasal sinuses serve both skeletal and respiratory functions. They 
lighten the skull and provide a structure that can withstand facial trauma 
while conferring resonance to speech and warming inspired air (Amine et 
al., 2020). Therefore, it is crucial to study the anatomy and volumetric exten-
sion of the maxillary sinus for diagnosis, verification of response to chemo- 
and radiotherapy in malignant tumors, and surgical planning (Thariat et al., 
2021). Surgical treatments requiring a study of the full volume of the maxil-
lary sinuses include endoscopy sinus surgery and maxillary floor lift for graft 
and implant placements (Giovannetti et al., 2019; Raponi et al., 2021). The lit-
erature reports that breathing patterns, dental problems, anatomical features, 
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gender, and age influence the maxillary sinus volume 
(Iturralde-Garrote et al., 2023). 

This study aimed to measure in vivo the volumetric 
dimensions of maxillary sinuses in a European popu-
lation and see if there is any association between the 
morphometric data with gender, orthopaedic treatment 
on the palate (rapid palatal expansion), and presence of 
edentulism.

MATERIAL AND METHODS 

Eighteen Cone Beam Computed Tomography 
(CBCT) scans were collected from patients requiring 
surgical treatment in maxillary sinuses. The CT scans 
had a reading area measuring 23.8 cm in width and 19.3 
cm in height, a grayscale of 14 bit, voxel dimension of 
0.4/0.3/0.25/0.2 mm, and a field of view of 16.5 cm x 17 
cm. The DICOM files were segmented using the open-
source software INVESALIUS vers. 3.1, highlighting the 
airspace of the maxillary antrum on the three direction 
(axial, sagittal and coronal) in each sections (Figure 1). 

Finally, the 3D volume rendering of the maxillary 
sinus was obtained (Figure 2).

Statistical analysis of the obtained data was per-
formed using SAS University edition software. T-Student 
and One Way ANOVA tests were performed in the sta-
tistical analysis, with statistical significance assumed at 
p-value < 0.05.

RESULTS

The mean value of the right side was higher than 
the left side. The mean and standard deviation of the 
measured volume of the right maxillary sinus resulted 
in 14.42 + 4.73 cm3, and that of the left maxillary sinus 
was 14.17+ 4.79 cm3. The minimum and maximum val-
ues found for the right maxillary sinus were 6.44 and 
29.3 cm3, and for the left sinus were 6.32 and 27.53 cm3. 
The difference assessed by the T-Student test between 
the right and left sinuses was not statistically signifi-
cant (p-value> .05). From the association of the volu-
metric values of the right and left maxillary sinus with 
the established categories (Rapid Palatal Expansion, 
presence of edentulism, and presence of sinusitis), it 
was possible to see how the edentulism and the sinusi-
tis decrease the volume of maxillary sinuses, both left 
and right. However, the patients who underwent palatal 
expansion had different results from the left and right 
maxillary sinus (Table 1).

DISCUSSION

The present study aimed to assess whether certain 
factors could influence the size of the right and left max-
illary sinuses individually. The study referred to previous 
research that evaluated maxillary sinus size consider-
ing various factors. Emirzeoglu et al. (2007) evaluated 
39 males and 38 females using computed tomography 
scans, which showed that the average size of the maxil-
lary sinuses was 11.6 + 0.8 cm3, smaller than the present 
study’s findings. Pirner et al. (2009) conducted a study 
for pre-operative anatomical assessment in sinus surgery 
and found that the volume of the right maxillary sinus 

Figure 1. a. CBCT frontal section of the maxillary sinus; b. CBCT 
axial section of the maxillary sinus; CBCT sagittal section of the 
maxillary sinus.
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was 17.4 cm³, while the left was 17.9 cm³, larger measure-
ments than those reported in the present study. Urooge 
et al. (2017) reported a mean value of maxillary sinus 
volume of 16 cm3, and Bangi et al. (2017) reported an 
average volume of 15.3 cm3 in the right maxillary sinus 
and an average volume of 13 cm3 in the left maxillary 
sinus, values that were in line with the present study’s 
findings. Giacomini et al. (2018) experimented to deter-
mine the best method for measuring maxillary sinus 
volumes in a sample of 30 subjects, finding a mean value 
of 14.7 cm3 between the right and left maxillary sinuses.

The literature has also investigated whether there is a 
dimensional variation of the maxillary sinus between oral 
and nasal breathing patients. Tikku et al. (2013) found 
that oral breathers had a smaller maxillary sinus volume 
than nasal breathers. Agacayak et al. (2017) analyzed 239 
subjects, finding that the maxillary sinus of oral breath-

ers was significantly smaller than that of nasal breathers. 
Additionally, studies have investigated the change in max-
illary sinus volume following orthognathic surgery. Panou 
et al. (2013) evaluated 16 patients who underwent cone 
beams before and after surgical treatment for third class-
es, showing a significant reduction in the volume of the 
maxillary sinus. Okşayan et al. (2017) compared the vol-
ume of the maxillary sinuses in patients with high, low, or 
normal vertical size, finding a greater maxillary sinus size 
in the group with low vertical dimension compared to the 
group with high vertical dimension.

The present study found that the average volume of 
the maxillary sinuses was 14 cm3 and emphasized the 
importance of studying maxillary sinus volumes for pre-
surgical planning in the case of surgery in these areas 
and for the diagnosis and treatment of maxillary hypo-
plasia in oral respiratory patients.

CONCLUSION

The study of maxillary sinus volume is crucial 
because of its variability and essential in the diagnosis 
process of suspected sinusitis, to plan any endoscopic 
surgery in this area, to determine if the maxillary sinus 
lift is reliable and to quantify the amount of volume 
graft in case of alveolar bone regeneration surgery.
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Abstract. During the first year of life, development and balance of newborn gut micro-
biota are strongly influenced by external factors such as delivery mode, breastfeeding, 
duration of pregnancy, mother diet and lifestyle, siblings and pets, environment, and 
antibiotics administration. Gut microbiota colonization starts with facultative anaer-
obes and continues with the establishment of anaerobic genera of which Bifidobac-
teria are the gold standard of a healthy gut neonatal microbiota. Scientific literature 
traditionally describes the fetus as sterile in the womb and identifies the membranes 
rupture as the beginning of microbial colonization. Vaginal delivery is an important 
source for the onset of infant colonization which will then continue with the transfer 
of a new selection of intestinal bacteria with breastfeeding. During cesarean delivery 
a direct contact of the mouth of newborn with the vaginal and intestinal microbiota is 
absent, and environmental bacteria play an important role for infants intestinal colo-
nization. Nature has ensured that newborns receive other specific maternal bacteria, 
through a subsequent method of transfer: breastfeeding. We present a brief and com-
prehensive state-of-the-art in order to encourage natural childbirth and breastfeeding 
whenever possible and discuss innovative directions for develop new ad hoc personal-
ized treatments in order to restore physiological microbiota.

Keywords:	 gut microbiota, newborn microbiota, bifidobacteria, breastfeeding, vaginal 
delivery, cesarean delivery.

INTRODUCTION

The intestinal microbiota is essential for the development and matura-
tion of the immune, metabolic, and cognitive systems. According to cur-
rent knowledge, it is crucial to ensure its balance in the first year of life in 
order to guarantee a well-being even in adulthood. In full-term infants, natu-
ral delivery and breastfeeding represent the most important drivers for the 
early composition of the intestinal microbiota, but the overall composition of 
neonatal gut microbiota is influenced by additional factors such as mother’s 
diet and lifestyle, siblings, pets, environment, and antibiotics administration 
(Yasmin F. et al., 2017; Stewart C.J. et al., 2018) (Figure 1). 
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Natural birth provides a greater bacterial rich-
ness and variety with a clear overlap with the mater-
nal microbial profile. An interesting systematic analysis 
showed significant domain of Bifidobacterium and Bac-
teroides in naturally delivered compared with cesarean 
section delivered newborn, colonized by Clostridium 
and Lactobacillus (Rutayisire E. et al., 2016). Bifidobac-
teria are also transmitted to infants with breastfeed-
ing. Thus, children born by cesarean section and/or not 
breastfed, commonly develop a bifidobacterial dysbiosis. 
Tojo R. et al. showed that neonatal bifidobacterial dys-
biosis, as well as in adulthood, correlates and increases 
the risk of atopy, allergy, irritable bowel syndrome, 
inflammatory bowel disease, celiac disease, and obesity 
(Tojo R. et al., 2014).

An “upstream” hypothesis suggests that fetus 
already encounters initial microbial colonization at 
intrauterine level (Collado M.C. et al., 2016).

What’s new? Interesting novel studies highlight 
how the evolution has been able to ensure the microbes 
transfer from mother to child. Vatanen T. et al. discov-
ered that maternal gut microbioma influence the infant 

microbioma through mobile genetic elements from the 
late pregnancy (Vatanen T. et al., 2022). Bogaert T. et al. 
suggest the presence of auxiliary routes of mother-to-
infant microbial seeding (Bogaert T. et al., 2023).

NATURAL DELIVERY: THE GOLDEN WAY 

Over the last twenty years, elective or emergency 
cesarean delivery (CD) increased worldwide (Arboleya S. 
et al., 2018). This delivery mode, undoubtedly mandatory 
in most cases, led to alterations of newborn intestinal 
microbial profile, lacking the classical vaginal microbiota 
transmission route. In addition, antibiotic prophylaxis, 
following CD, directly impacts, on the newborn intesti-
nal microbiota.

In physiological conditions, in pregnant women 
intestinal microbiota undergoes a process of bacterial 
inflammatory drift resulting in an increase of Proteo-
bacteria and a decrease of butyrate-producing species, 
in order to increase the supply an adequate maternal fat 
reserve for breastfeeding.

Figure 1. Determinants of development and balance of newborn gut microbiota. Created with BioRender.com.
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Infant intestinal microbiota composition is mostly 
derived from different maternal body districts: intes-
tine (22.1%), vagina (16.3%), oral cavity (7.2%), and 
skin (5%) (Cardelli E. et al., 2021). Vaginal delivery 
(VD), as compared to CD, confers different and more 
stable microbial colonization, containing mainly Lac-
tobacilli, Prevotella and Bifidobacteria. Childs from 
CD, on the contrary, acquire a microbiota similar 
to the skin microbiota, with a greater expression of 
Clostridium, Staphylococcus and Enterococcus (Figure 
2). This results in a delayed colonization of Lactoba-
cilli, Bifidobacterium and Bacteroides and a consequent 
reduction of Th1 lymphocytes or Bacteroides-depend-
ent cytokines during the first two years of life (Jakobs-
son H.E. et al., 2014).

In the vaginal area, Lactobacilli produce lactic acid 
from glucose derived by glycogen catabolism, an essen-
tial function for the pH maintenance of pH to avoid 
infections; furthermore, through the α-galactosidase, are 
able to catabolize milk lactose. Lactobacilli also stimu-
late pulmonary growth and alveolarization process in 
the lungs of newborns and exert a protective effect, 
probably due to their anti-inflammatory and immuno-
stimulatory properties, with a reduced incidence of 
inflammatory airways diseases (Stokholm J. et al., 2020; 
Cardelli E. et al., 2021). In addition, during VD, con-
tractions and oxygen hypoxia promote the development 
of stress hormones such as catecholamine and cortisol. 
Cortisol increase at birth is a predictor of hypothalamic-
pituitary-adrenal axis activation of the immune system, 
lung, and organ maturation and neurogenesis. In con-
trast, in CD the use of synthetic oxytocin, antibiotics 
correlates with higher global DNA methylation in cord 
blood derived leukocytes, which could be involved in 
T-helper type 1 and 2 T-helper cells imbalance, leading 
to an increased risk of immune diseases (Cho C.E. and 
Norman M., 2013).

HUMAN MILK: THE WHITE GOLD

Differences in gut microbial composition between 
breast-fed and formula-fed infants are well-estab-
lished. Mammary glands are colonized by fecal bacte-
ria through the entero-mammary circulation and thus 
release “contaminated milk”. Indeed, maternal intestine, 
mammary gland and milk show the same strains that 
are then traced in newborn intestine. Specifically, breast-
feeding has been associated with the presence of Bifido-
bacterium and Lactobacillus present in breast milk and 
Staphylococcus present on the skin surrounding the nip-
ple (Stewart C.J. et al., 2018) (Figure 2). 

Since the maternal microbiota shapes the antibody 
“repertoire” of breast milk, breastfeeding contributes to 
the transfer of immune memory from the mother to the 
child. Once infants begin weaning, the protective effects 
of milk disappear (Ganal-Vonarburg S.C. et al., 2020).

Exclusive breast-fed newborns present an eubiosis 
characterized by a lower biodiversity, primary focused 
on Bifidobacteria, by a slower microbiota maturation 
and progressive diversification until weaning. On the 
contrary, formula-fed newborn are exposed to different 
substances that promote different patterns of intestinal 
microbial colonization and resulting in an anticipated 
divergence towards the typical adult composition (Figure 
2). Both formula-fed and mixed-fed infants microbiota 
are characterized by an anticipated decrease in Bifido-
bacteria, with a consequent immune immaturity that 
has both immediate and delayed effects. 

A study by Stewart C.J. et al. showed a clear 
increase of Bifidobacteria in early stages of life associ-
ated with breastfeeding, while its interruption leads to 
an anticipated decrease of Bifidobacteria and therefore to 
immune immaturity (Stewart C.J. et al., 2018). To note, 
Bifidobacteria are capable to metabolize Human Milk 
Oligosaccharides (HMO), and to produce aromatic lactic 
acids, bacterial post-biotic metabolites able to strengthen 
the intestinal barrier, protect against infection, influence 
the host’s metabolism, and modulate immune function 
(Laursen M.F. et al., 2021).

It is important to emphasize that milk microbiome 
is far from stable: a maternal wrong diet can decrease 
the benefits and/or cause newborn dysbiosis resulting 
in gastrointestinal and metabolic disorders. For exam-
ple, varying the glycemic index or the energy source 
influences the composition of the HMO and, conse-
quently, the bacterial strains involved in their metabo-
lism. Therefore, it is crucial to consider the dynamics 
and possible factors influencing milk microbiome, in 
order to safeguard the newborn health (Seferovic M.D. 
et al., 2020).

In summary, breast milk can act as a dynamic 
“incubator” that enriches, protects, and transports spe-
cific bacteria in the newborn intestinal tract. Exclusivity, 
duration, and modality (directly or using breast pump) 
of breastfeeding shape infants gut microbiota and its 
overall composition (Moossavi S. et al., 2019; Fehr K. et 
al., 2020).

CONCLUSION

Pregnant women should be properly informed by 
medical staff about the actual consequences of VD or 
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CD delivery modes on child health, limiting CD to 
peculiar conditions.

Breastfeeding becomes even more important after 
CD, since newborn do not inherit maternal vaginal and 
intestinal microbiota.

Currently, it is possible genetically identify bacterial 
microbiota in maternal feces and breast milk and trans-
fer specific selected strains to newborn to help develop-
ing a physiological microbiota.

It will be crucial to determine the best way to trans-
fer mother microbiota to her caesarean-born children, 
through vaginal seeding or fecal microbiota transplanta-
tion, as well as to develop a universal cocktail of bacteria 

to reproduce the healthy microbiota (Mueller N.T. et al., 
2019; Korpela K. et al., 2020).
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Abstract. The World Health Organization defines probiotics as “live microorganisms 
which, when administered in adequate amounts, confer a health benefit on the host”. 
One of the most well studied probiotics is Limosilactobacillus reuteri, a Gram-positive, 
rod-shaped bacterium that colonizes the mucosal surfaces of mammals and birds and 
is considered autochthonous to the human microbiome. Genetic analyses have con-
firmed that this microorganism has co-evolved with its host, a prerequisite for the 
development of a mutualistic relation. On the one hand, L. reuteri contributes to the 
health of the host by releasing antimicrobial compounds, such as reuterin, and numer-
ous active metabolites that can cross the epithelial barrier and reach different targets. 
Secondly, it can directly prevent the mucosal colonization by pathogenic bacteria help-
ing in the prevention and restoration of dysbiosis due to the capability of forming bio-
film. The characterization of numerous effector molecules produced by L. reuteri has 
provided a broad understanding of the mechanisms by which it not only displays anti-
microbial and immunomodulatory activities within the gastrointestinal tract but can 
also influence the correct balance of distal locations of the body. This mini-review car-
ries out a brief overview relating to the most well-known properties of L. reuteri high-
lighting the main biological processes involved.

Keywords:	 Limosilactobacillus reuteri, probiotic, postbiotic, immunomodulation.

INTRODUCTION

Named after Gerhard Reuter, the German microbiologist who conduct-
ed pioneering studies on the subject, Lactobacillus reuteri has recently been 
reclassified as Limosilactobacillus reuteri (Zheng et al., 2020). This Gram-
positive bacterium is currently one of the widely-used probiotics, in which 
an increased number of studies support its ability to elicit health benefits to 
the host (Mu et al., 2018). As confirmed by Oh et al., L. reuteri colonizes the 
Gastrointestinal Tract (GIT) of different vertebrates and can be considered 
autochthonous to the human gut. Their phylogenetic analysis speculates the 
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fact that, between this microorganism and the host, 
there is a symbiotic relationship developed from a long-
term evolutionary process (Oh et al., 2009; Walter et al., 
2011). 

As a member of the gut microbiota, L. reuteri strains 
are involved in a complex interplay within the host 
and can exert different antimicrobial, immunostimula-
tory and anti-inflammatory activities (Abuqwider et al., 
2022). In addition to lactic acid and different low-molec-
ular mass compounds, L. reuteri produces a small alde-
hyde, known as reuterin, which is effective in inhibiting 
numerous bacterial pathogens (Castellani et al., 2021). At 
the same time, L. reuteri produces biofilm that provides 
a successful colonization of host-tissues, thus limiting 
the adhesion of pathogens (Grande et al., 2017). The pur-
pose of this mini-review is to provide an overview of the 
most well-known properties of L. reuteri describing its 
potential role in health and disease. 

L. REUTERI BIOACTIVE COMPOUNDS

According to the definition provided by the Interna-
tional Scientific Association of Probiotics and Prebiotics, 
the term “postbiotics” defines a “preparation of inani-
mate microorganisms and/or their components that con-
fers a health benefit on the host” (Salminen et al., 2021). 
In line with this definition, several metabolites produced 
by L. reuteri can be mentioned for their bioactivities and 
they could be part of preparations with postbiotic prop-
erties (Figure 1). 

Reuterin is a water-soluble mixture of different 
forms of 3-hydroxypropionaldehyde synthesized only in 
the presence of glycerol. It shows antimicrobial activ-
ity against Gram-positive and Gram-negative bacteria 
maintaining this effect in a wide range of pH (Cleusix 
et al., 2007). Then, Thomas and colleagues characterized 
the function of L. reuteri 6475-derived histamine. This 
compound is the result of the L-histidine metabolism 
and exerts anti-inflammatory activity via tumor necrosis 
factor suppression (Thomas et al., 2012). Similarly, sev-
eral authors reported that L. reuteri can produce adeno-
sine which can also reduce inflammation by interacting 
with T-cell receptors (Pang et al., 2022; Liu et al., 2023). 
Moreover, some strains, such as L. reuteri CRL1098 and 
L. reuteri JCM1112, can produce vitamins including 
vitamin B12 and vitamin B9 (Mu et al., 2018). 

However, it is reasonable to assume that all the 
health promoting properties could be related to a syn-
ergy between the compounds released by this bacterium. 
For instance, Maccelli et al. found that the Cell Free 
Supernatant (CFS) of L. reuteri DSM 17938 displayed 

antimicrobial and antibiofilm activities versus different 
pathogens, although it was almost impossible to attrib-
ute these functions to a single compound. In fact, the 
metabolomic analysis revealed the complexity of the 
CFS composition making its characterization a chal-
lenging issue (Maccelli et al., 2020; Vitale et al., 2023). 
Furthermore, these studies focused on L. reuteri-derived 
Membrane Vesicles (MVs) which can be produced in 
the planktonic and biofilm phenotypes. As reviewed by 
Krzyżek et al., the MVs secreted by L. reuteri, as well as 
other probiotics strains, are likely one of the effectors 
of the probiotic activity in maintaining physiological 
homeostasis and ameliorate disease conditions (Krzyżek 
et al., 2023). 

HEALTH PROMOTING PROPERTIES OF L. REUTERI 

It is widely known that a balanced gut microbiota 
promotes the health of the host and that probiotics play 
a key role in maintaining tissue homeostasis. Given their 
resistance to low pH and bile salts, multiple L. reuteri 
strains have the potential to colonize the GIT; the adher-
ence to epithelial cells is guaranteed by the expression of 
mucus-binding proteins and the production of exopoly-
saccharides which result in the biofilm formation (Mu 
et al., 2018). L. reuteri competes for nutrients and space 
with other microorganisms, thus limiting their growth. 
As mentioned above, it can release antimicrobial com-
pounds that directly kill pathogens. This probiotic is also 
known for enhancing the function of the intestinal epi-

Figure 1. Graphical summary of Limosilactobacillus reuteri bioac-
tive compounds. Created with BioRender.com.
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thelial barrier by reversing altered transepithelial elec-
trical resistance and increasing the expression of tight 
junction proteins (Gao et al., 2022). It is interesting to 
note that in 2022 Lee and colleagues demonstrated that 
L. reuteri DS0384 accelerated the maturation of fetal 
intestine in stem cell-derived models as well as in vivo 
models. The results obtained using different strains gave 
way to the conclusion that the effect is strain-dependent 
rather than species-dependent (Lee et al., 2022).

	 The colonization of the GIT mucosa and the 
immunomodulatory properties attribute L. reuteri 
as having key function that may be effective for the 
management of inflammatory bowel disease. Numer-
ous studies reported that the treatment with L. reu-
teri decreased the levels of pro-inflammatory markers, 
in both in vitro and in vivo models, by regulating Treg 
and dendritic cells (Abuqwider et al., 2022). At the same 
time, Liu and colleagues demonstrated that four L. reu-
teri strains can differentially modulate the release of 
cytokines and chemokines from cultured intestinal cells 
and rat intestine resulting in both immunosuppression 
and immunostimulation (Liu et al., 2010). 

As extensively studied, the cross-talk between probi-
otics and immune system does not only impact the gas-
trointestinal tissue, but correlates with the homeostasis 
of different areas of the body. Fang et al. documented 
the efficacy of L. reuteri treatment in alleviating atopic 
dermatitis in mice (Fang et al., 2022), while, in 2023 Lu 
et al. investigated whether maternal L. reuteri supple-
mentation could restore detrimental neurological altera-
tions in offspring. Given that maternal inflammatory 
states can induce Blood-Brain Barrier (BBB) dysfunc-
tion and neurodevelopment deficits in children, they 
employed rodent models of maternal immune activa-
tion and demonstrated that L. reuteri treatment during 
lactation rescued the BBB deficits in offspring improv-
ing their spatial learning later in life. Even though the 
detailed mechanisms are still unknown, it is plausible 
that these effects are mediated by metabolites and neu-
rotransmitters systemically released by L. reuteri (Lu et 
al., 2023). Thus, as documented for other probiotics, L. 
reuteri participates in the balance of the gut-brain axis 
(Abuqwider et al., 2022). 

CONCLUSION 

The existing body of literature concerning L. reuteri 
allowed its characterization in terms of sites of coloniza-
tion, capability of forming biofilm and release of bioac-
tive compounds. Therefore, all these findings highlighted 
the numerous health promoting properties related to 

this probiotic. This mini-review summarizes some of the 
most well studied L. reuteri strains that are involved in 
health and disease conditions and widely described are 
some of the mechanisms related to their properties. In 
conclusion, studies in this area of research are constantly 
evolving with the purpose of continuous learning relat-
ing to this probiotic. 
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Abstract. Biocompatibility is one of the major prerequisites for safe clinical applica-
tion of materials. Dental resin composites may release their components into oral 
environment, which can lead to adverse reactions. Several studies have identified that 
many organic components of composites resin, such as bisphenol-A-glycidyl-meth-
acrylate (Bis-GMA), triethylene glycol dimethacrylate (TEGDMA), urethane dimeth-
acrylate (UDMA) and 2-hydroxyethyl methacrylate (HEMA) show a cytotoxic profile. 
Cytotoxicity is mainly sustained by free monomers released after polymerization pro-
cess. Direct restorations are polymerized at body temperature by visible light emit-
ting lamps, but the conversion from monomer to polymer after light-curing is never 
complete. To improve the degree of conversion of resin-based composites, additional 
curing protocols performed at increased temperatures, such as heat-curing, can be 
employed. Polymerization reaction plays a key role in the conversion of the free mono-
mers into polymers and resin-based composites with high degree of conversion might 
show higher biocompatibility. The aim of this mini-review is to report current knowl-
edge about the cytotoxicity of different composite resins, cured in two different ways. 
Further studies are necessary to better understand the relationship between the cyto-
toxicity and the degree of polymerization of resin-based composites. 

Keywords: composite, cytotoxic, polymerization.

INTRODUCTION 

In restorative dentistry decayed tooth tissues and dental defects can be 
replaced by direct and indirect dental composite. Direct composite restora-
tions are light-cured at body temperature, while indirect restorations can be 
subjected to supplementary heat-curing cycles. Resin composites are widely 
used in restorative dentistry, although their safety in terms of biocompatibil-
ity is not yet completely understood (Yang et al. 2018).

Biocompatibility, which is defined as the ability of a material to induce 
an appropriate biological response following a specific application, is con-
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sidered a key property for any material used in contact 
with human tissues. In the oral cavity, biocompatibil-
ity depends on the host, the material and the function 
performed. The polymerization process and the intra-
oral degradation are considered two main factors able 
to influence the free-monomer release from a polymeric 
matrix (Goldberg 2008). Biocompatibility and degree of 
monomer conversion seem to be correlated as the cyto-
toxic effect is directly affected by the monomers released 
by uncured resin in the composite (Inoue et al. 1988). 
Intra-oral degradation is defined as a chemical degra-
dation caused by hydrolysis or enzyme catalysis and by 
the interactions between the composite resins and the 
human saliva-derived esterases and pseudocholinester-
ases (Goldberg 2008). Polymeric weight loss occurs as 
a result of water and solvents entering and eroding the 
polymer, while free monomers spread as a result of the 
expansion of the polymer network (Goldberg 2008). 
These monomers showed a cytotoxic effect in vitro for 
dental pulp and gingival cells (Goldberg 2008). Some 
ions as Cu2+, Al3+, and Fe2+ could be also implicated in 
the production of reactive oxygen species (ROS) (Gold-
berg 2008). The purpose of this mini-review is to report 
current knowledge about the cytotoxicity of resin-based 
dental composites subjected to two different polymeriza-
tion protocols: light-curing and heat-curing.

COMPOSITE RESINS

Resin composites are composed by polymer matrix, 
filler, silane coupling agents and chemicals that catalyse 
or inhibit the curing reaction. Biocompatibility of the 
composite resins can be affected by the organic matrix 
components as bisphenol-A-glycidyl-methacrylate (Bis-
GMA), triethylene glycol dimethacrylate (TEGDMA), 
urethane dimethacrylate (UDMA), and 2-hydroxy-
ethyl methacrylate (HEMA) (Yang et al. 2018; Goldberg 
2008). Bis-GMA is the mainly used monomer in dental 
resins, due to its mechanical properties and relatively 
low curing shrinkage (Gajewski et al. 2012). Salivary 
hydrolysis may promote the release of small amounts of 
Bisphenol A (BPA) in Bis-GMA based materials (King-
man et al. 2012) (Fig. 1). BPA estrogenic potential effects 
can affect the human health (Söderholm and Mariotti 
1999). After composite placement in oral cavity, short-
term increases in BPA levels were observed (Kingman 
et al. 2012). Promising results have been obtained by 
Bis-GMA-free composites, but to appreciate stability 
of these materials over time, further research is needed 
(Pérez-Mondragón et al. 2020). Moreover, according to 
the literature, the combined action of many monomers 

included inside a commercial composite formulation 
may produce different cytotoxic and genotoxic effects 
compared to their single action (Wisniewska-Jarosinska 
et al. 2011), suggesting that biocompatibility of complex 
materials should not be assessed based on the effect of 
single specific components (De Angelis et al. 2021). The 
in vitro elution of resin-based dental composites seems 
to be influenced by organic and water-based solvents, 
molecular mass, volume and surface area of the com-
posite restoration (De Angelis et al. 2022). Also, the type 
of inorganic filler should be considered. The inorganic 
filler content positively enhances mechanical proper-
ties of current resin-based composites (Ferracane 2011), 
but a potential cytotoxic risk related to modern nano-
scale fillers has been pointed out with concern by some 
authors (Nel et al. 2006). 

POLYMERIZATION

The extent of polymerization is defined as the 
degree of conversion of monomers into polymers. 
Direct composite restorations are light-cured at body 
temperature, while indirect restorations are subjected to 
further curing cycles. During polymerization reaction, 
an amount of monomeric methacrylate groups rang-
ing between 15% and 50% may remain unreacted (Fer-
racane 1994). Unbounded monomers may be released 
to external environment by an incomplete polymeriza-
tion and possibly cause irritation, inflammation, and 
allergic reactions of oral mucosa (Goldberg 2008). As 
a result of the incomplete polymerization reaction, the 
residues of free methacrylate monomers may promote 
the production of prostaglandin E2 (PGE2), cyclooxy-
genase 2 (COX2), and the increase of interleukin-1β 
(IL-1β), IL-6, and nitric oxide (NO), triggering a pro-
inflammatory response (Kuan et al. 2013). The curing 
time, the intensity and the distance of the light-curing 

Figure 1. Chemical structure of Bis-GMA. The original figure has 
been published in: “Šimková M, Tichý A, Dušková M, Bradna P. 
Dental composites - a low-dose source of bisphenol A? Physiologi-
cal research. 2020;69(Suppl 2):S295-s304.”
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lamp from the specimens are factors affecting the mon-
omer conversion (Leloup et al. 2002), which inadequate 
conversion may jeopardise the mechanical properties of 
dental-based resin composites (Ferracane 1994). Addi-
tional heat-curing cycles, providing light at increased 
temperatures ranging between 50 and 170 °C, can be 
performed to increase the degree of monomer conver-
sion of composite resins, reducing the amount of unre-
acted material at the composite surface, simultaneously 
improving the material mechanical properties (Magne 
et al. 2015) (Fig. 2). Higher amounts of eluted mono-
mers are correlated to a lower extent of monomer to 
polymer conversion (Miletic and Santini 2008). Accord-
ing to Caughman and coll. (Caughman et al. 1991), the 
percentage of increased monomer conversion should be 
proportional to a decreased cellular toxicity. However, 
to our knowledge, no previous study was able to dem-
onstrate a difference in cytotoxicity between heat- and 
light-cured composites. Moreover, according to Säilyno-
ja and coll. (Säilynoja et al. 2004), cytotoxicity would 
not be affected by heat-curing process due to the slow 
release of molecules from the matrix, although UTMA-
based materials were considered in their study (Table 1). 

Similar results were obtained by Vallittu and coll (Val-
littu and Ekstrand 1999). Thus, the correlation between 
degree of conversion and cytotoxicity of resin compos-
ites seems to need further investigations.

CONCLUSIONS

In conclusion, from a clinical point of view, resin-
based dental composites should demonstrate the lowest 
possible citoxicity, preserving their mechanical proper-
ties and clinical performance after the polymerization 
process. The present mini-review evidenced the impor-
tance of polymerization reaction for the release of resid-
ual monomers. However, the correlation between the 
cytotoxicity of dental resins composite and the degree of 
monomer conversion or the composite chemical formu-
lation seems still to be better understood. 
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Factor Clinical repercussions

Curing time
It depends on: resin shade, light intensity, box 

deep, resin thickness, curing through tooth 
structure, composite filling.

Shade of resin
Darker composite shades cure more slowly and 
less deeply than lighter shades (60 seconds at a 

maximum depth of 0.5 mm).

Temperature Composite at room temperature cure more 
completely and rapidly.

Thickness of resin Optimum thickness in 1-2 mm.

Type of filler Microfine composites are more difficult to cure 
than heavily loaded composites. 

Distance between 
light and resin

Optimum distance < 1 mm, with the light 
positioned 90 degrees from the composite 

surface.

Light source 
quality

Wavelength between 400 to 500 nm. A power 
density about 600 mW/cm2 is required to ensure 
that 400 mW/cm2 reaches the first increment of 

composite in a posterior box.
Polymerization 
shrinkage Depends on the amount of organic phase.
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Abstract. Spinal cord injury (SCI) is a debilitating condition characterized by primary 
and secondary damage to the spinal cord tissue encompassing the site of injury. In this 
study, we analyzed transcriptomic data from Rattus norvegicus with SCI induced by 
aneurysm clip impact-compression at seventh thoracic vertebra to explore the main 
alterations in pathways expression. RNA was extracted from the specific SCI region 
after 2 weeks and hybridized on Affymetrix GeneChip arrays. Differential gene expres-
sion analysis identified 5213 DEGs among which 25 showing a fold change < -2 or > 2. 
Over-representation analysis was performed using the 25 DEGs above mentioned and 
revealed the toll-like receptor (TLR) signaling pathway signaling pathway (rno04620) 
as the only significantly enriched pathway (q-value < 0.05). Further examination of the 
regulation of this pathway unveiled upregulation of MyD88, Tlr2, and Tlr4, activating 
NF-κB and MAPK pathways, leading to proinflammatory cytokine synthesis and cellu-
lar apoptosis. Upregulation of Cd80 and Cd86 indicated T-cell activation, while IFN-β 
downstream regulation showed increased expression of JAK-STAT signaling pathway 
genes. This transcriptomic perspective highlights the dysregulation of the TLR signal-
ing pathway in SCI at 2 weeks and emphasizes its potential role in the pathology. 

Keywords:	 spinal cord injury, toll-like receptor signaling pathway, transcriptomic 
analysis, microarray. 

INTRODUCTION

Spinal cord injury (SCI) is a traumatic event that can cause primary and 
secondary damage to the spinal cord tissue surrounding the lesion site (Ahuja 
et al., 2017). The primary injury is caused by the initial impact, which can lead 
to the rupture of nerve fibres. This damage is often irreversible and results in 
the loss of both motor and sensory capabilities below the site of injury (Eck-
ert & Martin, 2017; Ortega et al., 2023). The secondary injury occurs within 
a short period after the initial impact causing progressive damage to the sur-
rounding spinal cord tissue at the site of injury (Alizadeh et al., 2019). Approx-
imately 500.000 individuals experience a SCI annually, resulting in a higher 
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risk of premature mortality (“Spinal Cord Injury (SCI) 
Facts and Figures at a Glance,” 2016). An important 
overview in the SCI was obtained using animal models 
to replicate this pathological condition (Cheriyan et al., 
2014) (Sharif-Alhoseini et al., 2017). In this publication 
we chosen to explore the pathways that can play a role in 
the ongoing of the SCI through 2 group of samples of rats. 
We compared the genes expression of sham group and 
SCI group after 2 weeks from the damage to highlights 
gene that can act an important role in the disease.

MATERIALS AND METHODS 

Dataset selection

All the data analyzed in this study were obtained 
from the Gene Expression Omnibus repository (Bar-
rett et al., 2013). The dataset with the accession number 
GSE45006 was downloaded. This dataset contains infor-
mation regarding samples of Rattus norvegicus belong-
ing to either the sham group and group related to 2 
weeks after SCI induced by aneurysm clip impact-com-
pression at seventh thoracic vertebra. The specific region 
of the SCI was isolated to extract RNA. Subsequently, 
the extracted RNA underwent processing and hybridiza-
tion on Affymetrix GeneChip arrays.

Bioinformatic analysis

The analysis conducted to explore the differentially 
expressed genes (DEGs) was performed using R (R Core 
Team) with the limma package (Ritchie et al., 2015) from 
Bioconductor (Gentleman et al., 2004). A background 
correction, followed by quantile normalization, was 
applied to the transcriptomic data. The normalized data 
were then subjected to a principal components analysis 
(PCA). Transcriptomic profiles of our groups were then 
compared to highlights the DEGs with associated the 
information about fold change and q-value. DEGs were 
filtered for fold change and those with fold change < -2 or 
> 2 was used for the over-representation analysis (ORA) 
of the pathways, performed through the package clus-
terProfiler (Wu et al., 2021). List and information about 
pathways used for the analysis were retrieved using the 
KEGG database (Kanehisa & Goto, 2000).

RESULT

The analysis started considering the 31099 transcripts 
included in the array. The matrix used for the study was 

composed by the transcripts on the rows and the 8 samples 
(4 related to sham group and 4 SCI) on the columns. All 
the data mentioned were used to perform the different steps 
of background correction and normalization and then, 
from this data, was possible to carry out the PCA analysis. 
The results of PCA analysis are showed in Figure 1.

Figure 1 suggests an important difference at tran-
scriptomic level among the samples of each group. To 
explore this difference and observe which genes results 
as DEGs we carried out the comparison among sham 
and SCI. We considered DEGs all those genes that had 
a q-value, obtained through the Benjamini-Hochberg 
post-hoc correction of the p-value, <0.05. This investiga-
tion results in 5213 DEGs. The 5213 DEGs were further 
inspected to identify those that exhibited a better fold 
change in the comparison and, to accomplish this, DEGs 

Figure 1. PCA of sham and SCI groups. In the figure, on the axes, 
are reported the principal component 1 and 2 that respectively 
describe the 40.42% and 16.76% of the variance. In green are high-
lighted the area that includes the sham samples and in red the area 
that includes the SCI samples. 

Figure 2. Dot plot distribution of all the transcript after comparison 
among sham and SCI. The dots represent the transcripts and, upper 
the horizontal light blue line, are differentially expressed (q-value < 
0.05). Vertical blue lines indicate the fold change values of -2 and 2. 
In red are reported the DEGs upregulated in SCI conditions with a 
fold change > 2 and in green are reported the DEGs downregulated 
in SCI conditions with a fold change < -2.



67Role of toll-like receptor signaling pathway in a rat model of spinal cord injury: a transcriptomic analysis

with fold change >2 or <-2 were filtered out. Data related 
to fold change and q-value of the transcripts are report-
ed in Figure 2.

Figure 2 shows that 25 DEGs have a fold change > 2 o 
< -2. These DEGs with extreme fold change were used to 
perform the ORA. The aim was to discover some pathway 
that can result as over-represented to give us information 
about some possible biological focus altered in SCI condi-
tion. Results of ORA indicate that the only one pathway 
resulted enriched is “rno04620” related to toll-like recep-
tor (TLR) signaling pathway with a q-value of 0.02. In 
Figure 3 are reported the pathway with the up and down 
regulated DEGs resulted involved. All the DEGs reported 
in the Figure 3 are not filtered for fold change to better 
understand every change in SCI condition.

As reported in Figure 3, it is possible to see that a 
significant portion of the pathway is altered. The path-
way involves a total of 94 genes out of which 44 resulted 
DEGs. Among these DEGs, 37 genes are upregulated in 
the SCI condition, while 10 genes are upregulated.

DISCUSSION

The presence of just 1 pathway from ORA can indi-
cates an important involvement of TLR signaling path-

way in this stage of SCI. Is reported that TLR signaling 
pathways can be divided into two distinct categories: a 
MyD88-dependent and a MyD88-independent pathway. 
MyD88-dependent pathway triggers the rapid activation 
of NF-κB and MAPK, leading to the synthesis of proin-
flammatory cytokines. MyD88-independent pathway is 
linked to the initiation of IFN- and IFN-inducible gene 
expression (Kawai & Akira, 2007; Uematsu & Akira, 
2007). As showed in the results, MyD88 is upregulated 
and this upregulation appears to be a consequence of 
upstream upregulation of Tlr2 and Trl4. Among the 
downstream effects, there is an upregulation of Casp8, 
which leads to cellular apoptosis, as well as an upregu-
lation of NF-kB. Following our results, we can also 
observe that, downstream of the pathway, there is an 
increase in the expression of Cd80 and Cd86 the prod-
ucts of which are known for their activation of T cells 
(Halliday et al., 2020). In addition to what has been 
reported so far, the regulation downstream of IFN-β 
shows an increase in regulation of genes involved in 
the JAK-STAT signaling pathways. Several genes in this 
pathway have already been associated with SCI (Hei-
man et al., 2014; Kigerl & Popovich, 2009; Li et al., 2021) 
but this study highlights the overall dysregulation of the 
pathway from a transcriptomic perspective. Significance 
of our discussion is reinforced by the fact that TLR sign-

Figure 3. Toll-like receptor signaling pathway. In the pathway are highlighted in red the transcripts obtained from upregulated DEGs in SCI 
condition and in green the downregulated in SCI condition. 



68 Simone D’Angiolini, Oriana Trubiani, Emanuela Mazzon

aling pathway it is the only pathway found to be over-
represented. Future investigations are required to ascer-
tain whether the observed gene expression pattern in 
this analysis is maintained at various temporal stages or 
how it may potentially evolve.
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Abstract. Thermal stabilization is important for assuring a sample quality and pre-
vent protein denaturation. Presepsin is a new reliable biomarker of sepsis produced 
in response to bacterial infections. However, before its inclusion into clinical practice 
several criteria need to be fulfilled. One of these regards the samples thermostability 
after a long-term refrigeration in different biological fluids (blood, urine, saliva) that 
can constitute a confounding factor for Presepsin reliability as diagnostic test. On this 
light, this review offers an update of studies analyzing presepsin after sample thawing. 

Keywords:	 presepsin, temperature, biological fluids, sample storage.

1. INTRODUCTION

A proper sample management (collection, processing and storage) is 
essential for assuring a consistent quality for the intended analyses and study 
goal. In particular, consideration must be given to the storage condition to 
maintain sample quality until analyses are completed (Vaught J.B. et al). 

Thermal stabilization is essential to prevent protein denaturation; in 
human fluids, slow freezing and fast thawing represent the recommended 
procedure (He X; Cuhadar S. et al).

Presepsin (P-SEP) is a protein produced in response to bacterial infec-
tions (Botondi V et al). P-SEP is a reliable biomarker for bacterial infections 
in adults, infants and newborns because of its measurability in biological flu-
ids (i.e. blood, urine, saliva), its rapid activation and quick result output (Bot-
ondi V et al; Koh J.H. et al; Prester L. et al). 

Recently, specific criteria for biomarkers inclusion in clinical practice 
have been stated according to official institutions (Food and Drug Admin-
istration, FDA; European Medicine Agency, EMA; the National Institute of 
Health, NIH) including the thermostability and results reproducibility (U.S 
Department of Health and Human Services et al; Hunter D.J. et al). 

There are several studies in Literature focused on P-SEP detection, in 
which samples have been frozen (from -20°C to -80°C) until analysis (Kim S.Y. 
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et al; Lee S. et al; Aliu-Bejta A. et al; Al-Kindi S.G. et al). 
Nonetheless, according to some Authors and to the pack-
age insert of different P-SEP kit (PATHFAST and ELISA) 
a long-term refrigeration could somewhat represent a bias 
for P-SEP stability (Lee S. et al; Wagner B. et al, Khan M.). 

In the present review we offer an overview of stud-
ies using refrigeration as a sample storage method before 
P-SEP analysis. 

2. RESEARCH STRATEGY

We searched in the PubMed database for the period 
2010 to 2023 all records matching the terms “Tempera-
ture”, “sCD14”, “storage conditions” and “frozen sam-
ples”. We found 10 records in whom P-SEP samples were 
stored from -20 to -80 °C.

3. CONTENT

3.1 P-SEP molecule

P-SEP is a truncated form of a cell surface glycopro-
tein (CD14) expressed by innate immunity cells such as 
monocytes and neutrophils. CD14 receptor has a high-
affinity for bacterial lipopolysaccharides (LPS) and acti-
vates the proinflammatory signaling cascade. At the end 
of the process, P-SEP is released in the blood stream 
(Botondi V et al).

3.2 P-SEP sampling and storage 

Characteristics of Studies in which P-SEP samples 
have been frozen for maintenance are shown in Table 1. 

In detail, P-SEP was collected in different study-
population such as:
i)	 adults, in 5 out of the 10 series (Aliu-Bejta A. et al; 

Kim S.Y et al; Al-Kindi S.G. et al; Khan M. et al), 
ii)	 children, in 3 out of 10 series (Nishana E. et al; 

Maya-Barrios A. et al; Bhat S.S. et al), 
iii)	 newborns 2 out of 10 series (Topcuoglu S. et al; Pons 

S. et al).
Moreover, P-SEP was measured/stored in different 

biological fluids such as:
iv)	 blood, in 7 out of 10 series (Topcuoglu S. et al; Aliu-

Bejta A. et al; Kim S.Y et al; Pons S. et al; Al-Kindi 
S.G. et al; Lee S. et al; Khan M. et al)

v)	 saliva, in 3 out of 10 series (Nishana E. et al; Maya-
Barrios A. et al; Bhat S.S. et al), 
Notably, CLEIA assay was performed in 3 out of 10 

studies (Topcuoglu S. et al; Kim S.Y et al; Lee S. et al) 
and ELISA assay in 7 out of 10 reports (Aliu-Bejta A. et 
al; Pons S. et al; Al-Kindi S.G. et al; Al-Kindi S.G. et al; 
Nishana E. et al; Maya-Barrios A. et al; Bhat S.S. et al).

In all studies, samples were stored at a temperature 
of ≤-20°C and only 4 out of 10 studies provide informa-
tion on the duration of freezing (Aliu-Bejta A. et al; Al-
Kindi S.G. et al; Lee S. et al; Khan M. et al). 

Finally, none of the studies object of evaluation ana-
lyzed the samples at different times after thawing.

4. DISCUSSION

Today, the determination of thermostability consti-
tutes an important issue in the evaluation of biomarkers 
suitable for inclusion in clinical daily practice. The aim 
is to guarantee sample quality preventing protein dena-
turation and subsequent reliability of out-put results (He 

Table 1. Characteristics of studies.

Population BF Assay Storage T(°C) Freezing Time Ref

N B C -80°C NA Topcuoglu S. et al
A B E -40°C 7 d Aliu-Bejta A. et al
A B C -70°C NA Kim S.Y et al
N B E -80°C NA Pons S. et al
A B E -70/-80 °C > 2 y Al-Kindi S.G. et al
C S E -20°C NA Nishana E. et al
C S E -80°C NA Maya-Barrios A. et al
A B C -80°C 3 m Lee S. et al
C S E -20°C NA Bhat S.S. et al
A B E -20/-80 °C 34 d / 311 d Khan M. et al

Abbreviations: BF, biological fluid; A, adults; C, children; N, newborn; B, blood; S, saliva; C, CLEIA; E, ELISA; d, days; y, years; m, months 
NA, not available.
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X; Cuhadar S. et al). The issue is noteworthy especially 
for assessment, storage and measurement of P-SEP, a 
new promising early sepsis biomarker (Botondi V et al). 

Among a series of assays currently used for P-SEP 
measurement the most available is the PATHFAST P-SEP 
device. Data on sample storage modalities and potential 
bias are at this controversial and still matter of debate. For 
example, according to manufacturer’ instructions plasma 
samples are reported to be stable for 3 days at +2 to +8 
°C and 9 months at −20 °C or lower, respectively. Nota-
bly, when samples are stored for a period > 9 months the 
result output reliability can somewhat be affected. 

Data is corroborated by those reported by Khan 
M. et al who stored P-SEP samples at a prolonged tem-
perature ranging from -20 to -80 °C and reported that 
caution should be exercised while analyzing samples for 
sCD14 after a so prolonged time-storage length. 

Another issue that still require further investigation 
was within which time-period the samples were frozen 
from collection or were analyzed for the first time soon 
after thawing. Literature data showed in Table 1 report 
that samples were stored at a temperature ≤ -20°C in 
all the studies. It is important to underline that only 4 
out of 10 studies (Aliu-Bejta A. et al; Al-Kindi S.G. et al; 
Lee S. et al) provided information about the duration 
of sample freezing, moreover no study has analyzed the 
P-SEP at different time points after thawing. 

In conclusion, on the basis of the present data:
i)	 there are no studies focusing on the effects of thaw-

ing samples after a long-term storage on the P-SEP 
stability;

ii)	 there are no series investigating the P-SEP thermo-
stability at short/long time from refreshment, and 

iii)	 further research is needed in order to clarify the 
biomarker’s stability at different time points and at 
different storage conditions.
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Abstract. Bacterial adhesion to the implant surface was the first step of peri-implant 
inflammation. Changes in the properties of the implant surface represent a way to 
reduce plaque colonization. The aim of this study was to evaluate the actual efficacy 
of titanium nitride (TiN) coated implants on antibacterial activity. Data were collected 
after identification of PICO. A search was performed in PubMed-Medline, Embase, 
Web of Knowledge, and Google Scholar using the following keywords: “Titanium 
nitride, dental implant coating, antibacterial activity, biofilm formation, plaque forma-
tion, modified implant surfaces, implant abutments”. The original search included 107 
articles. After title and abstract screening, the number was reduced to 12. These arti-
cles were read in full text, and finally 5 articles were included in the mini-review. TiN-
coated titanium appears to reduce bacterial adhesion and growth and may represent a 
real possibility for preventing peri-implantitis and mucositis. However, further clinical 
studies need to be conducted.

Keywords:	 systematic review, titanium nitride, antibacterial activity, dental implant 
coating, peri-implantitis, bacterial adhesion.

INTRODUCTION

The long- term stability of dental implants depends on the integra-
tion of the biomaterial with the tissues surrounding the implants, i.e., bone 
and soft tissue, epithelium and fibrocollagenous connective tissue. Mainte-
nance of a healthy connective tissue-implant interface is a critical issue for 
long-term implant survival. (Adell et al. 1981) Peri-implant inflammation, 
mucositis and peri-implantitis, represent the most common complications of 
dental implants (22%) and may be responsible for implant loss. (Derks and 
Tomasi 2015) The initial stage in the pathogenesis of peri-implant inflamma-
tion is caused by plaque colonization and bacterial adhesion to the implant 
surface. Therefore, it is essential to prevent bacterial adhesion to hard or soft 
tissue.(Abrahamsson et al. 1996) (Abrahamsson et al. 2002) Modifications of 
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implant surface characteristics could affect the biocom-
patibility and osteointegration of dental implants. TiN 
coating was introduced in dentistry in the 1980s. The 
aim of the coating is to achieve greater surface hard-
ness, abrasion/wear resistance and corrosion resistance, 
lower friction, and better interaction with adjacent bio-
logical and material substrates. Physical vapor deposi-
tion (PVD) is the most common method for depositing 
TiN on orthopedic implants, and TiN is formed by the 
reaction of pure titanium and nitrogen gas in a vapor 
phase prior to deposition («Mezger, P.R.; Creugers, 1992) 
(Yeniyol et al. 2013).The aim of this study was to evalu-
ate the antibacterial properties of TiN coating on dental 
implants on microbial biofilm adhesion and bacterial 
growth suppression.

MATERIAL AND METHODS 

This review was performed in accordance with the 
PRISMA (Preferred Reporting Items for Systematic 
Reviews and Meta-analyses) statement (Fig. 1).

A search was performed on PubMed-Medline, 
Embase, Web of Knowledge, Google Scholar includ-
ing the following keywords: “Titanium nitride, dental 
implant coating, antibacterial activity, biofilm formation, 
plaque formation, modified implant surfaces, implant 
abutments”.

The review included in vitro studies comparing the 
antibacterial activity of titanium nitride coatings with 
that of pure titanium, evaluating the percentage of tita-
nium surface covered by bacteria.

In vitro studies were selected based on title and 
abstract. The participants, intervention, comparison, and 
outcomes (PICO) were determined to formulate a specific 
question: How effective is the antibacterial effect of TiN?

RESULTS

The initial search included 105 articles. It was 
reduced to 11 after title and abstract screening. These 
articles were full-text read and finally 5 articles were 
included in the mini review (Fig. 1).

All the studies included in this review were in vitro 
study (Table 1).

DISCUSSION

The main objective of this study was to determine 
the efficacy of the antibacterial activity of TiN used as 

a coating for implant abutments. The investigation was 
based on in vitro studies comparing TiN-coated titani-
um disks with uncoated pure titanium disks.

Großner-Schreiber et al. (2001) investigated the effect 
of titanium nitride coating on bacterial adhesion of S. 
sanguis and S. mutans compared to a pure titanium sur-
face and concluded that “a significant reduction in the 
number of adherent bacteria was observed on inherently 
stable titanium hard materials such as TiN compared to 
polished titanium”,” with a statistically significant differ-
ence (p=0.0036) (Größner-Schreiber et al. 2001).

Zhang et al. (2015) showed no difference in biofilm 
formation between TiN-coated disks and pure titanium 
disks (Zhang et al. 2015).

Ji et al. (2015) showed that the number of S.mutans 
colonies on TiN significantly decreased (p < 0.05) com-
pared to the control group (Ji et al. 2015).

Brunello et al. (2018) showed that the percentage 
of dead bacteria in the biofilms that grew on the TiN-
coated disks was higher than in the pure titanium disks 
(Brunello et al. 2018).

Finally,Camargo et al. (2020) concluded their study 
by stating that biofilm coverage was lower on TiN 
(24.22%) compared to uncoated samples (85.2%). p < 
0.05 (Camargo et al. 2020).

The results of this mini-review demonstrate that 
TiN-coated titanium can effectively reduce bacterial 
adhesion and the percentage of titanium surface covered 
by bacteria.

CONCLUSION 

We were able to answer the PICO question “How 
effective is TiN in terms of antibacterial activity?” and 
confirm that TiN coating suppresses bacterial adhesion 
and growth on the titanium surface compared to pure 
titanium.

TiN-coated implants and abutments could be an 
effective way to reduce mucositis and peri-implantitis, 
thus improving the long-term stability of implants.

Furthermore, only in vitro studies were performed 
in this study; further clinical investigations need to be 
performed to confirm these results.
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Table 1.

Author (Year) Study 
design Coating Control group Bacteria used Influence of coating on bacteria

Großner-Schreiber et al. (2000) In vitro TiN Pure titanium discs 
grade 2

S. sanguis
S. mutans

Significantly lower number of bacteria on TiN coated 
discs (p=0.0036)

Zhang et al. (2015) In vitro TiN Commercial pure 
titanium grade 2

S. mutans
A. viscosus
P. gingivalis 

No difference in biofilm formation

Ji et al. (2015) In vitro TiN Commercially pure 
titanium grade 2

S. mutans
P. gingivalis

Number of S.mutans colonies on TiN decreased 
significantly (p<0.05)

Brunello et al. (2018) In vitro TiN TiAl6V4, grade 5, disks

S. sanguis
S. salivarius
S. mutans
S. sobrinus

S. oralis

Percentage of dead bacteria was higher in the 
biofilms grown on the TiN coated disks

Camargo et al. (2020) In vitro TiN High pure titanium P. gingivalis Biofilm coverage was lower in TiN (24.22%) 
compared to uncoated samples (85.2%) p<0.05
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Abstract. The goal of this work was to evaluate the anti-inflammatory effects of two 
resins, Bis-GMA-based resin (ProTemp 4™) and PMMA-based resin (Coldpac), used 
in dentistry for temporary prosthetics treatments, in the modulation of the inflamma-
tory pathway NFkBp65/NLRP3/IL-1β. The protein expression of inflammatory markers 
was evaluated in an in vitro model of primary human gingival fibroblasts (hGFs) by 
immunofluorescence analysis while the study of the ultra-morphological analysis was 
performed through scanning electron microscopy. Taken together these results may 
suggest that ProTemp 4™ resin exerts a better performance in terms of inflammatory 
modulation. 

Keywords:	 hGFs, ProTemp 4™, Coldpac, inflammation, biocompatibility.

INTRODUCTION

The advent of new technologies in the dental field has allowed the devel-
opment of more resistant and easy-to-use resinous materials with innovative 
features. 

One of the most important uses of composite resins is the develop-
ment of temporary restorations, which is a fundamental step in the pros-
thetic treatment plan. Each type of resinous material has specific properties 
depending on the structure and molecular composition [1]. 

The main problem using these resinous materials is the incomplete 
polymerization process that leads to leakage of monomers [2] the substances 
released by these resinous materials may have important adverse reactions 
such as irritation or allergy to the oral mucosa [3-5]Previous studies reported 
that the toxicity of dental resin composite can be due to the release of mono-
mers during the auto-polymerization process [6]. For this reason, there is an 
increased interest in the development of novel biocompatible resinous mate-



78 Antonella Mazzone et al.

rials in the dental field [7-9] the present work aimed to 
evaluate the biological effects of the ProTemp 4™ resin, 
containing bisphenol A glycidyl methacrylate (Bis-
GMA), and of the Coldpac resin, containing polymethyl 
methacrylate (PMMA), in an in vitro model of hGFs. 

Protein expression and scanning electron micros-
copy were performed to understand the biological effects 
of provisional resins in contact with the oral fibroblasts. 
The expression of the inflammatory pathway nuclear 
factor kappa-light-chain-enhancer of activated B cells 
(NF-κB), the inflammasome protein NOD-, LRR- and 
pyrin domain-containing 3 (NLRP3), and the pro-
inflammatory cytokine interleukin-1 beta (IL-1β) [10,11] 
were evaluated using the immunofluorescence analysis.

MATERIALS AND METHODS

Preparation of resin disc samples to evaluate cell adhesion

Two materials used for temporary restorations were 
compared: ProTemp 4™ (ProtempTM 4 Temporization 
Material, 3M ESPE, St. Paul, USA) and Coldpac self-cur-
ing PMMA (Coldpac tooth acrylic, Yates Motloid, Chi-
cago, USA).

After mixing and polymerization according to the 
manufacturer’s instructions, round section bars of 10 
mm in diameter were produced.

Discs with a thickness of 0.3mm were obtained 
using two glass plates, while using a core drill bit with 
an internal diameter of 0.5mm, approximately 50 disks 
were obtained for each resin under examination. Each 
disc was then finished and polished according to the 
procedures described by the manufacturer. To eliminate 
any finishing residues, the disks were placed in distilled 
water and sonicated for 30 minutes. The samples were 
dried and placed in an autoclave at 134 °C for 50 min-
utes to obtain complete disinfection. 

Cell culture of hGFs

Human gingival fibroblasts (hGFs PCS-201-018 
ATCC, Manassas, Virginia, US) were cultured in basal 
medium (Fibroblast Growth Kit-Low Serum, (PCS-201-
041, ATCC), containing 5 ng/mL rh FGF-β (fibroblast 
growth factor beta), 7.5 mM L-glutamine, 50 µg/mL 
ascorbic acid, 1 µg/mL hydrocortisone hemisuccinate, 
5 µg/mL rh insulin and 2% fetal bovine serum [12,13]. 
The culture was maintained in an incubator at 37ºC in 
a humidified atmosphere of 5% CO2 and 95% air [13,14]

Once the cells reached 75-80% confluency, subcul-
tures were made.

Confocal Microscopy Analysis

The hGFs cells were seeded at 8500/well on 8-well 
culture glass slides (Corning, Glendale, Arizona, USA) 
and treated with ProTemp 4™ and Coldpac resins, for 24 
hours and 1 week, replacing the medium every 2 days. 
The cells were then fixed for 10 min at room tempera-
ture (RT) with 4% paraformaldehyde in 0.1 M PBS (pH 
7.4); after washing, samples were processed for immuno-
fluorescence staining.

The Confocal Microscopy analysis was performed 
using NFkB (1:500, sc-8008, Santa Cruz Biotechnol-
ogy, CA), NLRP3 (1:500, NBP1 77080, Novus, Milan, 
Italy), and Il-1b (1:500, sc-32294, Santa Cruz) as primary 
mouses monoclonal antibodies [16] and Alexa Fluor 568 
red fluorescence conjugated goat anti-mouse antibody 
(A11031, Invitrogen, Eugene, OR, USA) as a secondary 
antibody. The microscope used is Zeiss LSM800 confocal 
system (Zeiss, Jena, Germany) [17].

SEM

SEM analyses were then performed to evaluate the 
relationship between hGFs and the resin disks. 

After 24 hours and 1 week of culture, the samples 
were fixed for 1 hour 4 °C in 2.5% glutaraldehyde (Elec-
tron Microscopy Sciences, EMS, Hatfield, PA, USA), 
in 0.1 M sodium phosphate buffer (PB), pH 7.3, rinsed 
three times with PB, and post-fixed for 1 h in 1% aque-
ous osmium tetroxide (EMS) at 4 °C. The cells were 
dehydrated through an ethanol series (30%, 50%, 70%, 
90%, 95%, and two times 100%) followed by drying in 
air and carbon. Specimens were mounted on aluminum 
stubs and gold-coated in an Emitech K550 sputter-coater 
(Emitech Ltd., Ashford, UK). SEM EVO 50 (Zeiss, Jena, 
Germany) was used for analysis [20].

Design of the experimental study 

The experimental steps featured in this study were 
performed in triplicate with hGFs (Figure 1):
•	 hGFs cultured alone as negative control for 24 hours 

and 7 days.
•	 hGFs cultured with ProTemp 4™ resin disk for 24 

hours and 7 days
•	 hGFs cultured with Coldpac resin disk for 24 hours 

and 7 days
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RESULTS

The immunof luorescence analysis showed that 
the pathway NFkBp65/NLRP3/IL-1β was significantly 
downregulated in hGFs alone and in hGFs cultured 
with ProTemp 4™ disks compared to hGFs cultured with 
Coldpac disks, after 24 h (Figure 2) and 1 week of treat-
ment (Figure 3).

The immunofluorescence figures show the NFκB 
p65/NLRP3/IL-1β expression in hGFs alone, cultured 

with Coldpac and with ProTemp 4™ for 24 hours. The 
results show that the NFκBp65/NLRP3/IL-1β pathway 
was significantly upregulated in hGFs cultured with 
Coldpac after 24h compared to hGFs cultured with Pro-
Temp 4™ and hGFs alone. 

The immunofluorescence figures show the NFκB p65/
NLRP3/IL-1β expression in hGFs alone, cultured with 
Coldpac and with ProTemp 4™ after 1 week. The results 

Figure 1. Design of the experimental study. 1a) hGFs cultured alone; 1b) hGFs cultured with Coldpac; 1c) hGFs cultured with ProTemp 4™.

Figure 2. Protein Expression evidenced by CLSM in hGFs, in hGFs 
cultured on Coldpac and in hGFs cultured on ProTemp 4TM after 24 h. 

Figure 3. Protein Expression evidenced by CLSM in hGFs, in hGFs 
cultured on Coldpac, and in hGFs cultured on ProTemp 4TM after 1 
week. 
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show that the NFκBp65/NLRP3/IL-1β pathway was signif-
icantly upregulated in hGFs cultured with Coldpac after 
1 week compared to hGFs cultured with ProTemp 4™ and 
hGFs alone. 

Regarding the morphological analysis, hGFs cul-
tured on ProTemp 4™ showed a similar morphology as 
hGFs evidencing nucleo and nucleoli, after 24h and 1 
week; on the contrary, cells cultured on Coldpac showed 
a different morphological feature (Figure 4).

DISCUSSION

Over the last few years, new technologies have devel-
oped biologically compatible resins with optimum safety 
profiles and physical properties.

In our study, we focused on the ProTemp 4™ and 
Coldpac resins that are particularly used for the develop-
ment of prosthetic implants [21]. The incomplete polym-
erization process of these materials may induce toxic 
effects on the oral cavity cells [22].

The in vitro model hGFs was used to understand 
which provisional resin can lead to better biocompatibil-
ity, after 24 hours and 1 week of culture.

Scanning electron microscopy was performed to 
understand the cell adhesion capacity on the resin disks, 
on the other hand, confocal laser scanning microscopy 
was performed to analyze inflammatory modulation.

The NFkB p65/NLRP3/ IL-1β inflammatory pathway 
was found to be downregulated in hGFs cultured with 

ProTemp 4™ resin when compared with cells cultured 
with Coldpac resin, after 24h and 7 days of cultured. In 
parallel, SEM analysis showed that the fibroblastic mor-
phology was preserved in hGFs treated with Protemp 
4TM while compared with hFGs treated with Coldpac. 

According to our results, ProTemp 4™ resin could be 
less inflammatory when compared to Coldpac resin; this 
could mean that the ProTemp 4™ resin could lead to bet-
ter biocompatibility and better performance in terms of 
cell/material interaction. 
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Abstract. Twin pregnancy – with a prevalence nearly doubled in the last decades due 
to the use of assisted reproductive technology and the increasing age of conception – 
is associated with physiological cardiovascular adaptations to meet the hemodynamic 
demands of pregnancy. Compared to singleton pregnancies, increased and earlier in 
pregnancy risk of developing perinatal complications and maternal cardiac disease is 
demonstrated due to additional stress on the maternal cardiovascular system due to 
higher circulation volume. Knowledge on maternal adaptation in twin pregnancies are 
still lacking and often data derive from research studies on singleton pregnancy and 
including twins without differentiations. Only a few trials considered the impact of twin 
pregnancies on the maternal cardiovascular system and included echocardiographic 
evaluations showing how the changes in left ventricular geometry, systolic and diastolic 
function were comparable to those observed later in uncomplicated singleton pregnan-
cies or in presence of hypertensive disorders. The present work aimed to review the cur-
rent state of research on maternal cardiovascular function in twin pregnancies as the 
basis for a new study focused to find premature echocardiographic parameters able to 
contribute to the design of effective preventive strategies of complications – such as 
hypertensive disorders – in pregnancies, particularly on twin pregnancy.

Keywords: twin, pregnancy, cardiovascular system, diastolic function, systolic function.

INTRODUCTION

The Worldwide incidence of multiple pregnancies, especially twins is 
growing – nearly doubled in the last decades in USA – due to the wide use of 
assisted reproductive technology and the increased age of conception.

During pregnancy – singleton or multiple – mother’s anatomical, meta-
bolic, and physiological changes are necessary for the benefit of the foetus-
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es; in fact, physiological cardiac remodelling permits to 
increase cardiac output and blood volume on one side 
and decrease the peripherical vascular resistances from 
the other side (Melchiorre et al., 2016).

Women failing to meet the haemodynamic demands 
of pregnancy are more likely to develop perinatal or 
maternal complications and have also an increased risk 
to develop cardiovascular disease later in life. (Bellamy 
et al., 2007).

Compared with singleton pregnancy, uncomplicat-
ed twin pregnancy has a more pronounced and altered 
maternal cardiac function, haemodynamic changes, and 
additional stress on the maternal cardiovascular system 
due to higher circulation volume; therefore, in twin preg-
nancies mother’s heart has a higher risk of decompensa-
tion correlating to increased risk of complication such as 
pre-eclampsia (Francisco et al., 2017 and Li X et al., 2016).

Trials demonstrated the proportionality of the 
occurrence of pre-eclampsia and the number of foetuses 
with a prevalence of 6.5%, 12.7% and 20% in singleton, 
twin and triples pregnancies respectively (DayMC Bar-
ton et al., 2005 and Adank MC et al., 2020) and occur-
rence at an earlier gestation age, a more quickly progres-
sion and an atypical presentation in twin pregnancies; 
the larger placental size and mass, the stronger inflam-
matory response, and the possibility to a larger area of 
placental perfusion damage are the major causes of these 
findings (Wang et al.2021 and Narang et al., 2021). 

We conducted an extensive literature search through 
PubMed (NCBI) up to 20 June 2023 based on journals 
evaluating maternal echocardiographic cardiovascular 
function in twin pregnancies. The keywords used were: 
twin, pregnancy, echocardiography, systolic and diastolic 
function (Table 1).

HYPOTHESIS AND THEORY ON MATERNAL 
CARDIOVASCULAR FUNCTION

Knowledge on maternal cardiovascular function dur-
ing twin pregnancies are still lacking, women with multi-
ple gestations were often excluded from research studies 
or included in studies with singletons without differentia-
tion, despite the disproportionate incidence of pregnancy 
changes and complications in twin pregnancies.

Two of the most dated studies (Robson et al.,1989 
and Veille et al.,1985) and then other more recent studies 
(Kametas et al.,2003 and Kuleva et at,2011) reported var-
iations of the left ventricular (LV) function during ges-
tation such as the increase of cardiac output, stroke vol-
ume (SV), heart rate, LV end-diastolic volume and of left 
atrial area, related to the more hyperdynamic maternal 

circulation, increased plasma volume and venous return 
in twin pregnancies.

Moreover, a recent trial (Orabona et al.,2022) added 
information on maternal LV dimensions, volumes and 
LV mass during twin pregnancies demonstrating the 
progressively increased trend from the first to the third 
trimester, like in singletons.

Regarding the LV diastolic function, at first, Ghi and 
Degli Esposti et al (2015) observed the deterioration of 
diastolic parameters characterized by the reduction of 
mitral E wave and the increase of mitral A wave and of 
left atrial pressures.

Recently, Nunez et al confirmed all previous data 
and taking into consideration the increase of cardiac out-
put, myocardial performance index, LV mass, relative wall 
thickness (RWT) and the progressive LV diastolic dysfunc-
tion demonstrating the increase of isovolumetric relaxation 
time (IVRT), left atrial area and, the decrease of mitral E/A 
ratio in twin – dichorionic and monochorionic – pregnan-
cies. No differences were observed in LV myocardial defor-
mation between twin and singleton pregnancies.

Moreover, the impact of chorionicity on the cardio-
vascular system was examined (Nunez et al and Ghi and 
Dall’Asta et al.,2019) and dichorionic twin pregnancies 
seemed to be associated with more accentuated mother 
cardiac changes.

The impact of pregnancy on maternal right ventric-
ular (RV) systolic and diastolic function was investigat-
ed in a recent longitudinal study (Orabona et al.,2022) 
involving 30 twin pregnancies and no significant differ-
ences in RV function (all the parameters such as frac-
tional area change FAC, TAPSE, sPAP, E and A waves, 
E/A, DT, E/e’, IVCT, myocardial performance index and 
2D longitudinal strain) were found in twins pregnancies 
compared to singleton pregnancies.

In general, all trials demonstrated how the mater-
nal cardiovascular changes in twin pregnancies antici-
pated those encountered in singleton pregnancy later in 
gestation, suggesting the physiological remodelling in 
response to the increase in volume loading rather than 
decompensation of the maternal cardiovascular system.

Recently Giorgione et al (2022) – considering around 
830 pregnant women – demonstrated how changes in LV 
geometry, function and haemodynamics in normotensive 
twin pregnancy were comparable to those observed in sin-
gleton pregnancies complicated by hypertensive disorders 
of pregnancy (HDP); the cardiac maladaptation in twin 
pregnancies seemed to be exacerbated in the presence of 
HDP, compared to normotensive twin pregnancies.

The importance of these findings is related to the pre-
cocious evaluation of the functional and structural cardi-
ac changes that could precede complications in pregnancy.
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POTENTIAL FUTURE DEVELOPMENTS 
IN THE TWIN PREGNANCIES FIELD

Although data on twin pregnancies are still missing, 
recent knowledge about physiological and pathophysi-
ological changes are emerging.

During singleton and multiple pregnancies physio-
logical adaptations are necessary to ensure adequate uter-

oplacental circulation for foetal growth and development 
and to respond to higher circulation volume of mothers. 
In twin pregnancies – compared with singletons – LV 
mass, end-diastolic volume, SV, cardiac output, and left 
atrium dimensions increase, but there are also other sub-
tle changes in systolic and diastolic LV function parame-
ters. The typical cardiovascular adaptations in twin preg-
nancies resemble to those seen in singletons in late gesta-

Table 1. Summary of studies on twin pregnancies.

Author Country Year Experimental model Results

Robson et al. UK 1989
10 and 13 women with twin 
and singleton pregnancies 

respectively.

Heart rate (HR), SV, cardiac output, LV end-diastolic volume, left atrial 
dimension, RWT, LV mass, systolic and diastolic blood pressure were 

increased and TVR were reduced compared to non-pregnant values. In 
twin pregnancies, only heart rate, cardiac output, left atrial dimension were 

significantly higher compared to singleton pregnancies.

Veille et al. USA 1985
6 and 16 women with twin 
and singleton pregnancies 

respectively.

Heart rate, cardiac index, SV, fractional shortening were increased in the 
second and third trimester of twin pregnancies. Blood pressure and end-

diastolic ventricular size were not affected differently by twin pregnancies.

Kametas et al. UK 2003
119 women with twin 

pregnancies and 128 women 
with singleton pregnancies.

In twin pregnancies, compared to singletons, cardiac output, SV, HR, LV 
end-diastolic dimensions, ejection fraction, long axis shortening were 

increased.

Kuleva et al. Italy 2011
20 women with twin 

pregnancies and 10 women 
with singleton pregnancies.

Cardiac output increased during pregnancies, in both twins and singletons. 
TVR decreased during pregnancy.

Ghi and Degli 
Esposti et al. Italy 2015

30 (24 dichorionic and 
6 monochorionic) twin 

pregnancies.

During pregnancy, a reduction of LV ejection fraction, a progressive 
reduction of pulsed Doppler E-wave velocity and an increase of A-wave 
were showed from first to third trimester. Higher left atrial pressure was 

demonstrated.

Ghi and 
Dall’Asta et al. Italy 2018

67 twin pregnancies 
(48 dichorionic and 19 

monochorionic).

Compared to dichorionic pregnancies, in the monochorionic sets lower 
cardiac output and higher TVR were observed.

Regarding the diastolic function, higher values were observed for mitral E/A 
ratio, septal mitral E’/A’ ratio, lateral mitral E’ in monochorionic pregnancies.

Nunez et al. UK 2022
155 women with twin 

pregnancies (86 dichorionic 
and 69 monochorionic).

In both types of twin pregnancies, compared to singletons, IVRT, left atrial 
area, RWT, myocardial performance index and LV mass were increased, and 

mitral E/A ratio decreased.

Orabona et al. Italy 2022

30 women with uncomplicated 
singleton and 30 women 
with uncomplicated twin 

pregnancies.

During twin pregnancy, maternal LV dimensions and mass increased from 
first to third trimester, like singletons, while LVEF remained stable. 
Diastolic function worsened with no differences between twins and 

singletons, except for higher LV filling pressure in the second trimester in 
twins. Two-dimensional strains did not vary during

gestation in either group, while GLS was altered in one-fourth/one-third in 
both groups.

Orabona et al. Italy 2022

30 women with uncomplicated 
singleton and 30 women 
with uncomplicated twin 

pregnancies.

RV function parameters (FAC, TAPSE, sPAP, E, A, E/A, DT, E/E’, IVA, 
IVCT, MPI and 2D longitudinal strain) in twin pregnancies were similar 

to singletons. Left atrial dimension increased throughout gestation in both 
twins and singletons.

Giorgione et al. UK 2022

119 HDP singleton
pregnancies, 52 normotensive 

twin pregnancies and 24
HDP twin pregnancies.

LV mass did not differ between singleton pregnancies complicated by HDP 
and normotensive twin pregnancies but was higher in HDP twin compared 
with HDP singleton pregnancies. Left atrial volume and E/e’ were higher in 
HDP twin compared with normotensive twin pregnancies. In normotensive 

twin compared with HDP singleton pregnancies SV was higher and TVR 
lower.

Heart rate (HR), cardiac output (CO), total vascular resistances (TVR), hypertensive disorders of pregnancy (HDP).
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tion and this concept suggests physiological remodelling 
in response to the increase in volume.

When mother’s physiological changes fail to meet 
the haemodynamic demands, the risk of complication 
increases.

Moreover, twin pregnancies have an increased risk 
of cardiovascular complications -such as pre-eclampsia-, 
at an earlier gestation age and, a more quickly progres-
sion compared to singleton pregnancies. 

Understanding the normal cardiovascular changes 
occurring during pregnancies is essential not only for 
caring patients with cardiovascular disease but also to 
try to anticipate the occurrence of complications in the 
pregnancies of subjects with no pre-pregnancy disorders.

Therefore, we retain that could be useful to establish 
a new longitudinal study based on transthoracic echo-
cardiography evaluations during the three trimesters of 
pregnancy to find premature parameters able to contrib-
ute to the design of effective preventative strategies for 
prevention of maternal cardiovascular diseases in high-
risk pregnancies such as twins ones.

LEGENDS

HDP hypertensive disorders of pregnancy 
IVCT isovolumetric contraction time
IVRT isovolumetric relaxation time 
LAVi left atrial volume
LV left ventricle
RV right ventricle
RWT relative wall thickness 
SV stroke volume 
TTE Transthoracic echocardiography 
TVR total vascular resistance 
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Abstract. Regenerative medicine expects to replace the function of tissue or organs 
damaged by disease, trauma, or congenital issues. The tools used to realize these out-
comes are tissue engineering and cellular therapies. Cellular therapy is considered a 
regenerative medicine strategy based on the use of stem cells. Pluripotent stem cells 
are the hotspots of cellular therapy due to their features that have been showed promis-
ing results. Embryonic stem cells (ESCs) are pluripotent, self-renewing cells that are 
derived from the inner cell mass (ICM) of the developing blastocyst. Pluripotency is 
the main feature that lead single cell to generate all cell lineages of the developing and 
adult organism. The use of human ESC (hESC) is ethically controversial, to overcome 
this problem the induced pluripotent stem cells (iPSCs) were developed. The aim of 
the present mini-review is to report a comprehensive summary of the different cellular 
reprogramming techniques from its initial conception to the present day.

Keywords: embryonic stem cells, pluripotency, human ESC, reprogramming.

INTRODUCTION 

Embryonic stem cells (ESCs) are pluripotent cells with the property to 
grow indefinitely maintaining pluripotency and to differente into cells of 
all three germ layers. ESCs derived from the inner cell mass of mammalian 
blastocysts [1] [2] [3]. Human ESCs (hESCs) could be a therapeutic perspec-
tive for the treatment of various pathologies but there are ethical problems 
with the use of human embryos, and clinical difficulties such as post-trans-
plant tissue rejection. In recent years, the necessity of therapeutic purposes 
with greater regenerative potential, bypassing the ethical problems of the 
use of ESCs, led to the establishment of induced pluripotent stem cell lines 
(iPSCs). The iPSCs are cells with pluripotent properties obtained from dif-
ferentiated cells by reprogramming. It results in a similar embryonic stem 
cell state [4] [5]. Yamanaka and Takahashi were the first to hypothesize the 
central factors to the induction of pluripotency in somatic cells and for the 
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maintenance of pluripotency in ESCs [6]. They selected 
24 genes as candidate factors, starting from other pre-
vious studies in which it was demonstrated that several 
transcription factors, including Oct3/4, Sox2, Nanog are 
involved in the maintenance of pluripotency at the level 
of ESCs, as well as some genes demonstrated upregu-
lated in ESCs. Tumors markers, such as Stat3, E-Ras, 
c-myc, Klf4 and β-catenin, contribute to the mainte-
nance of ESCs phenotype in culture and their rapid pro-
liferation. By combining four selected factors (OCT3/4, 
SOX2, c-Myc, and KLF4), it was possible to generate 
pluripotent cells directly from mouse embryonic or adult 
fibroblasts cultures, generating iPSCs [6]. Since the char-
acteristics of iPSCs are similar to those of embryonic 
stem cells; they can be expanded indefinitely in vitro 
and differentiated into the three germ layers: endoderm, 
mesoderm and ectoderm. Takahashi and Yamanaka’s 
revolutionary discovery has led to the extensive use of 
iPSCs and their differentiated cells in various research 
areas, especially in regenerative and personalized medi-
cine. Among the reprogramming methods that allow to 
obtain iPS there are: nuclear transplantation, cell fusion, 
reprogramming by cell extracts, and direct reprogram-
ming through gene manipulation [7]. Among the direct 
reprogramming methodologies, we can make a further 
distinction between integrating vector methods and 
genomic non-integrating methods. These two types of 
direct reprogramming are the most widely used meth-
ods today to generate iPSCs [8]. 

NUCLEAR TRANSPLANTATION

Nuclear transfer allows to obtain cells with embry-
onic characteristics through the reprogramming of dif-
ferentiated somatic cells by transplanting cell nuclei into 
an enucleated oocyte [9] [10]. At this point, the cloned 
embryo reaches the blastocyst stage, from which ESCs 
can differentiate into pluripotent cells and thus into cells 
of the three embryonic layers and then in different tissues. 
However, this method has several limitations for clinical 
applications since it presupposes an unfertilized egg cell 
and, in addition, there is the risk of immunological rejec-
tion. In 2007, only 2 cells out of a total of 304 oocytes 
were successfully created as ES cells by nuclear transfer, 
demonstrating a low efficiency of the method [11].

CELL FUSION 

Cell fusion is the reprogramming method which 
generate cells with pluripotency characteristics through 

the hybridization of an adult somatic cell with an embry-
onic stem cell. The resulting hybrid is determined by 
rearrangement in the DNA during cell division of the 
formed syncytium. ESCs therefore can induce somatic 
cell reprogramming, overwriting the somatic cell genome 
with ESC genetic information [11]. Hybrids thus formed 
have been seen to generate chimera embryos after blasto-
cyst injection, demonstrating their pluripotency [12]. It is 
not clear whether the cytoplasmic elements of ESCs are 
sufficient to obtain pluripotent cells through this meth-
odology or whether the nuclear elements are also neces-
sary. Since it would be desirable to selectively remove 
only ESCs chromosomes from the melted nuclei, and it 
is practically difficult, this technique is still far from its 
possible use in clinical applications [13].

REPROGRAMMING BY CELL EXTRACTS

This method of reprogramming involves inserting 
cell extracts obtained from pluripotent stem cells into 
somatic cells. The cellular extract, chemically isolated 
from ESCs, consists of a set of reprogramming factors 
which, once inside somatic cells, induce their repro-
gramming. This technique has been shown to increase 
the expression levels of pluripotent markers such as Oct4 
in host cells. Although these cells were able to differenti-
ate into different cell lines, they were not able to give rise 
to the three germ layers [14], fundamental property for 
a pluripotent cell. For this reason, this method does not 
allow a complete reprogramming.

INTEGRATING VECTOR METHODS

Methods that use integrating vectors to induce 
pluripotency can first be distinguished based on whether 
they use viral or non-viral vectors. 

As regards the viral delivery systems, the gene fac-
tors inducing pluripotency are inserted into the cells to 
be reprogrammed through a viral vector. The determin-
ing factor for efficient delivery is the infection system 
utilized by the virus, especially for entry into the host 
cell, into the nucleus, and for cytoplasmic trafficking. 
These processes change and vary according to different 
types of viruses. Persistent gene expression requires the 
use of integrating vectors such as lentiviruses or retro-
viruses. For transient expression, however, it may be suf-
ficient to use an adenovirus since they are episomically 
maintained and do not integrate into the genome [15].

The original system for obtaining iPSCs is using ret-
roviral vectors, which integrate the transgenes into the 
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host genome [16]. Adenovirus vectors are generally quite 
poor in cell gene transfer, probably due to the availabil-
ity of primary receptors and/or co-receptors required for 
in vitro cell binding and internalization [17,18]. Stem cells 
gene delivery by these vectors is relatively weak, although 
there are capsid modification techniques that improve 
delivery efficiency [19]. Retroviruses are vectors that 
induce long-term expression through DNA integration. 
They have been used with exceptional effect in the repro-
gramming of mouse and human dermal fibroblasts into 
iPSCs [20] [6]. However, they have the important limita-
tion related to their propensity for cellular transduction 
limited to actively dividing cells. Due to retrovirus limi-
tations, the research has shifted to lentiviruses for several 
reasons. First, the lentivirus transduces both dividing and 
non-dividing cells. This distinguishes it from classic ret-
roviruses [21]. Furthermore, unlike native adenoviruses 
which are selective for CD4 on T cells, recombinant lenti-
viruses can be pseudo typed with other envelope proteins 
to make them less selective and broaden the viral tropism 
[22]. Finally, producing lentiviruses in the laboratory is 
not overly complicated. The lentivirus allows a very effi-
cient, stable, and reproducible gene delivery.

However, since viral integration methods lead to 
host genomic integration and bring safety risk associated 
with genetic manipulation, they are not ideal methods to 
obtain iPSCs for therapeutic purposes. 

Therefore, a non-viral approach can be considered as 
an alternative to developing iPSCs. 

The non-viral system usually employs plasmids, 
through which genes for pluripotency induction are 
transported. For delivery, the plasmid is encapsulated by 
lipid or cationic polymers which are needed to transfect 
the cells to be reprogrammed. Plasmids are episomically 
maintained and result in short-term gene expression [23]. 

In 2008 mouse iPSCs were generated with a plasmid 
vector, demonstrating that transient expression of repro-
gramming factors can be induced, identifying three 
essential reprogramming factors: Oct3/4, Sox2 and Klf4 
[24]. These three factors were linked in a single plasmid 
with a constitutively active CAG promoter, allowing an 
high expression of multiple proteins from a single RNA 
transcript. The transfection trough plasmids was repeat-
ed several times to obtain the necessary expression for 
generating iPSCs. After four weeks, colonies of iPSCs 
were obtained, but with a low frequency: one third of the 
iPSCs clones did not integrate the transgene. The iPSCs 
clones lacking integration had the potential to differen-
tiate into different cell types of the three germ layers. 
Furthermore, when transplanted into blastocysts, they 
were able to form chimeric mice, competent for germline 
transmission [25]. 

NON-INTEGRATING METHODS.

One of alternative reprogramming methods for 
obtaining iPSCs trough non-integrating methods is by 
episomal vectors derived from the Epstein-Barr virus 
without the viral packaging. It is seen that with this 
method the reprogramming efficiency was low although 
sufficient to have enough starting cells for culture. Fur-
thermore, the addition of chemical compounds could 
increase the reprogramming efficiency of these episo-
mal vectors [26]. Another method is the constitution of 
a minicircle vector. This is a small size double-stranded 
circular DNA. A mini-circle DNA vector was developed 
with a constituted single cassette of four reprogramming 
factors (Oct4, Sox2, Lin28 and Nanog) together with the 
GFP reporter gene, each separated by self-cleaving 2A 
peptide sequences [27]. This construct exhibits better 
transfection efficiency besides longer ectopic transcrip-
tion factors expression, probably because it less activates 
exogenous silencing mechanisms. In the delivery of the 
minicircle vector electrotransfer gave the best results 
[28]. Furthermore, this method showed low cytotoxic-
ity when electroporation was performed with minicircle 
DNA. Although these non-viral methods represent an 
important advance, they show poor reprogramming effi-
ciency. Among the more recent non-integrating methods 
is synthetic transfection of mRNA, which has resulted 
in efficient and controlled gene expression in human 
cells, without genomic integration. Treatment with spei-
fic mRNA cocktail induces pluripotency in somatic cells 
[29]. Transfection with mammalian cell mRNA results 
in severe cytotoxicity which can be reduce by substitut-
ing cytidine and uridine with pseudo UTP and 5 methyl 
CTP respectively, still achieving stable transfection [30]. 
Furthermore, more recently iPSCs have been efficiently 
generated using synthetic self-replicating RNAs [31]. 
With this method it is avoided repeated mRNA trans-
fection, so cytotoxicity is limited. More recently, these 
pluripotency-inducing nucleic acid have been placed 
inside state-of-the-art nanoparticles that interact with 
the membrane allowing target cell transfection [32]. 

CONCLUSION 

Regenerative medicine has made great progress. 
Reprogramming tools represent a recent area of research 
with promising results. Although encouraging data have 
been obtained, further studies are needed, especially to 
establish the efficacy and safety of reprogramming meth-
ods. Cellular reprogramming is one of the most promis-
ing cell therapy approach for treatment of several diseases.
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Abstract. Ataxias are a clinically relevant group of neurological diseases characterized 
by impaired motor coordination that affects both static and dynamic control of body 
movements. Among the autosomal recessive ataxias there is Marinesco-Sjogren syn-
drome (MSS). The main clinical signs of MSS are incoordination with cerebellar atro-
phy, and myopathy associated to hypotonia. Mouse models of MSS (e.g. woozy mouse) 
closely mimic human pathology and are widely used to study this disease. In fact, the 
woozy mouse was helpful in understanding that molecular alteration occurs before 
clinical signs. To data, several motor behavioural tests have been developed including 
rotarod, beam walking, and grip-strength. Some of these tests were effective to reveal 
MSS ataxia only at specific stages of the disease. To achieve these results, it is impor-
tant to apply the most appropriate motor behavioural tests that are able to sensitively 
assess the specific phenotype. However, the administration of additional motor tests 
would be useful to better define the coordination and motor problems in MSS. Cogni-
tive tests should also be considered to examine whether the woozy model has mental 
retardation. In conclusion, motor and cognitive tests are essential for the assessment of 
disease stage and future therapies in ataxias, including MSS.

Keywords:	 ataxia, Marinesco-Sjögren Syndrome, SIL1, mouse model, motor test.

INTRODUCTION

The cerebellum is the region of the brain responsible for motor movement 
coordination, balance and walking. Impairments of this area lead to deficits in 
controlling voluntary muscle activity, maintaining posture and motor learning 
(Jimsheleishvili and Dididze, 2023). These symptoms can be enclosed in the 
term “ataxia”, which refers to a physical finding due to cerebellar dysfunction.

Ataxias are classified mainly in hereditary and acquired. Autosomal 
dominant ataxias are identified as spinocerebellar ataxias (SCA), while auto-
somal recessive cerebellar ataxias (ARCAs) are classified according to the 
presence and the severity of sensory neuropathy (Kuo, 2019).
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ARCAs are characterized by high genetic hetero-
geneity and variable phenotypes (Beaudin et al., 2017). 
Among them, Friedreich’s ataxia is the most common 
form, and it is used as referring point. Indeed, it is pos-
sible to distinguish between Friedreich’s ataxia like dis-
orders, with and without cerebellar atrophy, and early-
onset ataxias with cerebellar atrophy, such as ataxia 
telangiectasia, and Marinesco-Sjögren Syndrome (MSS) 
(Fogel and Perlman, 2007). 

MSS is characterized by cerebellar ataxia due to 
degeneration of Purkinje cells, associated with myopathy 
and congenital cataracts. Symptomatology may include 
also mental retardation, short stature, skeletal deformi-
ties, hypergonadotropic hypogonadism and intention 
tremor (Anna-Kaisa Anttonen, 2006).

SIL1 gene mutation is the major cause of MSS (Ant-
tonen et al., 2005; Senderek et al., 2005). This gene 
encodes the endoplasmic reticulum (ER) cochaperone 
Sil1, required for ADP-ATP exchange from the chaper-

one BiP, which in turn is able to release folded proteins. 
Non-functional Sil1 protein is responsible of 

the accumulation of unfolded proteins into the ER, 
thus triggering the activation of the unfolded protein 
response (UPR), which contributes to neurodegenera-
tion and myopathy (Figure 1) (Chiesa and Sallese, 2020; 
Potenza et al., 2021; Restelli et al., 2019). Both cell lines 
and mouse models (e.g. woozy mice) carrying the SIL1 
mutation are useful for studying MSS (Roos et al., 2014; 
Ruggieri and Sallese, 2022; Zhao et al., 2005). 

In this work we focus our attention on the study of 
mouse models and in particular on motor behavioural 
tests, which are considered powerful tools in the case 
of neurological diseases (Brooks and Dunnett, 2009). A 
more comprehensive characterization of the motor func-
tions of woozy mouse may be useful to better under-
stand MSS and its progression, and to evaluate the effi-
cacy of potential therapeutic treatments.

Figure 1. Unfolded protein response is a cellular defense mechanism whose purpose is to reestablish the normal protein homeostasis in 
the ER, through the activation of three ER transmembrane sensors: inositol-requiring enzyme 1 (IRE1), activating transcription factor 6 
(ATF6), and protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK). Their signaling pathways result in enhanced ER protein 
folding potential, increased degradation of unfolded proteins, and decreased protein synthesis. Figure adapted from “UPR Signaling (ATF6, 
PERK, IRE1)”, by BioRender.com (2023). Retrieved from https://app.biorender.com/biorender-templates.
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MOTOR BEHAVIOURAL TESTS

Motor behavioural tests are essential for assess-
ing motor capabilities of mice, such as coordination 
and balance, muscle strength and locomotor activity. 
Because of the high number of existing tests, a correct 
selection should be made on four criteria: validity, reli-
ability, sensitivity and utility (Brooks and Dunnett, 
2009). Here we present the presumably most repre-
sentative motor behavioural tests for characterizing the 
woozy mouse phenotype.

Rotarod test

Rotarod is a simple and common test for a first eval-
uation of locomotor deficits and coordination of mice. It 
consists of a circular rod turning at a constant or acceler-
ating speed. Before the test, mice undergo a training trial 
at low speed, then the real trial is repeated two or three 
times and latency to fall is recorded (Brooks and Dun-
nett, 2009). The rotarod test can be performed multiple 
times at different stages of disease. As drawbacks, ani-
mals’ weight could affect the performance, it is difficult 
to distinguish between fatigue and coordination deficits 
and some animals refuse to stay on the rotating rod. 

Grande et al. tested woozy mice on rotarod from 6 
to 34 weeks of age, to determine the first manifestations 
of motor dysfunction and to follow its progression. They 
found no significative differences from controls until 10 

weeks, by which time woozy mice showed a shorter laten-
cy to fall up to 16 weeks (Grande et al., 2018). Therefore, 
the rotarod test is confirmed to be a valid tool to evaluate 
locomotor deficits but in the case of MSS it is not able to 
detect alterations in the initial stages of the disease.

Beam walking test 

Beam walking assay is useful for assessing fine 
motor coordination and sense of balance. Mice have 
to walk across an elevated narrow beam and reach the 
cage. This test needs two days of training, and then per-
formance is evaluated by measuring the time taken to 
cross the beam and the occurred number of paw slips 
(Brooks and Dunnett, 2009; Luong et al., 2011). Beam 
walking assay is more sensitive than rotarod and does 
not require expensive equipment, but sometimes mice 
refuse to walk across the beam or are unable to balance 
on it. In woozy mice this test is able to reveal subtle defi-
cits in motor functions and balance only at the begin-
ning of the disease, because it is hard to perform with 
severe ataxic mice (Grande et al., 2018)

Grip strength test

Grip strength test is used to evaluate neuromuscu-
lar function by measuring the muscle strength. There are 
three ways to perform this test: by assessing the ability 
of the mouse to stick to an inverted wire grid using the 
four limbs; by measuring the time a mouse can hang on 
a wire only with its forelimbs; by determining the force 
needed to pull the mouse off a narrow bar connected 
to a force transducer (Brooks and Dunnett, 2009). Grip 
strength test is easy to carry on and effective in moni-
toring the progression of motor dysfunctions, but its 
performance could be affected by diet restrictions, han-
dling, body weight and muscle fatigue. Woozy mice 
show first signs of myopathy at 16 weeks of age (Grande 
et al., 2018), therefore grip strength assay could be useful 
to measure the progression of skeletal muscle degenera-
tion in these animals.

CONCLUSIONS

Mouse models are extremely important for the study 
of disorders affecting movement, such as ataxias, and for 
the development of effective treatments. A large number 
of motor behavioural assays has been validated to assess 
motor capabilities of mice, and the combined use of 
these tests could provide useful information about MSS. 
Cognitive tests that are able to evaluate memory, learn-
ing process and attention, should be taken into account 
for a more comprehensive characterization of woozy 
mouse phenotype.
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Abstract. Artificial intelligence (AI) has shown great potential across scientific disci-
plines, including implant dentistry. This review investigates the applications of AI in 
Finite Element Analysis (FEA) of dental implants, examining implications, limitations, 
and future directions. By following Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) guidelines, relevant articles were obtained from Pub-
Med, Scopus, Web of Science, and Google Scholar databases. Six articles were included, 
covering topics such as osseointegration assessment, implant design optimization, and 
bone healing prediction. Integrating AI and FEA can improve parameter optimization, 
computational efficiency, and analysis time. FEA simulations were consistently used to 
train AI models, which were then validated against FEA-calculated data. While AI in 
dental implantology is still in its early stages, opportunities for innovation and refine-
ment are apparent. Challenges, such as algorithmic misconduct and interpretation of 
AI outputs, need to be addressed through collaborative efforts between clinicians and 
computer engineers. Future research should explore incorporating factors like bone 
homeostasis and multiscale analysis to enhance understanding of peri-implant bone 
response. Long-term clinical studies are necessary to validate AI model predictions in 
real-world scenarios.

Keywords:	 artificial intelligence, machine learning, deep learning, finite element anal-
ysis, dental implants.

INTRODUCTION

Artificial intelligence (AI) is an interdisciplinary field of computer sci-
ence that focuses on the development of intelligent systems and algorithms 
capable of emulating human cognitive abilities. Its fundamental goal is to 
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design and create computational models and algorithms 
that can acquire, process, analyze, and interpret vast 
amounts of data, enabling machines to perform com-
plex tasks that traditionally require human intelligence 
(Aiken and Epstein 2000). In recent years, the integration 
of artificial intelligence in the field of implant dentistry 
has witnessed significant advancements (Revilla-León et 
al. 2021). Finite Element Analysis (FEA) plays a crucial 
role in evaluating the biomechanical behavior of dental 
implants and supporting bone, aiding in the design and 
optimization of implant-supported restorations. However, 
traditional FEA approaches rely on manual inputs and 
assumptions, which may introduce limitations, poten-
tial inaccuracies, and long testing times (Falcinelli et al. 
2023). By incorporating AI techniques, such as machine 
learning and deep learning algorithms, FEA can leverage 
large datasets and complex models to enhance its predic-
tive capabilities and overcome these limitations.

This mini-review aims to explore the applications of 
AI in FEA within the field of implant dentistry, highlight-
ing its implications for scientific research, the current lim-
itations, and the possible paths for future development.

MATERIALS AND METHODS

Reporting of this review follows the Preferred 
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (Moher et al. 2010). The 
search included articles about AI and FEA in implant 
dentistry: all study types excluding reviews, only Eng-
lish-language articles, and articles published until June 
2023 were included. The literature search was performed 
on electronic databases via PubMed, Scopus, Web of 
Science, and Google Scholar. The search strategy used a 
combination of MeSH terms: (artificial intelligence OR 
machine learning OR deep learning) AND finite element 
analysis AND dental implant. The articles were selected 
based on their title and abstract, and then the full text 
was evaluated by two different reviewers (F.V., L.F.). 
Cohen’s K test was used to assess the agreement between 
the two reviewers. Disagreements were resolved by con-
sensus with a third examiner (C.F.) to identify studies 
that passed the selection criteria.

RESULTS

The results of the literature search are shown in Fig-
ure 1. Six articles were included in the review. One arti-
cle was published in 2009 and five articles from 2018. 
There was substantial agreement between the two inves-

tigators for the articles that were selected, both for the 
title/abstract and the full-text screening (Cohen’s K val-
ue=0.90 and 1, respectively). The articles and their main 
findings are summarized in Table 1.

DISCUSSION

Upon initial observation, it can be observed, except 
for the publication by Zaw and coworkers (Zaw et al. 
2009), all the articles analyzed in this review were pub-
lished in very recent years. This confirms the recent sig-
nificant growth in interest regarding AI technologies. 
Consequently, there has been a notable rise in research 
endeavors focused on incorporating this captivating 
technology into various scientific domains. The articles 
surveyed in relation to the integration of AI into FEA 
exhibit a common approach, irrespective of subject mat-
ter, analyzed variables, or AI methodologies employed. 
The general method entails the use of FEA for ini-
tial simulations, employing predetermined parameters 
and variables. Subsequently, the obtained FEA data are 
extrapolated and employed to train the AI model. The 
output generated by the AI is then validated and com-
pared against the FEA-calculated data. Consequently, 
the overarching objective of these studies primarily 
revolves around substituting FEA calculations with AI 
computations, with a view to enhancing parameter opti-
mization, computational efficiency, and overall time 
required for analysis. The exception was the study per-
formed by Kwak et al. (Kwak et al. 2021). In the context 
of their study, advanced image recognition techniques 
were adopted, and ultrasonic signals were inverted using 
a Convolutional Neural Network (CNN) to assess the 
osseointegration phenomena. The main topics investigat-
ed by the different studies were: osseointegration assess-
ment (Kwak et al. 2021), implant design optimization 
(Zaw et al. 2009; Roy et al. 2018; Li et al. 2019; Choud-
hury et al. 2022), and prediction of bone healing around 
dental implants (Kung et al. 2023).

From this review it can be noticed that AI applied 
to in silico studies in in dental implantology is still in 
the early stages, but its potential is very promising. AI’s 
main limitation is its inability to provide direct inter-
pretation, making misinterpretations possible due to 
algorithmic misconduct and training method. To miti-
gate risks, collaboration between experienced clinicians 
and expert computer engineers is essential in the devel-
opment of AI programs. Further evaluations should 
encompass the actual knowledge on bone homeostasis 
(Valente et al. 2022) and the recent recognition of the 
need for a multiscale analysis to predict peri-implant 
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bone response (Falcinelli et al. 2023). The incorpora-
tion of such aspects could help obtain information 
about the relation among implant design, distribution of 
stress applied to the bone, bone growth and histological 
arrangement. The integration of AI will allow for contin-
uous observation of these parameters and their interre-
lated development, which is difficult to achieve through 
traditional clinical experiments, and can provide predic-
tions prior to the insertion surgery, reducing the need 
for costly trial and error procedures. This can potentially 
save time and resources for both patients and healthcare 
providers.

CONCLUSIONS

The conclusion of this mini-review can be summa-
rized as follows:
1.	 AI integration with FEA in dental implantology is 

still in its early stages.
2.	 FEA is mainly used to extrapolate data for AI train-

ing.
3.	 The main topics covered by the studies include osse-

ointegration assessment, implant design optimiza-
tion, and prediction of bone healing around dental 
implants.

Figure 1. PRISMA flow diagram with information through phases of study selection (Moher et al. 2010).
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4.	 All studies demonstrated the accuracy and efficiency 
of AI output compared to FEA.

5.	 Incorporating additional factors such as multiscale 
analysis can provide a more comprehensive under-
standing of the peri-implant bone response.

6.	 Long-term clinical studies are needed to validate the 
predictions made by AI models and assess their reli-
ability in real-world scenarios.

7.	 The cooperation among researchers, clinicians, and 
AI developers is crucial for addressing technical 
obstacles and successfully implementing AI technol-
ogy in the field of dental implantology.
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Table 1. Overview of the studies included in the review and their main features.

Reference AI models used Study’s purposes Main outcomes

Zaw et al. 2009 - Neural Network 
(NN)

To validate a rapid inverse analysis approach 
based on the Reduced-Basis Method (RBM) and 
Neural Network to identify the elastic modulus 

(Young’s modulus) of the interfacial tissue 
between a dental implant and the surrounding 

bones

Results identified by trained NN are very 
accurate, reliable, and the computational saving is 

very significant

Roy et al. 2018

- Genetic Algorithm 
(GA)

- Artificial Neural 
Network (ANN)

To present a novel approach for designing 
patient-specific dental implants using FEA and 

computational intelligence techniques

Genetic algorithm is successfully used for 
designing dental implant to achieve the desired 

microstrain and implant stress

Li et al. 2019
- Support Vector 
Regression (SVR)

- GA

To propose an uncertainty optimization approach 
for dental implants to reduce stress at the 

implant-bone interface

SVR model optimizes the implant design 
variables to minimize the stress at the implant-
bone interface. There is a reduction of 36.6% of 

the stress at the implant-bone interface compared 
with the FEA model

Kwak et al. 2021 - Convolutional Neural 
Network (CNN)

To present a method to assess the soft tissue 
thickness at the bone-implant interface (BII) 

based on the analysis of its ultrasonic response 
using a simulation-based CNN

The linear correlation between actual 
and estimated soft tissue thickness shows 

correlation values equal to 99.52% and 99.65% 
for microscopic and macroscopic roughness, 

supporting the reliability of the proposed 
assessment of osseointegration phenomena

Choudhury et al. 
2022

- ANN
- GA

To present a methodology for designing patient-
specific basal dental implants using FEA and 

ANN

The ANN metamodel developed from the FE 
simulation data is found to be able to formulate 
the fitness function for the optimization using 
GA to achieve desired microstrain in the peri-

implant bone for a better osseointegration

Kung et al. 2023 - Deep Learning 
Network (DLN)

To present a DLN model that can predict tissue 
differentiation around dental implants in patients 
with different ages, genders, and occlusal forces

The network successfully surrogated the finite 
element (FE) calculation and mechano-regulation 

algorithm and significantly increased the 
calculation efficiency with an accuracy of 97.23%
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Abstract. The “STimulator of INterferon Genes” (STING) represents the primary sen-
sors of cytosolic double-stranded DNA (dsDNA). The STING cellular signaling path-
way is considered an attractive pharmacological target for cancer immunotherapy due 
to its immunostimulatory potential. In fact, activation of the intracellular STING pro-
tein triggers the secretion of type I IFNs, which results in immune-mediated tumor 
elimination and generation of antitumor immune memory. Two types of STING ago-
nists were developed: cyclic dinucleotides (CDNs) and non-nucleotide small molecule 
agonists. Preclinical studies of STING agonists have demonstrated remarkable results 
in many tumor models, resulting in complete and durable therapeutic responses in a 
majority of treated mice. This review provides a brief summary of the latest research 
findings on STING agonists, their delivery to the tumor and the strategies being 
employed to enhance their efficacy in cancer immunotherapy.

Keywords:	 STimulator of INterferon Genes, STING agonists, type I interferon, antitu-
mor response, drug delivery.

INTRODUCTION

The innate immune system is the first defense line in mammals. One 
of the significant immune responses is the pattern recognition receptors 
(PRRs), which recognize the different pathogen and damage-associated 
molecular patterns (PAMPs and DAMPs). PRRs are germline-encoded, and 
they play a crucial role in the immune system’s function (Hopfner et al., 
2020). PAMPs and DAMPs derived from bacteria, viruses, or endogenous 
cytosolic self-DNA from tumor cells activate PRRs, leading to the produc-
tion of soluble mediators such as type I interferons and pro-inflammatory 
cytokines (Amouzegar et al., 2021).

The “STimulator of INterferon Genes” (STING) family of PRRs was dis-
covered in 2008, and they are considered the primary sensors of cytosolic 



106 Martina Ceci, Marco Trerotola, Manuela Iezzi

double-stranded DNA (dsDNA) (Ishikawa et al., 2008). 
STING protein is expressed in both innate and adap-
tive immune cells, and non-immune cells, including 
endothelial cells, epithelial cells, and cancer cells (Gar-
land et al., 2022). STING activation has immunologi-
cal effects that are mediated by the secretion of IFNs, 
especially type I IFNs (IFN-I) such as IFN-ß. The thera-
peutic responses to STING activation include dendritic 
cell maturation, antitumor macrophage polarization, 
enhanced priming and activation of T cells, improved T 
cell infiltration in tumor sites, and promotion of natural 
killer (NK) cell activation (Garland et al., 2022). These 
responses to the STING pathway activation result in 
immune-mediated tumor elimination and the generation 
of antitumor immune memory. Therefore, the STING 
pathway is considered an attractive pharmacological tar-
get for cancer immunotherapy due to its immunostimu-
latory potential. This review provides an overview of the 
latest research findings on STING agonists in cancer 
treatment. It also discusses their delivery to the tumor 
and the strategies being employed to enhance their effi-
cacy in cancer immunotherapy.

STING CELLULAR SIGNALING PATHWAY

Typically, cytosolic nucleases break down foreign 
DNA in cells. However, if there is abnormal dsDNA in 
the cytosol due to pathogenic infections or cellular dam-
age, this activates the cyclic guanosine monophosphate-
adenosine monophosphate synthase cGAS (discovered by 
Sun et al. in 2013), which synthesizes a cyclic dinucleo-
tide called cGAMP (2’-3’-cyclic GMP-AMP). This signals 
the STING protein in the endoplasmic reticulum, which 
moves to the perinuclear Golgi and binds the TANK-
binding kinase 1 (TBK1). Together, the complex phos-
phorylates transcription factors like IRF3 and NF-κB, 
which leads to the production of IFN-I in the cell.

STING AGONISTS IN CANCER IMMUNOTHERAPY

To achieve anti-cancer effects by mimicking the 
activation of STING pathway signaling, STING ago-
nists have been developed. STING agonists come in 
two types: cyclic dinucleotides (CDNs) and non-nucle-
otide small molecule agonists. CDNs are the natural 
ligands of the STING protein but face limitations in 
clinical applications due to their chemical properties. 
Synthetic CDNs are being formulated to improve their 
performance, with ADU-S100 being tested in clini-
cal trials for head and neck squamous cell carcinoma 

and lymphomas (Zandberg et al., 2020). Among the 
non-nucleotide small molecule agonists, dimeric ami-
dobenzimidazole (diABZI) is one of the most promis-
ing. Discovered in 2018 by Ramanjulu et al., diABZI is 
the first effective non-nucleotide STING agonist used 
worldwide, with great potential to enhance human can-
cer immunotherapy. In immunocompetent mice with 
syngeneic colorectal tumors (CT-26), intravenous injec-
tion of diABZI has demonstrated tumor regression and 
increased overall survival time. In fact, 80% of treated 
animals were tumor-free until the end of the study 
(Ramanjulu et al., 2018).

DELIVERY AND COMBINATION 
STRATEGIES FOR STING AGONISTS

The STING protein is located on the endoplasmic 
reticulum. To interact with STING, CDNs STING ago-
nists need to passively diffuse through the lipophilic 
plasma membrane, which is challenging due to their ani-
onic phosphate groups and high aqueous solubility (Gar-
land et al., 2022).

Recent research shows that using liposomal delivery 
for STING agonists could have significant benefits. Differ-
ent approaches are also in development: one study, led by 
Tse and colleagues, utilized lipid nanoparticles to deliver 
mRNA vaccines that encode a gain-of-function mutation 
of STING. This mutation allows for the expression of con-
stitutively active STING, even without STING ligands. 
The researchers found that mice vaccinated with mRNA 
encoding STINGV155M, and inoculated with TC-1 tumors 
transformed with oncoproteins, experienced suppressed 
tumor growth and longer survival (Tse et al., 2021).

A different team has created a cancer vaccine called 
STINGVAX that uses a CDNs STING agonist and gran-
ulocyte-macrophage colony-stimulating Factor (GM-
CSF)-secreting cancer cells (Fu et al., 2015). The study 
found that STINGVAX was able to successfully slow 
down the growth of tumors in mice with B16 melanoma, 
with just one injection. Tumors from mice who received 
STINGVAX had more CD8+ IFN-γ+ T cells compared 
to mice who were given a cancer cell vaccine without 
CDNs. 

Moreover, the idea of combining STING agonists 
with existing immunotherapies is quite attractive. While 
CTLA-4 and PD-L1 blockades can successfully revive 
faltered T-cell responses, they rely on the availability of 
T cells and entry to the tumor core. STING agonists may 
act as an on-site vaccine, stimulating the T-cell response 
and reducing the threshold of myelosuppression that 
causes immune exclusion.
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CONCLUSIONS

Currently, a crucial goal in the field of immu-
no-oncology is to discover new immunotherapeutic 
approaches that boost the immune system’s ability to 
recognize and eliminate tumors that do not respond to 
FDA-approved immune checkpoint inhibitor antibodies. 

The STING cellular signaling pathway is highly 
promising in this regard. Since the discovery of the 
STING protein in 2008, academic interest in this area 
has grown exponentially, as evidenced by the rapidly 
increasing number of publications, and by the develop-
ment of an expanding number of STING agonists. 

Significant advancements have been made also to 
improve the delivery of STING ligands: nanoparticles 
improve cytosolic cellular uptake and increase local 
retention of CDNs, offering a suitable approach for 
addressing the pharmacological shortcomings of locally 
administered CDNs.

Preclinical studies of an increasing number of 
STING agonists have demonstrated remarkable results 
in many tumor models, sometimes resulting in complete 
and durable therapeutic responses in a majority of treat-
ed mice.

There are still many open-ended questions regarding 
STING agonist therapy in human patients at this time, 
but the immense potential justifies the large number of 
researchers engaged on the topic.
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Abstract. The cord blood platelet gel (CBPG), rich in growth factors and chemoattract-
ans molecules, is a useful tool to treat lesions with tissue loss as it accelerates remis-
sion and ensures the functional recovery of the limb. The results obtained in a series 
of 10 patients treated at the “Fondazione IRCCS Casa Sollievo della Sofferenza” in San 
Giovanni Rotondo (Italy) with CBPG in the treatment of revascularized patients with 
chronic limb-threatening ischemia (CLTI) are presented here. In the period 2017-
2021, they were treated with surgical toileting of the ulcers and application of CBPG. 
As a general scheme, CBPG was applied once every 21 days for 3 times; 8 out of 10 
patients observed had diabetes mellitus, of these 4 were on insulin therapy. One patient 
underwent a major amputation; two patients died for non-infectious causes. Studies 
in the literature show that CBPG is safe for patients affected by CLTI and undergo-
ing revascularization, promoting faster healing. Our results appear to overlap this data, 
also showing CBPG as an effective therapeutic option for the treatment of vascularized 
patients with foot lesions for CLTI, reducing the risk of major amputation. In perspec-
tive, multicenter randomized studies are needed to evaluate immediate and late results.

Keywords:	 chronic limb-threatening ischemia, diabetic foot, human umbilical blood, 
platelet, thromboangiitis obliterans, regenerative medicine. 

INTRODUCTION

Chronic limb-threatening ischemia (CLTI) is the end stage of peripheral 
artery disease (PAD). Moreover, it is a highly morbid disease, including sig-
nificant mortality rates, limb loss, pain, and diminished health-related qual-
ity of life among those affected (Goodney et al.). For this reason, the man-
agement of CLTI in patients with foot lesions requires, after revasculariza-
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tion interventions, a long painful and expensive wound 
care. In the last years, CBPG has been successfully used 
for regenerative medicine in skin lesions (Piccin et al. 
2017; Bisceglia et al. 2020), oral mucositis (Gelmetti et al. 
2018) and orthopedics (Caiaffa et al. 2020).

PATIENTS AND METHODS 

We report the case of 10 patients suffering from 
CLTI treated with vascularization intervention, ulcer’s 
debridement and/or minor amputation and then cord 
blood platelet gel application (CBPG) in the Department 
of Vascular Surgery of the “Fondazione IRCCS Casa Sol-
lievo della Sofferenza”, located in San Giovanni Rotondo 
(Italy) between 2017 and 2021. As many as 8 patients 
had a type II diabetes; 2 patients had Buerger disease, 
also known as thromboangiitis obliterans; all patients 
had non-infected wounds prior to CBPG application and 
no local and systemic clinical signs of sepsis. Exclusion 
criteria included ongoing chemotherapy and oral corti-
costeroid therapy, a history of malignant tumors with a 
disease-free interval of 3 years or less. Informed consent 
was obtained from the patients prior to CBPG applica-
tion and after approval of the Ethics Committee of our 
Hospital. Demographic characteristics, comorbidities, 
WIFi score, the type of treatment and outcome are list-
ed in Table 1. Vascular lab testing after arterial revascu-

larization demonstrated improved tibial artery flow in 
all patients with improved pulsatility and peak systolic 
velocity > 40 cm/s (Figure 1). Thereafter, each patient is 
addressed to standard wound care (normal saline solu-
tion and the surrounding skin was cleansed with beta-
dine solution) and CBPG wound applications. First of 
all, it is determined the count ‘ABO’ cord group of the 
patient because the CBPG should be hemocompatible 
with the patient’s blood (as well virological markers for 
HIV, HCB and HBV). The CBPG was applied topically 
on the wound and covered with sterile gauze. The CBPG 
protocol in our Department provides for one applica-
tion each 21 days for 3 times. At the end of the protocol, 
patients underwent follow-up in the vascular lab on a 
monthly basis. Our clinical outcomes were: the survival 
of the patient and the preservation of the limb. CBPG is 
prepared from Cord Blood (CB) units collected after the 
informed consent has been collected from the moth-
ers. The units were placed into plastic bags containing 
25-30 mL of citrate-phosphate-dextrose anticoagulant 
by trained midwives, before and after placental delivery 
in natural deliveries and in Caesarean sections, respec-
tively, according to the validated and standard Apulian 
Cord Blood Bank (located in the Casa Sollievo della Sof-
ferenza Hospital) operating procedures. After storage 
and transportation at monitored room temperature to 
the CB banks were performed, the units were processed 
within 48 hours of collection. Units containing less than 

Table 1 Demographic characteristics, comorbidities, Rutherford stage, the type of treatment, ulcer’s characteristics of our cases ( 1 Peripher-
al artery disease 1=Buerger Disease, 2=type II diabetes; 2 coronary artery disease, 3 chronic kidney disease, 4 Wound-Ischemia-Foot Infec-
tion classification system ; 5 below-the-knee femoro-popliteal bypass, 6 Plain Old Balloon Angiopasty, 7 Drug Eluting Balloon, 8 endoarter-
ectomy, 9 Above-the-knee femoro-popliteal bypass, 10 wound healing

Patient 
(year) PAD1 Age CAD2 CKD3 HbAc1 

(mmol/L)
WIFi 
score4 

Revascularization 
surgery strategy Foot lesion Outcome

1 (2017) 2 86 No No 53 222 F-P bypass BK5 Gangrene I finger, 6 cm lenght 
medial ulcer

1th-toe amputation 
72-month-follow-up died for 

cardiovascular disease
2 (2021) 2 74 Yes Yes 54 131 F-P bypass BK Two dorsalis ulcers 1th trans-metatarsal amputation

3 (2019) 2 62 Yes No 51 222 PTA stenting Forefoot amputation stump 
dehiscence Complete WH10

4 (2020) 2 78 No No 53 221 POBA6 I finger amputation stump 
dehiscence Complete WH

5 (2018) 2 73 Yes No 99 121 DEB7 10 cm length plantar ulcer
Complete WH

50-month-follow up died for 
cardiovascular disease

6 (2020) 2 83 Yes No 57 231 POBA I-II-III finger amputation stump 
dehiscence Complete WH

7 (2020) 2 81 Yes No 97 332 EA8 Infected heel ulcer Tigh amputation
8 (2018) 2 72 Yes Yes 55 221 F-P bypass AK9 External heel ulcer Complete WH
9 (2020) 1 73 No No No diabetic 121 F-P bypass AK Intergidital ulcers Complete WH

10 (2018) 1 41 No No No diabetic 221 F-P bypass AK Acral ulcers Complete WH
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1.5 x 109 nucleated cells (which are not routinely banked 
for allogeneic hematopoietic transplantation purposes), a 
platelet count of 150 x 109/L or greater and a volume of 
50 mL or greater were processed into CBPG within 48 
hours of collection by the blood bank staff. The units are 
centrifuged at 200 to 210 x g for 10 to 15 minutes, and 
the platelet-rich plasma is collected in a transfer bag, 
which is centrifuged at 1800 to 2600 x g for 15 minutes. 
Most of the supernatant platelet-poor plasma is then 
removed, and the platelets are resuspended at a concen-
tration of 1 +/- 0.2 x 106/ mL. The platelet concentrate, 
with an average volume of approximately 10 mL, is final-
ly transferred into a storage bag and cryopreserved with-
out cryoprotectant in a mechanical freezer at a tempera-
ture below -24°C. At the time of use, the platelet concen-
trate is thawed, and a platelet gel is formed by the addi-
tion of 10% calcium gluconate in a 1:3 ratio (Figure 2).

RESULTS

As many as 7 out of 10 patients had complete wound 
healing (WH). Two patients died of cardiovascular dis-
ease (table 1). Unfortunately, 1 out of 10 patients (patient 
n. 7) underwent a major amputation because of a gan-
grene of the limb at the 25-month follow-up. 

DISCUSSION

Few are the clinical trials in the Literature (Samar-
kanova et al. 2020, Volpe et al. 2017) on the CBPG appli-
cation to the diabetic foot, and our case series presents 
the results on foot lesion also in thromboangiitis oblit-
erans, which is a nonatherosclerotic, inflammatory and 
thrombotic involvement of distal vessels of the extremi-
ties, most commonly affecting young male smokers. 
After vascular intervention, in selected patients, other 
adjuncts therapies can be used, including spinal cord 
stimulation (De Caridi et al 2016 feb, De Caridi et al. 
2016 Apr) and vacuum-assisted wound (VAC) therapy 
(De Caridi et al 2016 Jun.; De Caridi et al. 2016 Oct.) 
and recently bioengineered tissues or skin substitutes 
and growth factors (Mannari et al. 2002, Serra et al 
2013), have been used to improve WH. Impaired WH 
in PAD patients is due to poor angiogenesis, dimin-
ished leukocyte migration, early fibroblast senescence, 
extended inflammatory phase and decreased skin tensile 
strength, which enables wound recurrence. The interest 
of our group is focused on CBPG factors for the complex 
implication on wound healing: Platelet-Derived Growth 
Factor, Insulin-Like Growth Factor 1, Fibroblast Growth 
Factor, Epithelial Growth Factor, Vascular Endothe-
lial Growth Factor, Transforming Growth Factor β1, 

Figure 1. Vascular interventions realized in our case series are finalized to improve tibial distal arterial flow.
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Hepatocyte Growth Factor and cytokines (IL-1, IL-6, 
IL-4)(Leme et al, 2022). In addition, CPBG seems to play 
a role in pain relief, as observed in diabetic patients, 
through immunomodulation and by stimulating neural 
regeneration in damaged fibers (Rosenberger et al. 2019; 
Bouhlel et al. 2007; Sandireddy et al. 2014, Rubio et al 
2017; Rah et al 2017, Tsuda et al. 2019). 

CONCLUSION 

CBPG treatment protocol in foot lesions of CLTI 
patients after vascularization intervention in our experi-
ence appears safe and effective. Multicenter randomized 
studies are needed to evaluate late results, in particular 
for a national protocol of outpatient treatment.
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Abstract. Although the progression of IBD therapy is controlled with chemical drugs 
and biological therapies, healing results cannot yet be achieved, along with the inevi-
table side effects. As a result, a variety of research have focused on exploring novel 
therapies and found that natural products can serve as promising therapeutic agents 
for IBD through their anti-inflammatory and antioxidant effect. Recently, the chemi-
cal constituents of the main saffron processing bio-product, the petals of C. sativus, 
have attracted the attention of researchers. We compare the anti-inflammatory effect 
of the Saffron Stigma Extract (SSE), Saffon Petal Extract (SPE) and Petals/Stigma 
Extract (SPE/SSE) on lipopolysaccharide (LPS)-stimulated human Caco-2 cell mon-
olayers by analyzing FBW7/ signaling IkBα, upstream of the activation of inducible 
molecules such as iNOS and COX-2. The results of this study provide further sup-
port for the possible use of SPE in medicine, raising awareness of the potential of the 
waste product generated in the production of the saffron spice. Compared to the SPE/
SSE is not able to attenuate the pro-inflammatory response, and further investigations 
should be undertaken to understand what kind of negative interaction is triggered 
between the two components of the spice. 

Keywords:	 IBD, inflammation, intestinal epithelial cells, saffron petals extract, saffron 
stigma extract.
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1. INTRODUCTION

Crocus sativus L., commonly known as saffron, is, 
widely cultivated in many Mediterranean countries 
and parts of Asia (De Cecco, F et al., 2022). Recently, 
the chemical constituents of the main saffron process-
ing by-product, the petals of C. sativus, have attracted 
the attention of researchers. In the flowering stage, both 
stigmas and petals of C. sativus contain various bioac-
tive flavonoids, alkaloids, and coumarins. Although the 
stigmas and petals are similar in composition, there are 
differences in their metabolite content. Interestingly, 
a total of 147 flavonoid metabolites were detected in 
the stigmas and petals, of which 23 were significantly 
upregulated in the petals. Inflammatory bowel disease 
(IBD) is a chronic state of gastrointestinal inflammation 
and is mainly grouped into Crohn’s disease (CD) and 
ulcerative colitis (UC). Although the pathophysiology 
of IBD are still unclear, high levels of pro-inflammatory 
cytokines are present in the gut of patients with IBD 
and have a crucial role in the dysfunction of mucosal 
homeostasis contributing to the pathogenesis of IBD 
(Chen Y, et al., 2021). In the present study, we com-
pare the anti-inflammatory effect of the Saffron Stigma 
Extract (SSE), Saffon Petal Extract (SPE) and Petals/
Stigma Extract (SPE/SSE) on lipopolysaccharide (LPS)-
stimulated human Caco-2 cell monolayers analysing 
FBW7/IKBα signaling. 

2. MATERIALS & METHODS

2.1 Cell culture

The human colon adenocarcinoma Caco-2 cell line 
(ATCC® TIB-202™ Rockville, MD, USA) was cultured as 
previously reported by (Wu XX, et al., 2019). 

2.2 Cytotoxicity assay

The Methylthiazolyldiphenyl-tetrazolium bromide 
(MTT) assay (Sigma‐Aldrich, St. Louis, MO, USA) was 
performed, as previously described (Franceschelli S, et 
al., 2016).

2.3 ROS Detection

An NBT (nitroblue tetrazolium) assay was per-
formed as previously described to detect intracellular 
ROS levels (Franceschelli S, et al., 2019)

2.4 RNA extraction, reverse transcription, and Real-Time 
PCR 

Cells were collected in 1mL QIAzol lysis reagent 
(Qiagen, Hilden, Germany), total RNA extraction and 
Real-Time PCR was performed as previously described 
(Patruno A, et al., 2015).

2.5 Western Blot Analysis

Western blot analysis was performed as described 
previously (Franceschelli S, et al., 2019) using the fol-
lowing antibodies against iNOS (OTI1E5; 1:700), IKBα 
(NFKBIA) (OTI1D4; 1:400), FBXW7 (OTI6B1; 1:1000), 
COX-2 (ab52237; 1:500), and β-actin (Santa Cruz Bio-
technology).

2.6 Statistical analysis

Quantitative variables are summarized as the mean 
value and standard deviations (SD) in the Tables and 
Figures. To assess the accuracy of fold change data, the 
95% confidence interval (95% CI) and standard error 
(SE) were determined. A Student’s t-test for unpaired 
data was applied to evaluate the significance of differ-
ences. All tests were two-tailed. The threshold of statis-
tical significance was set at p=0.05. Data analysis was 
performed on GraphPad Prism 6 Software, version 6.01, 
2012.

3. RESULTS

3.1 Saffron Stigma Extract and Stigma/Petals Extract does 
not affect the viability of epithelial cells. 

In order to determine the concentrations of SSE and 
of SPE/SSE which has nontoxic to cells, we examined the 
cell viability in Caco-2 cells after incubation with differ-
ent concentrations of SSE (50ng/ml, 100ng/ml, 500 ng/
ml, 1ug/ml, 5ug/ml, 10ug/ml, 25ug/ml, 50ug/ml, 100ug/
ml, 250 ug/mL, 500ug/ml, 1mg/ml) and of SPE/SSE (we 
used petals and stigmas in the ratio of 2:1- range to 50 
and 25 ng/ml from 1 and 0.5 mg/ml), for 24 h. MTT 
assay showed that SSE and SPE/SSE did not affect the 
viability of Caco-2 cells at concentrations lower than 
1mg/ml and 1-0.5 mg/ml, respectively (Fig. 1A, B). 
Furthermore, the superoxide anion radical-scavenging 
activity was also measured in a non-enzymatic method 
at 24h. The generation of superoxide anions was mark-
edly inhibited (∼50%) from the concentration of 25 μg/
ml of SSE and 50-25 ug/ml of SPE/SSE in respect to cells 
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stimulated with LPS (Fig. 1C,1D). Of note, SPE/SSE at 
concentrations above 500-250 ug/ml loses its ability to 
neutralise superoxide anion. Thus, SSE at 25 μg/ml and 
SPE/SSE 50-25 ug/ml was more often used in the follow-
ing experiments to test its activity against LPS-induced 
inflammation. SPE was used at a concentration of 50 ug/
ml which, as per our previous results, is non-cytotoxic 
and induces significative reduction of the ROS produc-
tion, as well as the expression of inducible iNOS and 
COX-2 (De Cecco, F et al., 2022). 

3.2 Effect of Saffron Stigma, Saffron Petal and Petals/Stig-
ma on inducible molecules 

To compare the effects of SSE, SPE and SPE/SSE 
on epithelial cells, the expression of inducible proteins, 
known to be controlled by NF-kB (p65) and up-regulat-
ed in the inflammatory process, were checked. As shown 
in Figure 2, in Caco-2 cells exposed to LPS, SSE and SPE 
induce a down-regulation of both mRNA and protein 
expression of iNOS (Fig. 2A) and COX-2 (Fig. 2B) com-
pared to activated cells.  Instead, the combined extract 
of SPE/SSE, is not able to induce the down-regulation of 
the pro-inflammatory molecules analysed (Fig.2A,2B).

Figure 1. Cytotoxyc effect of SSE and SPE/SSE on Caco-2 cells. Cells were treated with SSE (A) and SPE/SSE (B) for 24h. Cells viability 
was measured by MTT assay as reported in Materials and Methods. Date are reported as % of viability in respect to control cells. Each bar 
represent means ±SEM (n=3); (C) Antioxidant activity of SSE (C) or SPE/SSE (D) against oxidative stress LPS-induced measured by NBT 
test. Results were registered as stimulation index (SI). SI value of 1 was assigned to control cells. Each bar represent means ±SEM (n=3). 
§p<0.005 vs CTRL; #p<0.05 and*p<0.01 vs LPS. (SSE: Saffron Stigma Extact; SPE/SSE:Petals/Stigma Extract; LPS: Lypopolysaccharide)
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3.3 Effect of Saffron Stigma and Petals on FBW7/IkBα 
signaling 

Since in our previous paper (De Cecco, F et al., 
2022) we have hypothesised that SPE exerts its regula-
tory effect on NF-kB interfering with FBW7, we studied 
and compared the effect of SPE with that of SSE and 
SPE/SSE. Expression levels of both mRNA and FBW7 
protein were significantly up-regulated in cells stimu-
lated with LPS confirming its role in regulating the 
inflammatory response (Figure 3A). Treatment with 
selected concentration of SPE and SSE induces a down-

regulation of the expression of this ubiquitin which 
represents a negative regulator of the inflammatory 
process. At the same time, the protein levels of NF-kB 
inhibitor as IKBα were detected. Interestingly, IKBα 
was significantly expressed by SPE and SSE treatment 
compared to LPS-activated cells, leading us to hypothe-
size that both exert their regulatory effect on NF-kB by 
interfering with FBW7 (Figure 3B). However, the treat-
ment of the activated intestinal epithelial cells with 
the SPE/SSE was unable to attenuate the inflammatory 
response induced by LPS and mediated by FBW7/NF-
kB signaling.

Figure 2. Effect of SPE, SSE, SPE/SSE on inducible molecules in 
Caco-2 cells. Representative image of Western blot analysis (left) 
with relative densitometry and real-Time PCR analysis (rigth) 
for iNOS (A), COX-2 (B). To the left, in the densitometric analy-
sis (n = 3), each bar is reported as the intensity of optical density 
(IOD) ± SD. The following primer pair sequence was used: iNOS 
(F:5’- CATTGCTGTGCTCCATAGTTTC-3’-, R:5’- CAGGACG-
TAGTTCAGCATCTC-3’); COX-2 (F:5’-CGATGCTGTGGAGCT-
GTAT-3’; R:5’-CATTGCTGTGCTCCATAGTTTCG-3’); §P < 0.05, 
vs control cells and *P < 0.05 vs LPS-stimulated cells. (SSE: Saffron 
Stigma Extact; SPE: Saffron Petals Extract; SPE/SSE:Petals/Stigma 
Extract; LPS: Lypopolysaccharide)

Figure 3. Effects of SPE,SSE and SPE/SSE on FBW7/ IKBα Signal-
ing in Caco-2 cells. Representative image of Western blot analysis 
for FBW7 (A) and IKBα (B). To the left, in the densitometric anal-
ysis (n = 3), each bar is reported as the intensity of optical density 
(IOD) ± SD. §P < 0.05, significance vs control cells. For qRT-PCR 
analysis, the following primer pair sequence was used: FBW7 (F:5’-
CAGTCCGCTGTGTTCAATATG-3’, R:5’-GCCCTGTTAACGT-
GTGAATG-3’); 18S (F:5’- CTTTGCCATCACTGCCATTAAG -3’, 
R:5’-TCCATCCTTTACATCCTTCTGTC-3’). *P < 0.05 significance 
vs LPS-stimulated cells.
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4. DISCUSSION

Despite the incredible progress of modern medi-
cine, significant obstacles remain in the treatment of 
IBD. There is high interest in alternative natural agents 
in the management of IBD because they are perceived 
to be safer than their synthetic equivalents due to their 
efficacy and minimal perceived side effects. Some herbs 
such as saffron, may control inflammation and improve 
cellular homeostasis in many diseases as well as peptic 
ulcer and UC (Singh G, et al., 2022). In our previous 
study we have demonstrated the efficacy of SPE as a pro-
tective agent against inflammation interfering with the 
FBW7 protein (De Cecco F, et al., 2022). In this study 
we compare the effect of SPE, SSE and a mix of SPE/
SSE. There are several studies indicating that saffron 
and its constituents have an important role in inhibition 
the NF-κB signaling, but few studies have focused on 
comparing the effects of saffron and its components in 
cellular processes. (Zeinali M, et al., 2019). Our results 
showed that SPE can attenuate the over-expression of the 
inducible proteins iNOS and COX-2, in intestinal epithe-
lial cells, in a similar way to SSE (Figure 2). Moreover, 
in this study, for the first time, we demonstrated that the 
SSE, as SPE, by reducing the expression of protein FBW7 
inhibits the degradation of the IKBα subunit in intes-
tinal epithelial cells (Figure 3B). This protein, by main-
taining NF-kB in the inactive state, can alleviate a mul-
titude of NF-kB-driven inflammatory diseases such as 
IBD. Finally, SPE/SSE treatment is not able to attenuate 
the pro-inflammatory response mediated by the regula-
tion of FBW7/IKBα signalling.

This study confirmed that SSE and SPE possess anti-
inflammatory and antioxidant activities, raising aware-
ness of the potential of the waste product generated in 
the production of the saffron spice. However, the com-
bined use of both is not able to attenuate the inflamma-
tory response, therefore further investigations should be 
undertaken to understand what kind of negative inter-
action is triggered between the two components of the 
spice. The results of this study provide further insights 
into the study and confirmation of the effects of SPE in 
a two-dimensional coculture model to evaluate its pos-
sible use to support conventional IBD therapy through a 
clinical trial.
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Abstract. Determination of Post Mortem Interval (PMI) has always been based on 
empirical analysis of microdata not always endowed with sufficient reliability. Due to 
its significancy in medico-legal issues, PMI estimation needs to be assessed by applying 
new and more reliable methods and/or biomarkers. Considering the growing interest 
and use of stem cells taken from cadaveric tissues and the success in their isolation from 
death donors, with the maintenance of vitality and regenerative capacity, we evaluated 
the Literature “state of the art” on this topic to understand if those stem cells could also 
be used for thanatochrologic estimation. The results obtained from Literature analy-
sis show the possibility of using these cells as a marker for the post-mortal interval. In 
particular Mesenchymal Stem cells, isolated from adipose and muscular tissues, can be 
used to evaluate their regenerative capacity over time according to the PMI.

Keywords:	 Post Mortem Interval, PMI, stem cells, cadaveric tissue, forensic medicine.

INTRODUCTION

Post mortem interval (PMI) is defined as the elapsed time since the 
death of an individual. Assessing PMI is one of the most difficult task and 
recurrent challenge in forensic pathology due to the influence of various 
intrinsic and extrinsic factors, but it is of fundamental importance in med-
ico-legal issues.

Due to its significance and complexity, PMI estimation needs to be 
assessed by applying new and more reliable methods and/or biomarkers and 
this, in recent years, is reflected by an increasing focus of research in thana-
tochronology.

Several methodological approaches have been proposed but, to date, 
none of these resulted to be reliable for forensic purposes. 
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Considering the growing interest of regenerative 
medicine in cadaveric stem cells with a view to mini-
mize ethical problems associated with their obtainment, 
we evaluated the Literature “state of the art” on this top-
ic to understand if those stem cells could also be used 
for thanatochrologic estimation.

MATERIALS AND METHODS: 

A review of publications was performed using Pub-
Med database. The search was limited to work and stud-
ies published in English. Key words included were: stem 
cells, forensic medicine and/or cadaver.

373 articles were found. Exclusion criteria were: case 
reports, trials, reviews, book chapters, articles with una-
vailable fulltext and studies performed on brain dead 
but beating heart donors.

A total of 91 studies were retained, involving both 
human and animal cadavers.

RESULTS:

15 of the analyzed articles used only animals of dif-
ferent specimens, 65 focused just on human cadavers, 7 
compared results between human and animals cadavers 
while the remaining 4 compared results between human 
cadavers and living donors.

The most sampled tissues were the ones derived 
from eye ball like corneas, conjunctiva, retina and cili-
ary body (30 articles), followed by bone marrow (23 arti-
cles) and central nervous system (14 articles).

Considering the type of stem cells studied, large 
majority of Literature focused on limbal stem cells, mes-
enchymal stem cells and hematopoietic stem cells with 
18, 16 and 13 studies respectively.

All the articles aimed at finding useful tools for 
regenerative medicine purposes, while 2 studies also 
considered data of medico-legal interest, but only as col-
lateral observations.

DISCUSSION:

The aim of this work is to evaluate the possibility 
of using stem cells as a marker for post mortem inter-
val estimation in medico-legal issues. The idea to focus 
on cadaveric stem cells arised from the growing inter-
est, especially in regenerative medicine field, on deceased 
donors in order to avoid ethical controversies.

Literature analysis permitted to underline that 
cadaveric stem cells are successfully isolated from vari-

ous tissues and that, within a certain timeframe, they 
maintain viability and proliferative capacity. To evaluate 
which stem cells could be most suitable for forensic pur-
poses, we initially focused on the most studied organs 
in Literature which resulted to be eye, bone marrow 
and the central nervous system. However, none of these 
organs are particularly useful in medico-legal analysis 
as they undergo rapid degradation after death, cannot 
be sampled in all the contexts (i.e. site inspection) and 
moreover are often affected by pre-death patients clinical 
conditions.

We then focused on the most studied types of stem 
cells that resulted in limbal, mesenchymal and hemat-
opoietic by analysing 18, 16 and 13 articles, respectively.

Of these three types of cells, the first and third ones 
are collected almost exclusively from eye ball tissues and 
bone marrow respectively, and therefore are scarcely 
useful for forensic purposes for the reasons afore men-
tioned, while mesenchymal cells are of greater interest as 
they derive from various tissues, (see Table 1).

In particular muscular and adipose tissues are con-
sidered superior by some studies in terms of prolifera-
tive and differentiative capacity if compared to other tis-
sues such as bone marrow. Moreover these tissues are 
very resistant to ischemic insults, are easily accessible 
for sampling and they are little affected by the most fre-
quently pre-existing pathological conditions and by the 
cause of death of an individual.

CONCLUSIONS

Despite the growing interest and use of stem cells 
taken from cadaveric tissues and the success in their iso-
lation from death donors, with the maintenance of vital-
ity and regenerative capacity, very little attention is given 
to their potential use in forensic medicine, in particular 
for thanatochronological purposes.

The results obtained from Literature analysis, 
although still limited, show the possibility of using these 
cells as a marker for the post-mortal interval. In par-
ticular adipose and muscular tissues can be used also in 
comparison, to evaluate the regenerative capacity over 
time of stem cells according to the PMI.
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Abstract. The aim of this mini-review is to report current knowledge about the associ-
ation between ambulatory blood pressure and risk of heart failure in hypertension. We 
conducted a literature search through PubMed, Web of science and Cochrane Library 
by using terms such as ambulatory blood pressure, 24-hour blood pressure, daytime 
blood pressure, nighttime blood pressure, hypertension, heart failure. We identified 4 
studies including 7891 patients who developed 260 cases of heart failure during the 
follow-up. The evaluation of published studies indicates that ambulatory blood pres-
sure is superior to clinic blood pressure in predicting the occurrence of heart failure. 
Particularly, it has been reported that 24-hour blood pressure values, nighttime non-
dipping blood pressure pattern and ambulatory resistant hypertension are associated 
with increased risk of heart failure above clinic blood pressure. Nevertheless, there are 
still few data in the literature on this topic. Therefore, further studies are needed to 
broaden our knowledge on this matter to improve our therapeutic approach to prevent 
HF in hypertensive patients.

Keywords:	 ambulatory blood pressure, hypertension, heart failure.

INTRODUCTION

A lot of studies indicate that out-of-office blood pressure (BP), detected 
by ambulatory BP monitoring or home BP recording, is superior to clinic BP 
in predicting various cardiovascular outcomes in hypertensive patients (Wil-
liams et al, Whelton et al, Pierdomenico et al, Coccina et al, Huang et al).

Heart failure (HF) is a relevant public health matter that is character-
ized by high mortality and costs (Roger VL). Hypertension is one of the most 
important causes of HF occurrence (McMurray JJ, Stewart S). Indeed, its pop-
ulation-attributable risk for HF has been shown to be as high as that of coro-
nary artery disease (Dunlay et al). Nevertheless, clinic BP, as for other cardio-
vascular consequences, may not entirely depict the harmful effect of hyper-
tension on HF. In this scenario, only few studies have attempted to evaluate 
whether ambulatory BP is superior to clinic BP in predicting HF onset. 
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The aim of this mini - review is to report current 
knowledge about the association between ambulatory BP 
and risk of HF in hypertension.

METHODS

We conducted a literature search through PubMed, 
Web of science and Cochrane Library up to June 30, 
2023. The terms used to identify studies were ambulatory 
blood pressure, 24-hour blood pressure, daytime blood 
pressure, nighttime blood pressure, hypertension, heart 
failure. Inclusion criteria were 1) full articles published 
in peer-reviewed journals; 2) use of ambulatory BP moni-
toring; 3) data on the occurrence of HF reported as a sep-
arate outcome. We identified 4 manuscripts (Ingelsson et 
al, Pierdomenico et al, Kario et al, Coccina et al). 

RESULTS

In a Swedish study, 951 elderly men were investi-
gated (Ingelsson et al). Ambulatory BP monitoring was 
performed at baseline. Seventy men developed HF dur-
ing follow-up (median 9.1 years). In multivariable Cox 
regression analysis adjusted for covariates, a 1-standard 
deviation (9 mm Hg) increase in nighttime diastolic BP 
(hazard ratio [HR] 1.26, 95% confidence interval [CI] 
1.02-1.55) and “nondipping” (night-day BP ratio >=1; HR 
2.29, 95% CI 1.16-4.52) were associated with increased 
risk of HF. After adjusting for clinic BP, nondipping 
remained a significant predictor of HF (HR 2.21, 95% CI 
1.12-4.36 vs normal night-day pattern). The authors con-
cluded that nighttime BP conveys additional risk infor-
mation on HF beyond clinic BP and other risk factors. 

 In an Italian study, the occurrence of HF with 
reduced ejection fraction (HFREF) or preserved ejec-
tion fraction (HFPEF) was evaluated in 1191 elderly 
treated hypertensive patients who underwent ambula-
tory BP monitoring to evaluate 24-hour BP, dipping 
status, and morning surge (MS) of BP (Pierdomenico et 
al). During the follow-up (mean 9.1 years), 123 patients 
developed HF, of whom 56 had HFREF and 67 had 
HFPEF. After adjustment for covariates, Cox regression 
analysis showed that 24-hour systolic BP, but not clinic 
BP, was associated with risk of both HFREF (HR 1.36, 
95% CI 1.14-1.63, per 10 mm Hg increment) and HFPEF 
(HR 1.35, 95% CI 1.13-1.61, per 10 mm Hg increment); 
moreover, high MS of BP (>23 mm Hg) in dippers was 
associated with risk of HFREF (HR 2.27, 95% CI 1.00-
5.15) and nondipping was associated with risk of HFPEF 
(HR 2.78, 95% CI 1.38-5.63). The authors concluded that 

in elderly treated hypertensive patients, 24-hour systol-
ic BP is associated with future risk of both HFREF and 
HFPEF, whereas high MS and nondipping are associated 
with risk of HFREF and HFPEF, respectively.

In a Japanese study, the authors investigated the 
effect of resistant hypertension, diagnosed by ambu-
latory BP monitoring, on the risk of HF (Kario et al). 
Globally, 5839 patients were studied. According to clinic 
BP, ambulatory BP and number of drugs used, patients 
were classified in those with true resistant hypertension, 
pseudo resistant hypertension, well-controlled nonresis-
tant hypertension or uncontrolled nonresistant hyper-
tension. During a mean follow-up of 4.5 years, 67 HF 
events occurred. The adjusted risk of HF was increased in 
patients with true resistant versus controlled nonresistant 
hypertension (HR 2.24, 95% CI 1.17–4.30) and versus 
uncontrolled nonresistant hypertension (HR 3.03, 95% 
CI 1.58–5.83). The authors concluded that true resistant 
hypertension diagnosed by ambulatory BP monitoring is 
a significant independent risk factor for HF. 

In another Italian study, the risk of HF was assessed 
in elderly treated hypertensive patients with white coat 
uncontrolled hypertension (WUCH), ambulatory nonre-
sistant hypertension (ANRH) and ambulatory resistant 
hypertension (ARH), compared to those with controlled 
hypertension (CH) (Coccina et al). Globally, 745 treated 
hypertensive subjects older than 65 years were investi-
gated, of whom 153 had CH, 153 had WUCH, 307 had 
ANRH and 132 (18%) had ARH. During a mean follow-
up of 8.4 years, 82 HF events occurred. After adjustment 
for covariates, when compared to CH, the HR (95% CI), 
for HF was 1.30 (0.51–3.32), 2.14 (1.03–4.43) and 3.52 
(1.56–7.96) in WUCH, ANRH and ARH, respective-
ly. The authors concluded that, among elderly treated 
hypertensive patients, those with ARH are at a consider-
ably higher risk of HF when compared to CH.

DISCUSSION

Hypertension is one of the most frequent chronic 
diseases and is responsible for various cardiovascular 
complications. Among these, HF is an increasingly rel-
evant problem in individuals with long-lasting hyper-
tension and in elderly patients. However, clinic BP, 
as for other cardiovascular outcomes, may not com-
pletely describe the detrimental effect of hypertension 
on the occurrence of HF. Indeed, 24-hour ambulatory 
BP has repeatedly been shown to be a powerful predic-
tor of future combined cardiovascular events, even after 
adjustment for clinic BP. In this context, some studies 
have also tried to evaluate whether ambulatory BP might 
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be superior to clinic BP in predicting HF. The literature 
analysis indicate that ambulatory BP is superior to clin-
ic BP in predicting the occurrence of HF. Particularly, 
it has been reported that 24-hour BP, nondipping and 
ambulatory resistant hypertension are associated with 
increased risk of HF above clinic BP, emphasizing that 
traditional clinic BP does not capture all the increased 
risk of HF associated with hypertension. However, there 
are still few data in the literature on this topic. There-
fore, further studies are needed to broaden our knowl-
edge on this matter to improve our therapeutic approach 
to prevent HF in hypertension.
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Abstract. The aim of this work was to analyze the changes of the mesial and distal 
cortical bone peaks around the hybrid titanium implants in relation to the mastica-
tory load up to 7 years of follow-up. The analysis aims how occlusal loads may affect 
the peri-implant bone years after insertion through two-dimensional analysis using 
intraoral digital radiographs. Twelve hybrid T3 implants (Biomet 3i) were placed in 9 
healthy patients with the 2-stage surgical approach. Standardized digital Rx were tak-
en after early loading (6-8 weeks) after placement (T0); after 12 months (T1); after 30 
months (T2); after 4 years follow-up (T3), after 5 years follow-up (T4), after 6 years 
follow-up (T5), after 7 years follow-up (T6). The marginal bone gain and loss was digi-
tally measured. From T2 to T4 (5 years follow-up) there was a new bone formation 
demonstrating that well-balanced load forces can ensure good maintenance, with a 
crestal bone gain during the 2.7 to 7-year follow-up period.

Keywords:	 correct implant loading, peri-implant bone resorption, marginal bone loss, 
dental implant, loading procedure.

INTRODUCTION

Prosthetic rehabilitation through the insertion of implants requires 
achieving osteointegration and maintaining the height of the cervical bone 
(6). In the analysis of the longevity of the rehabilitation treatment, occlusal 
biomechanics plays a fundamental role in preventing the failure of already 
osseointegrated implants and favouring their correct maintenance, since 
occlusal overload is one of the main causes of loss of bone insertion around 
implants (3).

In the last decade, it was already defined how the behaviour of bone 
structures can be predicted in the face of a constant stimulus, which trans-
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lates into the preservation of bone tissue (5). An ineffec-
tive mechanical stimulus can lead to reabsorption due to 
disuse. Conversely, exacerbated values can lead to dis-
organizations, due to remodeling, which in turn cause 
irreversible structure micro-deformation (8).

When osseointegration processes are achieved, new-
ly formed bone directly contacts the titanium surface, 
and bone remodeling allows the implant to be fixed into 
the vital bone during occlusion (12). Peri‐implant bone 
preservation can be considered the paramount aspect 
for long-term successful treatment outcomes. The bone 
quantity/quality surrounding an implant, affects the 
osseointegration process and shape/outline of the above 
soft tissue, both important for treatment function and 
aesthetic efficacy (9).

In this light, data on a management procedure 
aimed at preventing or minimizing bone resorption, and 
short/long term is still lacking.

Therefore, it was the purpose of the present prelimi-
nary series to investigate in a cohort of 9 patients whether 
crestal bone changed in a time-dependent manner from 
early loading of hybrid implants to 7 years follow-up. 

MATERIALS AND METHODS

Nine healthy patients were enrolled in the present 
prospective study and received 12 T3 implants (Biom-
et 3i, Palm Beach Gardens, FL, USA) using the 2-stage 
surgical approach (Table 1). A careful phase of general 
and specific intraoral anamnesis was performed for all 
patients, followed by first and second level radiograph-
ic examinations to analyze the quality and quantity of 
available bone.

Furthermore, diagnostic wax-ups were performed 
for each patient to guide the insertion of the implants 
from an occlusal biomechanical point of view. Surgical 
and prosthetic protocols followed manufacturer guide-
lines and were performed by a single investigator in a 
private clinic (T.T.). The implants had submerged healing 
for 3.1 ± 0.2 weeks.

The final restorations were placed 7.5 ± 0.6 weeks 
after implant placement (14). Six implants were restored 
with cemented porcelain fused to metal and six implants 
with cemented monolithic zirconia, on screw-retained 
abutments. A long-term follow-up period was estab-
lished: the implants were checked 12 months (1 year), 
30 months (2.7 years), 4, 5, 6, and 7 years after the final 
delivery of the restoration (13). 

Digital intraoral radiographs and computer process-
ing were done to measure levels of crestal bone remod-
eling as it was a high-quality method for scientific evalu-
ations with an accuracy of <0.1 mm (2). X-ray record-
ings Radiographs were performed with a digital sensor 
adopting complementary metal oxide semiconductor 
technology capable of recording 1.92-megapixel images 
with a pixel size of 18.5 µm (Kodak RVG 6100 Digital 
Radiography System: Carestream Health Inc., Roches-
ter, NY, USA). A multiphase follow-up method was used 
to identify the time course of bone changes induced by 
each clinical procedure up to 7 years of follow-up.

The implant was considered an individual unit to 
overcome possible problems resulting in a more positive 
outcome for patients with multiple implants.

Data were analysed after the normality assessment 
(Shapiro-Wilk test), using the Repeated Measures ANO-
VA (RMANOVA) followed by the Tukey post hoc test. 
Statistical significance was set at P < 0.05.

Table 1. General characteristics and surgical procedure parameters in patients admitted into the study.

Patient Age Sex IS OB BD ID (mm) FTDD 
(mm)

FDUT 
(Ncm) IP IBF

1 64 F 3.6 Native Normal 4 x 10 4.0 50 Sub. Tight

2 63 M
3.6
3.7

Native
Native

Normal
Normal

4 x 10
4 x 10

4.0
4.0

50
50

Crestal
Sub.

Firm
Firm

3 42 F 4.6 Native Dense 4 x 8.5 4.0 50 Crestal Tight

4 47 M
4.5
4.7

Native
Native

Dense
Dense

4 x 11.5
5 x 8.5

4.0
5.0

50
50

Crestal
Crestal

Tight
Tight

5 53 M 3.4 Native Normal 4 x 11.5 4.0 50 Crestal Firm
6 48 M 2.5 Native Normal 5 x 10 5.0 50 Sub. Firm
7 42 F 3.6 Native Normal 5 x 11.5 5.0 50 Sub. Tight

8 40 F
1.5
1.6

Augment
Augment

Dense
Dense

4 x 11.5
4 x 13

4.0
4.0

50
50

Sub.
Sub.

Firm
Tight

9 50 F 4.7 Native Normal 5 x 8.5 5.0 50 Sub. Firm

Abbreviations: IS, implant site; Sub.: Subcrestal.
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RESULTS

The implants were perfectly osseointegrated and 
were loaded early 6-8 weeks after placement (T0) (7). 
Since loading the implants, no failures have been record-
ed and all fixed prosthetic restorations were stable at the 
end of the 7-year observation period. At T0 the mean 
peri-implant bone level was -0.43. The mean bone level 
at each step was 0.64 mm (T1), 0.76 mm (T2), 0.58 mm 
(T3), 0.47 mm (T4), 0.53 mm (T5), 0.49 mm (T6). These 
data showed that most of the peri-implant bone loss 
occurred in the period following early loading of the 
implants (11). There were no statistically significant dif-
ferences in the comparison between T0 and the other 
follow-up periods in terms of crestal bone resorption 
around the implants (p>0,05). Therefore, implant with 
regular occlusal loading can maintain adequate crestal 
bone levels for correct long-term function.

DISCUSSION

Research in implant surgery, requires the main-
tenance of the crestal bone level over the years. The 
dependent factors are various, for example correct oral 
hygiene, a minimum required quantity of adherent gin-
giva and the occlusal load to which the implants are sub-
jected (4). The most common problem is the absence of 
reference data on the peri-implant bone level over the 
long term in literature (>3 years). In the present study we 
found that in adult patients undergone to surgical pro-
cedure with Hybrid implant T3 (Biomet 3i, Palm Beach 
Gardens, FL, USA), longitudinal X-ray of the crestal 
bone level showed no differences between the short- and 
long-term follow-up. Most bone resorption occurred up 
to about 3 years (T2) (1). This supports the hypothesis 
that the primary reason for crestal bone loss during the 
first year of function, and thereafter, is the establishment 
of biological width. This process can therefore be con-
sidered a fast-acting factor (10). An important element 
is represented by the study carried out by our research 
group, where the behavior of the crestal bone was ana-
lyzed in the period between the second implant uncover-
ing operation and their load. (T2) (11).

The main limitation of the present study is relat-
ed to the small sample size. Furthermore, method of 
measuring the crestal bone level performed on digi-
tal X-rays, being operator dependent, can bring to a 
variability of results. In conclusion, the surprising fac-
tor that we found with this study was the crestal bone 
gain registered during the follow-up period from 2.7 
to 7 years (T2-T6). We considered the applied load the 

main responsible for the bone gain stimulation, during a 
long period of correct functioning of the system crown-
implant-bone. Future research is needed to shed lighter 
on these factors, such as finding a way to standardize 
bone response as a function of load.
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