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D-galactose is widely used to induce accelerated aging, oxidative stress, neurodegeneration,
and inflammation, but its effects on the large intestine remain poorly understood. We studied
male ICR mice divided into two groups: a control group and a group treated with D-galactose
(500 mg/kg/day, orally, for 6 weeks). Histological slides were obtained from all levels of the
large intestine and were stained with Azan, van Gieson and Toluidine blue. Azan staining
demonstrated an increase in collagen fibers in the proximal colon by over 30% and in the rectum
by 73% in D-galactose-treated mice compared to the control group. Van Gieson staining showed
83% increase in the periganglionic space in the proximal colon compared to the control group.
Toluidine blue staining for mast cells demonstrated an increase of over 30% in the proximal
colon, a 48% increase in the rectum, and a nine-fold higher density of mast cells in the distal
colon.

Key words: D-galactose—induced aging, ICR mice, large intestine, myenteric plexus,
periganglionic space, collagen deposition

Introduction

The gastrointestinal tract possesses an intrinsic neural network—comprising neurons,
glial cells, and ganglia organised into the myenteric (Auerbach’s) and submucosal
(Meissner’s) plexuses — collectively referred to as the enteric nervous system (ENS)
[5, 6]. The ganglia of the Auerbach plexus are encapsulated by a structure composed
of extracellular matrix (ECM) molecules such as agrin and collagen type 4 (Col4),
playing a role as a blood-myenteric barrier (BMB) [4]. It is reported that the amount
of collagen deposition (predominantly collagen type I) around the ganglia increases
with age [10, 7]. Enteric neuroinflammation induced by various reasons could cause
neurodegeneration and disruption of the capsule providing BMB [6, 4]. Neuronal loss
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in the myenteric plexus is commonly reported as a change occurring with advanced
aging [15]. The use of D-galactose is known as the safest method to induce accelerated
aging-related changes in vivo by increasing reactive oxygen species (ROS) as well as
inflammatory cytokine levels [1]. At the colonic level, it causes a significant reduction
in neuron cell bodies [8]. D-galactose has been shown to disrupt the structure of the
intestinal mucosa, thereby compromising the intestinal barrier [17].

No studies have focused on the changes that this accelerated ageing model has on
the BMB and the components of the ECM around the myenteric plexus. The present
research aimed to demonstrate the shifts induced by our model around the ganglia of
the Auerbach plexus and the inflammatory response it triggers at different levels of the
intestinum crassum.

Material and Methods

For this experiment, twelve (n=12) sexually mature male ICR mice (body mass 25-30g)
were brought in from the Breeding facility for Laboratory Animals, Slivnitsa, Bulgaria.
The animals were acclimated for 7 days before the experiment and then randomly
allocated to a control group (K1, n = 6) or a D-galactose-treated group (D-gal, n = 6).
The mice were kept under standard laboratory conditions, which consisted of a 12:12 h
light—dark cycle, and they were given free access to food and water. Their housing
conditions were: temperature (21-23°C), relative humidity (45-65%) and cage type
(Type 11 polysulfone).

D-galactose was administered ad libitum in the drinking water for 6 weeks at an
average daily dose of 500 mg/kg. All procedures were approved by the Bulgarian Food
Safety Agency and complied with Directive 2010/63/EU on the protection of animals
used for scientific purposes (approval No. 424/24.02.2025).

To perform the morphometric analysis, all animals were anaesthetised with
87 mg ketamine/kg body weight combined with 13 mg xylazine/kg, administered
by simultaneous intraperitoneal injections. The intestinum crassum of the examined
animals was dissected, cleared under running water, and submerged in 4%
paraformaldehyde overnight at a temperature of 4°C. Samples were then divided into
proximal colon (PC), distal colon (DC) and rectum (REC). The standard protocol for
embedding tissue samples in paraffin was applied. 6 pm sections were taken from the
paraffin blocks and mounted onto chrome gelatinised glass slides. Standard protocols
for Azan, van Gieson and Toluidine blue staining were applied.

The following morphological characteristics were evaluated: percentage of
collagen fibers in the preganglionic space as part of the area of the entire ganglion
(C%), as well as mast cell density in the samples (MCd). MCd was presented as a mast
cell count per mm? (mc/mm?).

Each of the glass slides was carefully examined under the research microscope,
Leica DM 1000, equipped with a digital camera, Leica DFC 290. Adobe Photoshop
24.1.0 was used to enhance the contrast and provide a more precise representation of
the studied structures.

For the morphometric analysis, the graphic software ImageJ (National Institutes
of Health, Bethesda, MD, USA) was employed. The plug-in ColourDeconvolution2



helped us measure the percentage of the connective tissue surrounding the ganglia of
the ENS by separating the different colors of the used stain.

The statistical data were analysed using GraphPad Prism 8 software (San Diego,
CA, USA). We used: Shapiro-Wilk test for normal distribution of the studied values, as
well as Dunn’s multiple comparisons test, or Ordinary one-way ANOVA (depending
on the distribution of the values) to determine the significance of the collected data.
Statistical significance was determined if p-values were <0.05.

Results

Collagen fibers surrounding the myenteric ganglia were visualised with classical
histochemical stains — Azan trichrome (Fig. 1C-D) and van Gieson (Fig. 1A-B).
Azan delineated collagen as a well-defined blue—-green meshwork adjacent to the
plexus myentericus. Tangential and transverse sections, 6 pm thick, were examined.
The proportion of collagenous connective tissue relative to total ganglionic area (C%)
was quantified across n = 69 ganglia. Because the data were non-normally distributed,
results are reported as medians and group differences were assessed using a Kruskal —

e e
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Rectum D-gal

Fig. 1. Van Gieson (A-B) and Azan (C-D) staining of transverse cut of proximal
colon (A) and sagittal cut of proximal colon (B) and rectum (C-D) of the control
group K1 (A, C) and D-Galactose treated one (B, D) in ICR mice. Arrowheads
indicate the collagen fibres around the preganglionic space. SL-stratum
longitudinale, SC — stratum circulare. Scale bars = 50 um (A, C, D), 100 pm (B).



Wallis test followed by Dunn’s multiple comparisons. Overall differences in C% were
observed (H(5) = 23.07, p = 0.0003). Median (Mdn) values were: PC-K1 = 12.22,
D-Gal = 16.84; DC-K1 = 18.53, D-Gal = 11.67; REC-K1 = 9.344, D-Gal = 16.18
(Fig. 3B). Relative to controls, D-galactose exposure produced a marked reduction in
C% at the DC level (by almost 60% decrease; p = 0.0063) and a significant increase at
the REC level (73% increase; p = 0.0075) (Fig. 3A).

Using van Gieson staining (Fig. 1A-B), collagen surrounding myenteric ganglia
appeared with the characteristic red coloration. A total of 79 ganglia were analyzed
across control (K1) and D-galactose—treated (D-Gal) groups. Because C% (collagen
area as a percentage of total ganglionic area) was not normally distributed, group
differences were evaluated with the Kruskal — Wallis test, which indicated a significant
overall effect (H(5) = 22.52, p = 0.0004) (Fig. 3B). Dunn’s post hoc analysis showed
a significant increase in C% in the proximal colon, with medians rising from 8.056
(K1) to 14.78 (D-Gal; p < 0.05). In the distal colon, C% likewise increased by 47%
relative to controls (control median = 6.3; p < 0.05) (Fig. 3B).

Mast cells were visualized using toluidine blue staining (Fig. 2A-B). Mast cell
(MC) density was expressed as cells per mm?. Mast cell (MC) density was expressed
as cells per mm? (Fig. 3C-D). In total, 36 histological slides were examined (K1,
n = 18; D-Gal, n = 18), with 183 MCs identified. Normality was assessed with the
Shapiro—Wilk test; data are reported as mean £ SD. One-way ANOVA across the six
groups showed a significant overall effect, F(5,30) = 12.69, p < 0.0001. In controls
(K1), MC density was highest in the rectum (REC: 1.041 + 0.6584 cells/mm?) and
proximal colon (PC: 0.7528 + 0.2320 cells/mm?), and lowest in the distal colon
(DC: 0.3259 £ 0.2035 cells/mm?) (Fig. 3D). Following D-galactose exposure, MC
density increased and redistributed across segments, peaking in the DC (2.907 +
1.172 cells/mm?), followed by the REC (1.541 £ 0.3905 cells/mm?) and PC (0.9948 +
0.4704 cells/mm?) (Fig. 3C).

i ;Prolz,colo’ram K'l “
t ! 1A ‘

Fig. 2. Microphotographs stained with Toluidine blue of the proximal colon in the control group
(A) and the distal colon in D-galactose-treated mice (B). Arrowheads are pointing at mast cells
situated between the stratum longitudinale (A) and the mucosa (B). Arrows indicate small blood
vessels; SL-stratum longitudinale. Scale bars = 50 pum.
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Fig. 3. Histograms showing (A-B) the percentage area of collagen fibers relative to the area of
myenteric ganglia in Azan (A) and Van Gieson (B)-stained sections, and (C-D) the distribution
of mast cells across different segments of the large intestine in K1 (control) and D-galactose—
treated mice. Error bars indicate SD. Data were compared using the Kruskal-Wallis test
followed by Sidak’s multiple comparisons test; *p < 0.05, **p < 0.01, ****p < 0.0001.

Discussion

Our study extends previous work on the D-galactose—accelerated aging model by
shifting the focus from the well-described neurodegeneration of the myenteric plexus
[8] to remodeling of the myenteric ganglionic capsule and associated inflammatory
responses across levels of the large intestine in ICR mice. Consistent with prior reports,



gastrointestinal aging is accompanied by an increase in collagen deposition [2]. The
collagen family includes more than 20 subtypes, commonly grouped into fibril-
forming (types I-III) and network-forming (type IV) categories [16], with type IV
as the predominant collagen of the ganglionic basement membrane in the myenteric
plexus [4].

Our approach integrates complementary histological stains with attention to their
interpretive limits. Van Gieson staining, widely used to visualise type I collagen [11]
and in our previous work [7], serves as a practical indicator of fibrillar collagen within
and around myenteric ganglia. In contrast, Azan staining is a non-specific method
for demonstrating collagen [9]; its findings require follow-up immunohistochemical
analyses to resolve collagen subtype composition and provide detailed characterisation.
Our analysis centres on capsule remodeling and inflammation as key features of
D-galactose—induced aging in the enteric environment, while acknowledging the need
for immunohistochemical confirmation to refine collagen profiling.

Mast cells play a key role in inflammatory processes [3]. While normally present
throughout the gastrointestinal tract, increased mucosal counts indicate inflammation
and are associated with conditions such as irritable bowel syndrome (IBS) [12]. In this
study, we used toluidine blue staining to identify and quantify mast cells as a measure
of inflammation in the large intestine. This established metachromatic dye has been
used to visualize mast cells by targeting their heparin-rich granules since the late 19th
century [14,13].

We observed increased mast cell concentrations at all three levels of the large
intestine. Within the D-galactose model, these results align with oxidative stress and
suggest that this approach can induce mast cell changes similar to those seen in IBS.

Our data indicate that D-galactose provokes remodeling of the myenteric
(Auerbach’s) plexus, manifested as an overall thickening of the collagenous capsule
that envelops the ganglia. These findings accord with our previous observations of
connective-tissue alterations around the myenteric plexus in naturally aged specimens
and are consistent with reports of collagen remodeling in the ageing gut.

A region-specific divergence was observed in the distal colon. Although type I
collagen increased by 47%, overall collagen fibres decreased according to the Azan
stain. This suggests qualitative matrix remodeling, with a shift toward fibrillar type I
collagen and a reduction in other Azan-positive components. These findings underscore
the limitations of relying on single-stain assessments to infer collagen composition.

At the same intestinal level, this matrix profile was accompanied by a ninefold
increase in mast cells in D-galactose—treated animals, suggesting that inflammation
promotes collagen turnover and capsule restructuring. D-galactose-induced
inflammation may involve mechanisms of myenteric barrier disruption similar to
those seen in dextran sulfate sodium—induced colitis [4]. At the same level of the
large intestine, this matrix profile coincided with a ninefold increase in mast cells in
D-galactose—treated animals, suggesting that inflammation drives collagen turnover
and capsule restructuring. The D-galactose-triggered inflammation may converge
on mechanisms of myenteric barrier disruption similar to those described in dextran
sulfate sodium—induced colitis [4].

To resolve these patterns mechanistically, additional immunolabeling for collagen
subtypes and related extracellular-matrix markers, along with ultrastructural imaging,
will be needed. These analyses should clarify how D-galactose—induced changes
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inform the trajectory of myenteric ageing and the shifts that inflammatory diseases
impose on the enteric nervous system.

Conclusions

This study isamong the few to examine how an accelerated-ageing paradigm, specifically
D-galactose, affects the myenteric plexus. D-galactose induced remodelling of the
collagenous capsule surrounding myenteric ganglia — changes consistent with ageing —
while simultaneously eliciting inflammatory responses, including marked mast cell
accumulation, reminiscent of colitis and irritable bowel syndrome. The pattern was
segment-specific, indicating that the colorectal region does not respond uniformly
to the treatment. These findings support the use of D-galactose as a practical model
for investigating the interplay between ageing, extracellular matrix organisation, and
inflammation in the enteric nervous system, warranting confirmation through collagen
subtyping, immunophenotyping, and functional readouts.

Acknowledgements: This research is supported by the Bulgarian Ministry of
Education and Science under the “National Program Young Scientists and Postdoctoral
Students — 2”; by the Bulgarian National Science Fund (contract No. KI1-06-H81/2);
by the National Recovery and Resilience Plan (Project BG-RRP-2.004-0006-C02);
and by the Faculty of Medicine, Trakia University — Stara Zagora (Grant No. 8/2023).

References

1. Azman, K. F., R. Zakaria. D-Galactose-induced accelerated aging model: an overview. —
Biogerontology, 20(6), 2019, 763-782. https://doi.org/10.1007/s10522-019-09837-y.

2. Baidoo, N., E. Crawley, C. H. Knowles, G. J. Sanger, A. Belai. Total collagen content and
distribution is increased in human colon during advancing age. — PloS One, 17(6), 2022,
€0269689. https://doi.org/10.1371/journal.pone.0269689.

3. Collington, S. J., T. J. Williams, C. L. Weller. Mechanisms underlying the localisation of
mast cells in tissues. — Trends Immunol., 32(10), 2011, 478-485.
https://doi.org/10.1016/.it.2011.08.002.

4. Dora, D., S. Ferenczi, R. Stavely, V. E. Toth, Z. V. Varga, et al. Evidence of a myenteric
plexus barrier and its macrophage-dependent degradation during murine colitis:
Implications in enteric neuroinflammation. — Cell. Mol. Gastroenterol. Hepatol., 12(5),
2021, 1617—-1641. https://doi.org/10.1016/j.jemgh.2021.07.003.

5. Furness, J. B. The enteric nervous system and neurogastroenterology. — Nat. Rev.
Gastroenterol. Hepatol., 9(5), 2012, 286-294.

6. Furness, J. B, T. V. Nguyen, K. Nurgali, Y. Shimizu. The enteric nervous system and its
extrinsic connections. — Textbook of Gastroenterology, 2008, 15-39.
https://doi.org/10.1002/9781444303254.ch2.

7. Genov, N., N. Dimitrov, D. Atanasova. Aging of the myenteric plexus in the rat colorectal
region. — Acta Morphol. Anthropol., 32(1-2), 2025, 31-36.
https://doi.org/10.7546/ama.32.1-2.2025.04

11



8. Genov, N., N. Tomov, N. Dimitrov, T. Kirov, L. Petrov, et al. Morphometric changes of the
myenteric plexus in the colon of the mice-D-galactose ageing model. — C. R. Acad. Bulg.
Sci., 77(4), 2024, 576-583. https://doi.org/10.7546/CRABS.2024.04.13

9. Golberg, M., J. Kobos, E. Clarke, A. Bajaka, A. Smedra, et al. Application of histochemical
stains in anatomical research: A brief overview of the methods. — Transl. Res. Anat., 35,
2024, 100294. https://doi.org/10.1016/j.tria.2024.100294.

10. Gomes, O. A., R. R. de Souza, E. A. Liberti. A preliminary investigation of the effects of
aging on the nerve cell number in the myenteric ganglia of the human colon. — Gerontology,
43(4), 1997, 210-217. https://doi.org/10.1159/000213852.

11. Guo, S. B., Z. J. Duan, Q. M. Wang, Q. Zhou, Q. Li, X. Y. Sun. Endogenous carbon
monoxide downregulates hepatic cystathionine-y-lyase in rats with liver cirrhosis. — Exp.
Ther. Med., 10(6), 2015, 2039-2046. https://doi.org/10.3892/etm.2015.2823.

12. Panarelli, N. C., J. L. Hornick, R. K. Yantiss. What is the value of counting mast cells in
gastrointestinal mucosal biopsies? — Mod. Pathol., 36(2), 2023, 100005.
https://doi.org/10.1016/j.modpat.2022.100005.

13. Puebla-Osorio, N., S. N. E. Sarchio, S. E. Ullrich, S. N. Byrne. Detection of Infiltrating
Mast Cells Using a Modified Toluidine Blue Staining. — Methods Mol. Biol., 1627, 2017,
213-222. https://doi.org/10.1007/978-1-4939-7113-8 14

14. Ribatti, D. The staining of mast cells: A historical overview. — Int. Arch. Allergy Immunol.,
176(1), 2018, 55-60. https://doi.org/10.1159/000487538

15. Sri Paran, T., U. Rolle, P. Puri. Age-related changes in the myenteric plexus of the
porcine bowel. — J. Pediatr. Surg., 44(9), 2009, 1771-1777. https://doi.org/10.1016/;.
jpedsurg.2008.12.018

16. Tvaroska, 1. Glycosylation Modulates the Structure and Functions of Collagen: A Review. —
Molecules, 29(7), 2024, 1417. https://doi.org/10.3390/molecules29071417

17. Zhao, Y., Z. Zeng, W. Zheng, Zhang, Z., Zhang, H. et al. Cow placenta peptides
ameliorate D-Galactose-induced Intestinal Barrier Damage by Regulating TLR/NF-«xB
Pathway. — Vet. Sciences, 12(3), 2025, 229. https://doi.org/10.3390/vetsci1 2030229

12



Institute of Experimental Morphology, Pathology and Anthropology with Museum
Bulgarian Anatomical Society

Acta Morphologica et Anthropologica, 32 (3-4)
Sofia @ 2025

Primary Invasive Intraoral Malignant Melanoma of the
Mandibular Mucosa

Alexander Ivanov'?3", Iliya Bivolarski', Mariya Popivanova'??

" Department of General and Clinical Pathology, Medical University, Plovdiv, Bulgaria
? Department of Clinical Pathology, UMHAT “St. George”, Plovdiv, Bulgaria
3 Regular PhD students in Medical University, Plovdiv, Bulgaria

*Corresponding author e-mail: aleksandar.ivanov@mu-plovdiv.bg

Primary oral malignant melanoma is an exceptionally rare neoplasm, comprising approximately
0.2-8% of all melanomas, with even fewer cases originating from mandibular mucosa. It is
characterised by an aggressive clinical progression, rapid local invasion, early metastases and
poor prognosis. Unlike cutaneous melanomas, oral melanomas often present asymptomatically,
which significantly delays diagnosis and limits treatment options. This report presents a
case of a 78-year-old female patient with an asymptomatic, pigmented lesion located in the
left mandibular region. Radiological imaging revealed an infiltrative heterodense mass with
underlying bone destruction. The histopathological analysis showed solid tumour nests with
marked atypia and brown pigmentation. Immunohistochemical staining demonstrated strong
positivity for S-100 and Melan-A, confirming the diagnosis of primary invasive mucosal
melanoma. This case underscores the diagnostic challenges posed by mucosal melanomas,
particularly in atypical locations such as the mandible, and emphasizes the critical role of early
biopsy and immunohistochemistry in establishing a definitive diagnosis.

Key words: melanoma, oral, mucosa, mandible, primary

Introduction

Melanomas are malignant neoplasms arising from melanocytes, which are neural crest-
derived cells [3, 5, 7, 8]. The first description of oral mucosal melanoma was provided
by Weber in 1859, and in 1869, Lucke coined the term “melanotic sarcoma” [2, 4 ,8].
Most melanomas develop on the skin, originating from melanocytes in the basal layer
of the epidermis.

Mucosal melanomas constitute approximately 1.4% of all melanomas across all
races, and 0.8-3.7% among Caucasians. Some sources report a higher incidence in
Asians (particularly Japanese), Indians, Hispanics and individuals of African descent
[5, 9] — possibly due to the greater prevalence of oral mucosal pigmentation — whereas
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others suggest a higher incidence in Caucasians. Mucosal melanomas have been
documented in various anatomical sites, including the rectum, anal canal, vagina,
cervix, larynx, esophagus, and head and neck regions. Within the head and neck, the
oral cavity is the least frequently affected site [4, 9].

Primary intraoral malignant melanoma is a rare and aggressive subtype with
a greater propensity for rapid metastasis and often presents asymptomatically.
Consequently, it is frequently diagnosed at an advanced stage, contributing to its
poor prognosis and low survival rate [2, 9]. An important fact to note is that tumour
thickness, ulceration and level of invasion are not of any prognostic value [9].

Case Report

We report the case of a 78-year-old female patient who presented with an asymptomatic
lesion located in the upper ridge of the left mandibular region. The lesion exhibited
infiltrative behavior and destruction of the surrounding bone. A CT scan revealed a
heterodense mass measuring 31 % 48 mm, involving adjacent tissues. Clinically, the
lesion appeared darker in colour. No relevant clinical history was provided. A biopsy
sample was submitted to our department for histopathological evaluation.

Materials and Methods

Tissue specimens were fixed in 10% neutral buffered formalin and embedded in
paraffin. Sections of 4 um thickness were obtained for histological analysis. Further
immunohistochemical testing was performed to confirm the diagnosis using the
following antibodies — S-100, Melan-A, p63, CK AE1/AE3, CK34BE12. All the
antibodies are supplied by Dako and are ready-to-use (pre-diluted). The staining
protocols are validated by Dako.

Results

Hematoxylin and eosin (H&E) staining revealed fragmented material covered with
multilayered squamous epithelium. Underlying infiltration of solid tumour nests
exhibiting marked cellular atypia and the presence of brown pigment, with focal
ulceration of the overlying mucosa. The most likely diagnosis is primary invasive
melanoma of the oral mucosa (Fig. 1).

Immunohistochemical analysis supported this diagnosis: S-100 and Melan-A -
strong positive (+++) in tumour cells; p63, CK AE1/AE3, CK34BE12 - negative in
tumour cells and positive in squamous epithelium (internal control); CD79a - negative
in tumour cells (Fig. 2, Fig. 3).

The comprehensive immunohistochemical panel confirmed the final diagnosis of
primary invasive malignant melanoma of the mandibular mucosa, as supported by the
images below:
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Fig. 1. Solid nests of polygonal atypical cells filled with intracytoplasmic brown pigment H-E (Upper
picture x 200) and an achromatic area with scarse pigment granules H-E (lower picture x400).
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Fig. 2. Strong positive reaction in the tumour cells with Melan-A (left x400) and S-100 (right x400)
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Fig. 3. Negative reaction in the
tumour cells, with a positive
internal control in the epithelial
cells with p63 (x400)

Discussion

Primary mucosal malignant melanoma of the mandible is an exceptionally rare tumour,
with mandibular localization being particularly uncommon. While the etiology remains
unclear, some reported contributing factors may include smoking, denture use, and
exposure to carcinogens such as tobacco and formaldehyde [3, 4]. Genetic mutations
such as NRAS, BRAF, and ¢-KIT have been implicated [7, 8]. Although the lesion
can occur at any age, the average age of diagnosis is around 56 years [4]. The
condition is reported to be two to three times more common in males than females
[2,3,4,8].

Within the head and neck region, the most frequent sites of mucosal melanoma
include the nasal cavity/septum and maxillary sinus, followed by the paranasal sinuses
and, less commonly, the oral cavity. When present in the oral cavity, lesions most
frequently involve the palate and maxillary gingiva (in 80-90% of cases) [1, 2, 3, 4,
6,7, 8].

The differential diagnosis of oral melanoma includes [4, 6, 7]:

e Amalgam tattoo

e Melanotic macule

e Melanotic nevus

e Melanoacanthoma

e Post-traumatic or racial pigmentation

e Systemic conditions (e.g., Peutz—Jeghers syndrome, Addison‘s disease)
e Drug-induced pigmentation

e Vascular malformations

e Epulis, pyogenic granuloma, irritation fibroma

e Peripheral giant cell granuloma, peripheral ossifying fibroma
e Kaposi sarcoma

e Metastatic non-pigmented lesions
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The reported five-year survival rate is approximately 7% [7], underscoring the
aggressive nature and diagnostic challenges of this malignancy.

Conclusion

This case underlines the importance of considering primary mucosal melanoma in the
differential diagnosis of pigmented oral lesions, especially in older patients — even in
the absence of symptoms. Early biopsy and histopathological evaluation, supported
by immunohistochemistry, remain critical tools for accurate diagnosis. Given the
aggressive behaviour and poor prognosis associated with oral melanomas, raising
clinical awareness and promoting routine oral examinations may aid in earlier detection
and potentially improve patient outcomes.

Patient consent

The authors certify to obtaining the patient’s consent for using of the information, age
and gender, as well as pictures of the microscopic slides.
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The Er:YAG laser-assisted endodontics has a long-standing history since the late 1990s. The
materials for the endodontic tips manufacturing, their design and the parameters used however
varied significantly in time. The current article is addressing the new flexible tip developed by
Light Instruments Ltd. for endodontic use and is focused on evaluation of its cleansing efficiency
and morphological changes in the root canal. In this pilot study 11 extracted single-rooted teeth
were used. After shaping with ProTaper™ F3 Ni-Ti files an Er:YAG laser-activated irrigation
was performed with 17% EDTA irrigation for 60 second with flexible endodontic tip inserted
in the root canal 4 mm coronally from apical foramen. The SEM study demonstrates that the
new endodontic tip is effective in smear layer elimination of all root canal segments, and can be
adjusted successfully in the endodontic therapy.

Key words: Er:YAG, laser tip, cleansing, SEM

Introduction

The Er:YAG laser’s use in endodontics emerged after its 1997 FDA approval for hard
tissue procedures, with the first clinical applications and development of endodontic-
specific devices occurring in the late 1990s [10]. Following FDA approval and further
researches, specialized flexible fibers and specific endodontic tips were developed for
the Er:YAG laser, making it feasible for clinical use in endodontics [3, 5, 10]. Clinical
studies and commercialization of Er:YAG lasers increased after 2000, demonstrating
its advantages in endodontic procedures, such as improving cleaning and disinfection
of root canals using different techniques all based on same phenomenon - photoacoustic
activation including cavitation, shock waves and fluid streaming [10]. Techniques like
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PIPS (Photon-Induced Photoacoustic Streaming), SWEEPS (Shock Wave-Enhanced
Emission Photoacoustic Streaming) and LT-IPI (Lite Touch-Induced Photomechanical
Irrigation) use low-energy laser pulses to agitate the irrigants and to detach debris,
biofilm and vital pulpal remnants from the main root canal, dentinal tubules, cul-de-sac
and lateral canals, leading to superior debridement, disinfection and a better healing
environment [2, 3,4, 5, 6, 10]. Despite the existence of sound evidences for the benefits
of laser-activated endodontic irrigation, the manufacturers continue to launch on the
market new endodontic tips with improved design. The clinical implementation of any
new tip requires a complete and thorough study of its characteristics, and in the context
of endodontic irrigation - its cleansing efficiency, which is crucial for the endodontic
therapy success.

The current article addressees the new flexible quartz tip developed by Light
Instruments Ltd. for endodontic use and is focused on the morphological effects in the
root canal after its use evaluated by scanning electron microscopy.

Materials and Methods

Tooth Samples

Eleven single-rooted human teeth extracted for periodontal reasons were used in
this in vitro study. Root canal preparation was carried out using ProTaper™ (Dentsply
Maillefer, Baillaigues, Switzerland) F3 Ni-Ti files accomplished with 2.5% NaOCIl
irrigation. At the end of the mechanical shaping, each root canal was finally irrigated
with 17% EDTA using Er:YAG laser (LiteTouch™, Light Instruments, Israel) equipped
with a cylindrical quartz fiber tip (25mm, 440 pm). Energy was set to 0.4 W (40 mJ,
10 Hz) for 60 seconds (Fig. 1A). The water/air spray of the laser was turned off and the
irrigation solution (17% EDTA) was injected constantly during irradiation (Fig. 1B).
The laser tip was inserted 4 mm coronally from apical foramen and moved up and
down during the procedure. After this final irrigation, two longitudinal cuts were made
with a high-speed bur and the teeth were split in half for further evaluation by SEM.

Fig. 1. The laser settings used for irrigant activation are 0.4 W (40 mJ/10 Hz) without water/air
spray (A). The irrigant (17% EDTA) is constantly delivered during the irradiation (B).
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Scanning Electron Microscopy (SEM)

All samples were desiccated and fixed on stubs and then coated with gold using
an JEOL JFC 1200fine coater (Tokio, Japan). Images were collected on an JEOL JSM
6390 (Tokio, Japan) with acceleration voltage of 20 kV. The morphological effects
of the laser-assisted irrigation were examined at a magnification of 600X for all three
portions of each root canal. The scoring of the smear layer was done according to the
modified criteria given by Tomov et al. [1]:

Score 1 — Complete absence of a smear layer and open dentinal tubuli free of

debris.

Score 2 — Presence of a smear layer only in dentinal tubules orifices (>50% are

visible).

Score 3 — Presence of a thin homogeneous smear layer covering the canal wall

with a few dentinal tubules open (<50% are visible).

Score 4 — A thick smear layer covering completely the canal wall. The dentinal

tubules are filled with debris and their contours are not clear.

Score 5 — The entire canal wall is covered by a heavy smear layer with no visible

dentinal tubules.

A single-blind evaluation of the SEM micrographs was carried out by two
examiners (G.T. and K.G.) according to this scoring system. Data was analyzed
using SPSS software, version 16. Friedman and Wilcoxon tests were applied for the
comparison of smear layer removal between the three regions. Additional pictures of
other artefacts were done at different magnifications.

Results

The results obtained from this study are summarized in Table 1. The smear layer
removal was greater in the coronal and middle regions than the apical region of the root
canal (P=0.003 and P=0.02, respectively) with no differences between the coronal and
middle regions (P=0.09).

Table 1. Mean amounts of smear layer by regions

Regions Mean=SD
Coronal portion 1.62+1.94
Middle portion 2.37£1.70
Apical portion 3.43£1.38

The morphological analysis of the microphotographs revealed that the coronal
and the middle portion of the root canal are almost completely free of smear layer and
the majority of the dentinal tubules are visible and clean — scores 1 and 2 (Fig. 2A, B).
In the apical portion some areas are partially covered with thin smear layer and not all
dentinal tubules are clean — scores 2 and 3 (Fig. 2C).
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Fig. 2. SEM evaluation at magnification X 600 revealed lack of smear layer after Er:YAG
laser-assisted irrigation with 17% EDTA for 60 seconds. The coronal (A) and the middle
(B) are clean with open dentinal tubules. In the apical portion (C) some dentinal tubules are
covered with thin smear layer. Additional observations showed specific root canal artifacts like
impacted denticle (D) and lateral canal(E), both clean and free of debris.

The additional observations revealed different structures and root canal artifacts like
impacted denticle (Fig. 2D) and lateral canal (Fig. 2E), both clean and free of debris.

Discussion

The laser-assisted irrigation is based on delivering the laser beam through a tip into the
root canal filled with liquid. The energy of the Er:YAG laser is highly absorptive in
water at between 1-3 pum penetration depth [10], resulting in formation of cavitation
bubbles that create shock waves in proximity to canal walls during their collapses
and generating shear flows capable of removing debris from the dentinal surface [10].
Additionally, due to the emitted shock waves in proximity to the canal walls, they
encounter the root canal wall at supersonic speed with energy efficient enough for
optimal cleaning and disinfecting the root canal system.

However, the application of these physical principles depends on many factors
including the design of the “delivery system” i.e. the endodontic tip. The endodontic
portfolio of Light Instruments has been enriched in the past ten years with 3 available
modalities at the moment — conical sapphire tip (17+0.1mm, 400+0.2um), conical metal
side-firing spiral tip (25mm, 300um) and the newly developed cylindrical quartz fiber
tip (25mm, 440-pm) (Fig. 3A, B, C). The first two endodontic tips are studied both
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experimentally and clinically [2, 6, 7, 8, 9]. Their advantages and limitations are also well
known. The conical sapphire tip is usually inserted into the coronal third or even into the
pulp chamber in completely straight canals, with the beam activating the irrigant in all its
volume. [2] In curved canals however, the generated shock waves encounter resistance
at the canal curvature and the residual photoacoustic effects apically are insufficient for
good cleaning [9]. The reported clinical effectiveness in the literature is referred only to
straight root canal cases [2, 7]. The limitations of the sapphire tip were overcome with the
introduction of so-called side-firing tip by A. Stabholz. It demonstrates good cleansing
effectiveness but requires significant enlargement of the root canal [8, 9] (Fig. 3D). The
use in a very curved canals is also problematic.

Fig. 3. The available endodontic tips - cylindrical quartz fiber tip (A), Endo tip LIFG40014 (B)
and Sapphire tip AS7075X (C) revealed different designs that interfere with their effectiveness.
X-ray of the Endo tip LIFG4001A inserted into root canal (D).

To address all these limitations Light Instruments designed new plastic quartz fiber
tip which was subject of the current study where both the cleansing abilities and the
morphological effects of 17% EDTA together with laser irradiation were evaluated in
vitro on a root dentin. Intact teeth were used to simulate the clinical reality as closely as
possible. Our previous study revealed that prolonged exposition on EDTA might provoke
severe demineralization of the root dentin [11] and that is why the irrigation time and
irrigant volume were limited to 1 minute and 10 ml respectively, to minimize potential
changes in the dentin’s microhardness, permeability, and solubility characteristics.

The energy used was also different from the previously reported studies. In contrast
to Bibova N. (0.5 W:50 mJ/10 Hz) and Sahar-Helft S. (1.5 W:150 mJ/10 Hz) in this
experiment a lower energy (0.4 W:40 mJ/10 Hz) was used for the same time of activation
achieving comparable cleansing effectiveness [2, 7]. The position of the laser tip inside of
the root canal is also important. When using fiber tip along the root canal, the clinicians
have to consider the possibility for occurring apical extrusion of the irrigant during
laser activation [2, 11]. Therefore, in this in vitro study the laser tip was inserted 4 mm
coronally from apical foramen and moved up and down during the procedure.
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The results obtained are in essence close to the effectiveness reported by other
authors [2, 3, 7]. The main differences are the lower energy used and the ability of this
flexible tip to be used in narrow and curved root canals.

Conclusion

Since the physical principles behind Er:YAG laser-activated irrigation are essentially
the same, the aspiration of manufacturers and clinicians is to have an endodontic tip
that is both effective and safe. This in vitro SEM study demonstrates that the new
flexible quartz fiber tip met these requirements and can be adjusted successfully for
endodontic therapy. However, additional clinical research with multiple patients is
required to verify this modality as a routine.

Acknowledgements: The original contributions presented in the study are included in
the article. Further inquiries can be directed to the corresponding author.
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The present study aims to track the frequency of detection and characteristics of some of the
main morphological changes observed during the autopsy of corpses that died as a result of
drowning. A total of 151 forensic medical examinations reports of non-decomposed corpses
diagnosed with drowning, were reviewed and for each case, the type of water body, the sex and
age of the corpse, and some of the main autopsy findings related to the diagnosis of drowning
were recorded — cyanosis, subconjunctival hemorrhages, foam, lung overinflation, subpleural
hemorrhages, Sveshnikov‘s sign with presence or absence of diatoms and other foreign bodies.
Analysis of the obtained results and data from reviewed literature clearly shows that there is no
single morphological sign that is diagnostically specific only for drowning. The results of the
study contribute to expanding knowledge about the main morphological changes observed in
drowning, which significantly aids daily forensic medical practice.

Key words: drowning, mechanical asphyxia, autopsy findings, forensic examination

Introduction

Drowning is a type of mechanical asphyxia that results from aspiration of liquid into
the airways and lungs with the subsequent development of cerebral hypoxia. Death by
drowning is an unnatural (violent) death, most commonly accidental, but it can also
be a suicide, and in some rare cases, a homicide [14, 22, 31]. According to the World
Health Organization, about 300,000 people die each year worldwide as a result of
drowning [34]. Literature sources distinguish several predisposing factors as having
a significant role in the occurrence of this type of accident (swimming in rough seas,
alcohol use, presence of acute and chronic diseases, etc.) [24, 35].

It should be noted that not every cadaver found in a water environment died as
a result of drowning. In the forensic literature, a general term is found — immersion
death, which refers to bodies found in water. Some authors propose classifying these
cases into several groups in relation to the cause of death, for example: death from
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natural causes during or before entering the water; death due to trauma during or before
entering the water; death due to drowning, where several variants are also possible —
when drowning occurred after trauma or pathological conditions that have left the
victim in a helpless state (secondary drowning) and when it is not accompanied by any
other event (primary drowning) [7, 29, 33].

In many cases, it is difficult to diagnose mechanical asphyxia due to drowning
because there are no specific autopsy findings. It should be emphasised that there is
no sign specific to drowning, so all findings related to drowning must be interpreted in
the context of the circumstances in which death occurred. Some authors believe that
drowning is actually a diagnosis of exclusion [3, 12, 14, 19, 22, 36].

When a corpse is discovered in a water environment with suspicion of drowning,
two main groups of findings should be clearly distinguished — classic signs of
asphyxiation death and signs indicating that the body has been in water for a certain
period of time (signs of immersion). The main morphological changes observed in
cases of various types of asphyxia (including drowning) are cyanosis, petechial
hemorrhages on the conjunctivas, sometimes on the skin of the face and torso, on
the serous membranes of the internal organs, incontinence of the sphincters of the
pelvic organs, the presence of liquid blood, venous stasis in the internal organs, anemic
spleen, edema of the brain and lungs, and others. It should be noted that the presence
of these morphological changes must be analyzed with special attention, since they
can also be observed in other causes of death than asphyxia, respectively, drowning.
The group of signs that indicate the body was in an aquatic environment, such as
piloerection, maceration changes on the skin, saponification, etc., are not conclusive
evidence that death occurred due to drowning. On the other hand, those signs provide
important information about the post-mortem submersion period [3, 7, 8, 12, 14, 22].

It is particularly difficult to establish the diagnosis of drowning in decomposing
corpses. The process of decay is usually slower in an aquatic environment, especially
in cold water, but it also depends on many other factors [3, 35]. It has been established
that a body removed from the aquatic environment develops significantly faster
decay processes. Therefore, according to the literature and forensic practice, it is
important that after removal from the water, the body should be cooled as quickly
as possible and an autopsy be performed within a short period of time [3, §, 22, 35].
Saponification, as a specific preservation process of corpse decomposition occurring in
an aquatic environment, can preserve both the anatomical integrity of the corpse and
the possibilities for conducting additional examinations [3, 22].

Typically, external examination of the body of an individual who has died from
drowning may reveal certain signs that are not strictly specific to this diagnosis - froth
(foam) in front the nose and mouth orifices and along the airways, petechial hemorrhages
on the conjunctivas (subconjunctival hemorrhages), cyanosis, and others. The foam,
found around the nose and mouth and along the respiratory tract, is considered by
some authors to be a specific sign of drowning and represents an important diagnostic
indicator [14, 17, 19, 22, 31, 35, 37]. Facial cyanosis (sometimes also of the neck and
chest), as well as subconjunctival hemorrhages, are not present in all cases of drowning
and can also be a sign of other types of mechanical asphyxia or a pathological process
leading to death [3, 22, 35].

Internal examination of the corpse may reveal certain morphological changes that
aid in a more accurate diagnosis of drowning: overinflation of the lungs, subpleural
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hemorrhages, presence of fluid in the sphenoidal sinus (Sveshnikov‘s sign), presence
of watery fluid in the stomach and duodenum, presence of free fluid in the pleural
and peritoneal cavities (Moro‘s sign), and others [8, 22, 31, 35]. A number of authors
believe that morphological changes, especially in the lungs, differ between drownings
in fresh and salt water. This is related to the pathophysiological processes that are
observed when aspirating a hypotonic solution (fresh water), and those when aspirating
a hypertonic solution (salt water) [9, 14, 17].

The overinflation of the lungs is one of the main morphological signs observed in
drowning. When drowning occurs in fresh water, it passes in large quantities through
the alveolar-capillary membrane into the bloodstream. With this mechanism, the lungs
appear very inflated (similar to a soaked sponge), at the same time their cut surface appears
relatively dry, but when pressed, a foamy liquid is released. This is the morphological type
of the lung’s inflation that some authors defined as a hyperaerated form and corresponds to
the concept of “emphysema aquosum’ or the more accurate term “emphysema spumosum”
(spongy emphysema). It is important to note that this type of emphysema differs from
disease-related emphysema, in which typical bullae are usually found, and the cut surface
shows prominence of the cut bronchi and blood vessels [7, 8, 14, 19, 22, 29, 35, 36].

When drowning occurs in salt water, due to the fact that it is a hypertonic solution,
the water component of the bloodstream passes through the alveolar-capillary membrane
and is retained in the alveoli themselves. These processes lead to a different morphological
appearance of the lungs - they are markedly swollen, heavy, and a large amount of fluid
leaks from their cut surface. Some authors call this form of overinflation hyperhydremic,
while others use the term edema aquosum [8, 19, 22, 35, 36].

The term “dry drowning” is often encountered in literature, which is associated with
the corresponding morphological finding of “dry lungs.” In these cases, the lungs show no
pronounced signs of acute distension, no significant increase in their weight, and their cut
surface appears dry. As reasons for this finding, some authors highlight mechanisms such as
laryngospasm, vago-vagal inhibition due to water contact with the upper respiratory tract,
cardiac arrest, and others [9, 17, 19]. Other authors believe that the terms ,,dry drowning™
and ,,dry lungs* should not be used in connection with drowning, as they do not correspond
to the definitions of this type of mechanical asphyxia, suggesting instead that such autopsy
findings likely indicate a cause of death other than drowning [16, 27, 30].

Typically, two main types of subpleural hemorrhages can be found on the lungs:
pinpoint, petechial (small) hemorrhages, known as Tardieu‘s spots (hemorrhages), and
larger, diffuse hemorrhages with indistinct borders, known as Paltauf’s spots. According to
some authors, Tardieu‘s spots predominate in cases of saltwater drowning, while Paltauf*s
spots are more commonly observed in freshwater drowning [3, 8, 22, 31, 35, 36].

The presence of fluid in the sphenoid bone sinus (Sveshnikov‘s sign) is a common
occurrence in drowning cases [1, 8, 15, 22, 35, 36]. Some authors believe that the sign is
positive even when the body has been in water without drowning being the cause of death
[3, 37]. The amount of accumulated fluid in the sphenoidal sinus varies and depends
primarily on the volume of the sinusoidal cavity itself. The fluid can be aspirated with
a syringe and examined for the presence of diatoms and other foreign bodies [3, 15, 22,
35]. Diatom analysis can also be performed on other biological samples taken from the
corpse during autopsy, such as lung tissue, bone marrow, liver, and others. The diatom
test should be analyzed with particular attention, as there are a number of possibilities for
false results. These can be due to many factors, such as contamination during collection

26



and subsequent processing of the samples, passive penetration of diatoms into the body,
the degree of postmortem changes in the corpse, respectively, postmortem interval, what
materials (body liquids and tissue) from the corpse are subjected to examination, etc. The
diatom test can be significantly useful in the process of diagnosing drowning, however,
it should not be used alone, but in combination with other established evidence, such as
the circumstances of death and discovery of the corpse, morphological findings during
autopsy, etc. [12, 22, 28, 35].

Among the literature, there are also some additional autopsy findings in cases
of drowning: Wydler‘s sign (separation of stomach contents into three components),
Sehrt‘s Sign (micro-ruptures of the gastric mucosa), Neil‘s sign (hemorrhages in the
middle ear cavity), and others [1, 9, 14, 28, 36].

Given the difficulties in diagnosing death due to drowning, the present study aims
to track the frequency of detection and characteristics of some of the main morphological
changes observed during the autopsy of corpses that died as a result of drowning.

Materials and Methods

A total of 151 forensic medical expertise for autopsies of non-decomposed corpses
diagnosed with drowning, conducted at the Clinic of Forensic Medicine at St. Marina
University Hospital in Varna, Bulgaria, during the period 2008-2024, were examined.

In all forensic case, including drowning cases, the preliminary part of the expert
examination indicates the circumstances of the death or discovery of the corpse, as
well as available data regarding the victim, such as health status, chronic alcohol or
drug use, etc. The external examination of each corpse usually includes an examination
of the clothes, identification of postmortem changes (including maceration changes)
and the degree of their development, detailed description of all traumatic injuries and
their characteristics. The internal examination of the corpse is carried out by applying
classical section techniques with a description of the macroscopic findings, and in
the cases of bodies found in an aquatic environment, often the sphenoidal sinus is
also opened. In some cases, additional examinations are carried out - histological and
toxicological analysis, as well as a diatom testing.

With a focus on the purpose of the present study, only the following data were
extracted and analyzed from forensic medical examination reports for each of the
cases, diagnosed as drowning:

e The type of water the body was found in (saltwater or freshwater), the sex and
age of the corpse.

e Cyanosis and subconjunctival hemorrhages: these signs were recorded as
present or absent.

e Foam (froth): this sign was considered present not only when found around the
nose and mouth but also when discovered along the upper respiratory tract.

e QOverinflation of the lungs: cases were divided into three categories based
primarily on the condition of the cut surface: cases where the lungs were heavy,
markedly distended, and copious frothy (edematous) fluid spontaneously flowed
out or with pressure from their cut surface were classified as the hyperhydremic
form; cases where the lungs were enlarged, with a dry cut surface and released
foamy fluid upon compression, were classified as the hyperaerated form; cases
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where the morphological finding of the lungs could not be definitively assigned to
either form were classified as a mixed (intermediate) form.

® Subpleural hemorrhages: cases were divided into four groups based on this
sign: absence of hemorrhages; presence of only petechial hemorrhages (Tardieu‘s
spots); presence of large, diffuse hemorrhages (Paltauf's spots); presence of both
petechial and larger hemorrhages.

® Sveshnikov‘s sign: cases were divided into three groups based on this indicator:
cases where the sign was not examined, presence of fluid, and absence of fluid
in the sphenoidal sinus. In the practice of the our clinic, fluid from the cavity is
aspirated with a sterile syringe for subsequent microscopic examination to detect
diatoms and other foreign particles, which was also recorded in the present study.
For this purpose, the usual practice of our clinic is to perform direct microscopy of
the sphenoidal fluid. In rare cases, we use other kind of fluid (for example, blood)
or tissue samples (lungs, liver, kidney, bone marrow), which makes it necessary
to perform chemical destruction to remove the organic component and prepare
permanent microscope slides. The results of the test were limited to recording the
“presence” or “absence” of diatom forms, sand grains, parts of plant origin, and other
particles. Regarding diatom forms, in some rare cases, to determine the genus of the
found diatoms, we use ADIAC - Diatom Image Database [4]. This step was usually
applied only in cases where it is necessary to compare the diatom forms found in the
corpse with those found in the water where drowning may have occurred.

Statistical analysis of the obtained data and results, as well as the creation of
corresponding tables and graphs, was performed using Microsoft Excel®.

Results

During the period 2008-2024, a total of 3364 autopsies were performed at the Clinic of
Forensic Medicine at St. Marina University Hospital, with 14.12% of them being cases
of mechanical asphyxia. Drowning cases constituted 4.49% of all autopsied cases and
31.79% of all cases of death due to mechanical asphyxia (Fig. 1).

other types
of asphyxia
68,21%

other causes
of death
85,88%

asphyxia cases
14,12%

drownings
31,79%

Fig. 1. The percentage distribution of asphyxia cases (as drownings and other types of asphyxia)
relative to all cases for the period 2008-2024
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Regarding the water in which the incident occurred, 72.85% of cases involved
drowning in saltwater (Black Sea and associated Varna Lake and Beloslav Lake), and
27.15% involved drowning in freshwater (reservoirs, rivers, irrigation and drainage
canals, springs, and others). The distribution of drowning cases by sex and age of the
deceased is presented in Tablel.

Table 1. Distribution of drowning cases by sex and age groups.

n (%)
Male Female
122 (80,79%) 29 (19,21%)
n=151 age group (years) n (%)
1-20 18 (11,92%)
21-40 43 (28,48%)
41-60 38 (25,17%)
61-80 41 (27,15%)
81-89 11 (7,28%)

Upon examining the external signs associated with the diagnosis of drowning, it
was found that cyanosis and subconjunctival hemorrhages were observed in 27.15%
and 29.80% of all drowning cases, respectively. Foam (including along the airways),
which is one of the main signs of mechanical asphyxia due to drowning, was found in
80.13% of cases.

The different forms of overinflation of the lungs were observed in the following
percentages: hyperaerated form in 11.26% of cases, hyperhydremic form in 35.10%,
and mixed form in 53.64%. Subpleural hemorrhages, on the other hand, were not
found in 21 drowning cases (13.91%), while Tardieu‘s spots were observed in 39.74%,
Paltauf's spots in 17.22%, and both types of hemorrhages in 29.14% of cases.

Given the connection between a particular form of overinflation of the lungs
and the type of subpleural hemorrhages with the water in which drowning occurred
(freshwater or saltwater), Table 2 presents the percentage distribution of these
macroscopic findings.

Table 2. Percentage distribution of the variations of overinflation of the lungs and subpleural
hemorrhages in drowning cases in freshwater and saltwater.

salt water (n=110) | fresh water (n=41)

hyperaerated form n=11 (10,00%) n=6 (14,63%)

Lung

. _ o _ .
overinflation hyperhydremic form n=43 (39,09%) n=10 (24,39%)

mixed (intermediate) form |n=56 (50,91%) n=25 (60,98%)
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Tardieu’s spots n=56 (50,91%) n=4 (9,76%)

Subpleural | Paltauf’s spots n=10(9,09%) n=16 (39,02%)

hemorrhages

Presence of both Tardieu‘s
and Paltauf‘s spots

absence of hemorrhages n=15 (13,64%) n=6 (14,63%)

n=29 (26,36%) n=15 (36,59%)

Of all 151 drowning cases, the sphenoid bone sinus was examined for free fluid in
143 of them, with such fluid being found in 96.50% of the examined cases. Regarding
the presence of diatoms and other particles, 98 drowning cases were tested by direct
microscopy of the sphenoidal fluid, and diatom forms and other foreign bodies were
found in 87.76% of them.

Discussion

From the 1960s to the present day, the Clinic of Forensic Medicine at the St. Marina
University Hospital in Varna and the corresponding department at the Medical
University — Varna, have been actively involved in the forensic medical aspects of
drownings in the Varna region. Two studies on this topic have been published: one by
Yovchev I, covering drowning cases from 1963-1972 [35], and another by Radoynova
D. et al., focusing on the period 1998-2007 [23].

Analysis of the data from the present study and comparison with the results of
the aforementioned two studies showed that for the period 1963-1972, drowning
cases autopsied at the forensic medicine clinic represented 9.23% of all autopsies,
decreasing significantly to 5.41% for the period 1998-2007, and representing 4.49%
of all autopsies for the period of the present study. This indicates a clear trend of
decreasing incidents of this type in recent years [23, 35]. These data are also confirmed
by the general statistics on drowning mortality in Bulgaria for the period 2010-2023,
where after a peak in 2014, when cases were 2.2 per 100,000 people, in 2023 they were
1.3 per 100,000 [20].

Regarding gender distribution, both in the present study and in the other two
conducted at the clinic for previous periods, the male to female ratio was approximately
4:1. The study for the period 1963-1972 found that 68.90% of the reviewed drowning
cases were under 35 years of age, with 8.64% being children under 10 years. In the
study during 1998-2007, the average age of drowned individuals was 43.55 £ 2.5 years,
and children aged up to 14 years constituted 6.12% of all deaths due to drowning [23,
35]. In the present study, the highest percentage of drownings was observed in the 21-
40 age group, and deaths due to drowning under 20 years of age represented 11.92%.
This indicates that there is no significant change in age distribution, and individuals in
young adulthood (around 40 years) continue to be the most affected age group.

Analysis of the data from the present study regarding autopsy findings in drowning
revealed that cyanosis and subconjunctival hemorrhages were observed in less than 1/3
of the cases. These data differ significantly from those obtained by Yovchev I, where
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cyanosis was found in 69.17% of cases and conjunctival hemorrhages in 65.78% [35].
On the other hand, other similar studies in the literature show that subconjunctival
(scleral) hemorrhages are found significantly less frequently compared to the present
study. In a study of 171 autopsies of drowned bodies, conjunctival hemorrhages were
observed in only 4.1% [24], while in another study of drowning cases in children aged
5 months to 17 years, this percentage was about three times higher (12.7%) [26]. Some
authors believe that conjunctival hemorrhages might disappear during the body‘s stay
in water due to hemolysis, especially in freshwater. Also, they may not be noticeable
in cases where there is conjunctival desiccation and the appearance of Larcher‘s spots
[2, 5, 22]. The significant differences in the frequency of these findings across various
studies are likely due to a number of factors, such as the duration of the asphyctic
process, post-mortem interval, anatomical and physiological characteristics of the
individuals, and others.

In the present study, the foam (foamy content) was present in a significantly high
percentage of the examined cases (80.13%). Yovchev I.°s study observed foam in only
35.71% of drowning cases. This significant difference between the two studies may be
due to the fact that in the present study, foam was observed not only at the orifices of the
mouth and nose but also within the airways [35]. A study conducted at the Department
of Forensic Medicine at the University of Helsinki observed foam at the respiratory
orifices in 17.3% of drowning cases and in the respiratory tract in 46.5% [18]. Some
authors note that for a certain period after death, the foam may no longer be detectable
[3, 19]. In another similar study, foam was found in the respiratory tract in 73.3% of
drowning cases, while external foam was present in only 4.0%. Complete formation
of external foam was observed by the same authors only in cases where the body‘s
stay in the water was less than 24 hours [25]. In summary, foam is an important sign
of drowning, the presentation of which can depend on various factors (post-mortem
interval, duration of body submersion in water, resuscitation efforts, etc.). When foam is
found shortly after death and other causes for its formation (diseases, intoxication, etc.)
are excluded, this sign represents an important criterion in the process of diagnosing
death due to drowning.

The overinflation of the lungs in the present study was examined in three categories
based on the morphological appearance of the lungs and their cut surface. In more than
half of the reviewed cases, the form of overinflation was not clearly presented and
could not be definitively classified as hyperaerated or hyperhydremic. Some authors
associate the hyperaerated form with freshwater drowning and the hyperhydremic
form with saltwater drowning, and the explanation is related to the pathophysiological
processes associated with the aspiration of hypotonic, respectively, hypertonic
solution [9, 14, 17]. The results of the present study indicate that in only 6 out of
17 cases of hyperaerated form did drowning occur in freshwater. On the other hand,
the hyperhydremic form represented 35.10% of all drowning cases and was found in
39.09% of saltwater drowning cases.

In summary, the results of the study show that in the majority of the forensic autopsy
reports in cases of drowning, it is not possible to definitively determine which form
of overinflation of the lungs is involved. On the other hand, cases with a definitively
established hyperaerated/hyperhydremic form do not always correspond to drowning,
respectively, in fresh/salt water. However, the changes of the lungs are of essential
importance for the diagnostic process of drowning. These data provide grounds for
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making some recommendations for a more detailed description of the macroscopic
characteristics of the overinflation of the lungs, as well as for conducting histological
analysis to establish the details of this condition in order to more accurately determine
the hyperaerated or hyperhydremic form.

Similar to the lung overinflation, the type of subpleural hemorrhages is also
associated with the type of water in which drowning occurred [22, 35]. According to
our results, Tardieu‘s spots were observed in approximately half of saltwater drowning
cases, while in freshwater drowning cases, they occurred in only 9.76%. Paltauf‘s
spots were found in 9.09% of saltwater drownings, while in freshwater cases, this
percentage was 39.02%. Although both types of subpleural hemorrhages were found in
29.14% of all reviewed cases, the obtained data indicate that Tardieu‘s spots were more
commonly observed in saltwater drowning, while Paltauf's spots were more frequently
found in freshwater drowning cases. It should be noted that petechial hemorrhages
on the lung surface can also be observed in other types of mechanical asphyxia, as
well as in other causes of death [8, 10, 21, 22, 35]. On the other hand, a number of
authors consider Paltauf*s spots to be a major morphological sign for the diagnosis of
drowning [8, 31, 32, 36]. According to a study conducted at the Institute of Forensic
Medicine at the Medical University of Greifswald, Germany, Paltauf‘s spots occur in
18.0% of drowning cases. The results of the present study are significantly close to
these values — Paltauf's spots were observed in 17.22% of all drowning cases. Some
authors believe that this morphological finding has no significant diagnostic value, and
the frequency of finding Paltauf's spots in drowning cases varies widely (from 5 to
60%) [17, 19].

In the present study, Sveshnikov‘s sign (presence of free fluid in the sphenoidal
sinus) was found to be positive in a significant percentage of cases (96.50%). According
to literary sources, the positivity of this sign in drowning also varies widely, from 65% to
92% [6, 22, 31, 35]. Some authors note that the presence of fluid in the paranasal cavities
may not indicate drowning, as fluid can enter post-mortem during the body‘s stay in
water, and the cause of death may be of another nature [3, 17, 19]. Of particular interest
is a study that examined corpses divided into three groups: the first group consisted of
freshwater drowning cases without signs of cadaveric decomposition; the second group
included corpses with signs of decomposition that were recovered from freshwater
bodies; the third group was a control group and included decomposed corpses that died
outside an aquatic environment. The results of the study showed that Sveshnikov‘s sign
among the three groups was positive in 79% for the first group, 78% for the second,
and 41% for the third group, respectively. These data provide grounds for the authors
to conclude that the presence of fluid in the sphenoidal sinus can be considered a vital
reaction, but only in cases without advanced putrefaction processes [37].

Fluid from the sphenoidal sinus can be easily aspirated with a syringe and
examined for the presence of diatoms and other foreign bodies [3, 22, 35]. In the
practice of the Clinic of Forensic Medicine at St. Marina University Hospital, Varna,
fluid from the sphenoidal sinus is usually used for diatom analysis, except in cases
of advanced cadaveric decomposition, when chemical processing of internal organs,
including bone marrow, is performed.

Diatoms are unicellular microorganisms with a siliceous shell that typically inhabit
aquatic environments. In drowning, they enter the body along with water through the
respiratory system and subsequently spread to other organs via the bloodstream. In
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forensic medical practice, their detection in the corpse is of significant importance in
the process of diagnosing death due to drowning. Typically, diatoms are found in about
70% of drowning cases [21, 13, 22, 28, 35]. According to Yovchev I, diatoms and
other foreign bodies were found in 70.85% of cases with a positive Sveshnikov*s sign,
in the fluid taken from the sinus [35]. In another study that examined samples of fluid
from the sphenoidal sinus and lung tissue taken from drowned corpses, diatoms were
found in 86.2% of cases [15]. The results of the present study also show a significantly
frequent detection of diatom forms and other foreign bodies (87.76%). Some authors
believe that for diatom analysis to be considered significantly positive, the number of
diatoms found in a given sample should be substantial, and their type should be the
same as those found in the corresponding water body [3, 8, 22]. The diatom test can
be extremely useful in cases of drowning, although there is some controversy among
different authors regarding its diagnostic value. According to some authors, diatoms
are usually found in high percent of all drowning cases, but their absence does not
completely rule out the diagnosis of death due to drowning [9, 14, 22].

In our clinics practice, the examination for diatoms is mainly carried out on a
sample taken from the sphenoidal sinus, using direct microscopy. In addition to the
presence of diatom forms, the presence of other foreign particles such as grains of
sand, amorphous materials, etc. is also taken into account. The positive result of this
examination is not analyzed independently, but only in combination with other findings
established in the given case, such as the circumstances of death or discovery of the
body, autopsy findings, etc. In individual cases, depending on the need for additional
evidence, a comparative analysis is also applied between the diatom forms found in the
body and those found in the water where the incident likely occurred.

Conclusion

Although there is a trend towards a decrease of drowning cases, this type of incident
continues to be one of the leading causes of death worldwide and therefore a significant
problem for public health and forensic medicine. The analysis of the results obtained and
the data from the reviewed literature clearly show that there is no single morphological
sign that is diagnostically specific only for cases of death resulting from drowning.
The frequent detection of foam in the nasal and mouth orifices, as well as along the
airways, in cases of drowning, both in the present study and according to the data
of a number of studies, emphasizes the significant diagnostic value of this autopsy
finding. On the other hand, cyanosis and subconjunctival hemorrhages are not specific
for drowning, but their detection together with other findings can also be of significant
importance in the diagnostic process. The changes in the lungs analyzed in the present
study indicate the need for a more precise description of the morphological findings
and the application of additional histological examination in order to determine in
detail the form of lung overinflation in cases of drowning and the possible relationship
with the type of water in which it occurred (fresh or salt water). Regarding the high
percentage of the studied drowning cases in which fluid is found in the sphenoidal
sinus, it is advisable to refine some additional details, such as the volume of fluid that
is detected. This feature is also of interest for future studies, such as the inclusion of
control groups with corpses in different stages of decomposition, who died outside

33



the aquatic environment. Refining the diatom analysis would also help to improve the
quality of the diagnostic process in cases of bodies being discovered in the water, but
again the results should be commented on in combination with the other findings from
the examination of the corpse and the circumstances of the scene.

The results of the present study highlight the need for a comprehensive and
detailed assessment of autopsy findings, examinations performed, and all investigation
data in cases of body discovery in water with suspected drowning. The data from the
present study contribute to expanding knowledge about the frequency and diagnostic
value of some of the main morphological changes observed in drowning, which in turn
significantly supports daily forensic practice.
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The Er:YAG laser-assisted wrinkle therapy is based on both superficial tissue ablation and
tissue remodeling via stimulation of the collagen synthesis. Non-fractional or fractional laser
handpieces perform this treatment modality, and there is no consensus in the literature about
their effectiveness. This pilot ex vivo study aimed to evaluate the histological changes after
wrinkle treatment with non-fractional Er:YAG laser with air/water cooling. Prior to planned
facial skin excision, the pilot patient received laser irradiation in intervals (0-14-30 days) on
a linear wrinkle divided into three equal sections. The parameters used were 40mJ/10Hz with
air/water spray. The treated skin zone was removed and evaluated histologically. The observed
histological changes for all studied intervals of treatment revealed satisfactory healing processes
without side effects. This pilot ex vivo study demonstrates that the conventional non-fractional
Er:YAG laser is effective and safe, and can be adjusted successfully in wrinkle therapy.

Key words: Er:YAG laser, non-fractional, wrinkle, histology

Introduction

Er:YAG laser skin therapy (including treatment for wrinkles) involves controlled tissue
ablation and subsequent tissue remodeling. Histologically, this translates to the removal of
damaged skin layers, collagen stimulation, and new collagen formation, leading to wrinkle
reduction and skin rejuvenation [8]. The extent of ablation and thermal damage can vary
depending on laser parameters like fluence and pulse duration, influencing the healing
process and clinical outcomes [2, 9]. Er:YAG laser penetrates to an average depth of 2-5
um per J/cm? and the residual necrotic layer does not exceed 10-15 pm [1]. The fractional
Er:YAG laser is reported to be effective in resurfacing skin, yielding similar results to non-
fractional Er:YAG lasers, which involve a more continuous ablation pattern, which may
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require longer healing times and have a higher risk of side effects [4]. However, the different
outcomes after procedures with fractional and non-fractional Er:Y AG have been discussed
in various publications, and not only in favor of the fractional lasers [1]. The specific goal
of the procedure — skin rejuvenation versus wrinkle reduction - is decisive when choosing a
laser. The rejuvenation therapy usually covers a broad skin area, in contrast to the wrinkle
“elimination”, which is focused on a minor linear defect. The controversies in the literature
and the fact that only a few articles include human subjects have stimulated our team
to conduct this pilot ex vivo study, evaluating the histological effects of non-fractional
Er:YAG laser on wrinkle therapy [11, 14].

Materials and Methods

This pilot study included one healthy female volunteer aged 64 years with Fitzpatrick
skin type II. The study was performed according to principles of good clinical practice
and the Declaration of Helsinki. The enrolled patient was referred for a facial lift
procedure to the Clinic of Plastic Surgery (Uni Hospital, Sofia, Bulgaria), and the area
for laser treatment was carefully selected to be within the borders of the planned skin
excision. The patient was informed about the goal of the study, and informed consent
was signed. In order to evaluate histologically the wound healing process in vivo, a facial
area of human skin with presented wrinkles was selected and treated with an Er:YAG
laser system (LiteTouch™, Light instruments Ltd., Israel) using a non-fractional esthetic
handpiece with air/water cooling. The parameters were as follows: 40mJ/10Hz, air/water
spray (level 2). The selected linear wrinkle was divided into three equal sections, and
each one was irradiated in a homogeneous pattern within three consecutive laser passes.
No anesthesia was used during the treatment. Three laser sessions without overlap were
performed consecutively before the skin excision — the first section was irradiated 30
days before, the second section was irradiated 14 days before, and the last section was
irradiated immediately before the skin excision. The patient was instructed to avoid sun
exposure, use of products containing acids, make-up, and any abrasive processes for the
skincare routine for the first few days before and after the laser irradiation. Protective
ointment was prescribed (Eucerin Aquaphor Protective Ointment).

Histological evaluation

Immediately following excision, each sample was fixed in 10% buffered neutral
formalin overnight and then embedded in paraffin. The samples were sectioned, stained
with Hematoxylin and Eosin, and examined under a light microscope using 4X and
10X magnifications.

Results

The histological sample representing the skin area immediately after laser irradiation
revealed a well-controlled ablation penetrating approximately 120 um deep through
the epidermis and near the underlying papillary dermis. A thin area of coagulation with
a more basophilic appearance surrounding the ablation area was observed (Fig. 1a).
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Fig. 1. Histological findings in human skin after non-fractional Er:YAG laser irradiation
immediately after the treatment (a), 14 days after the treatment (b), and 30 days after the
treatment (c). Hematoxylin/eosin, 10> magnification.

Fourteen days after the laser treatment, re-epithelialization with a hyperproliferative
epithelium and normal maturation, manifested with the presence of stratum corneum
and orthokeratosis, was observed (Fig. 1b). Under the area of re-epithelialization, the
smaller area of subepidermal fibrin and a few neutrophil infiltrations could be observed
(indicated with arrows). Thirty days after the treatment, complete re-epithelialization
with normal maturation of the epidermis was observed, manifested by normal-width
orthokeratosis, the presence of stratum corneum, and stratum granulosum. Below
the epidermis, the presence of multiple fibroblasts and evidence of glomeruloid
angiogenesis (Fig. 1c¢).

Discussion

The Er:YAG lasers, with a wavelength of 2940 nm, are highly absorbed by water in
the skin. This absorption leads to rapid vaporization and removal of the epidermis and
superficial dermis. The depth of ablation is controllable by adjusting laser parameters,
allowing precise targeting of wrinkles. Ablative techniques are still considered the
most effective methods for improving photodamaged skin, but are associated with
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a prolonged recovery time and high risk of side effects [10]. Thus, the minimally
invasive or even non-ablative (the ablation is microscopically presented but its volume
is clinically insignificant) methods are gaining popularity in modern rejuvenation
therapy. The mechanisms behind this dermal remodeling are the minimal trauma (micro
ablation) combined with mild heating of the dermis caused by the laser, affecting both
the microcirculatory complex and the fibroblasts’ activity [6]. The Er:YAG laser used
in the current study demonstrated an ablation depth of approximately 120 um through
the epidermis and near the underlying papillary dermis, which corresponds with the
micro ablation techniques. In such a situation, only the epidermis is affected, while
deep dermal structures are heated. The expected thermal effects, however, leading to
both beneficial collagen denaturation and potentially undesirable thermal damage,
must be controlled adequately. Residual thermal damage, characterized by vacuole
formation and severe inflammation, was not observed in the current study. Proper laser
settings and cooling techniques can minimize the thermal damage and promote more
effective collagen remodeling. The Er:YAG laser used in the current study delivers
controlled thermal energy to the skin without significantly ablating its outer layer. In
combination with air/water spray, this controlled heating stimulates the production of
new collagen, leading to a tightening effect and wrinkle reduction. This noninvasive
methodology is a basis of many different therapies such as laser vaginal tightening,
stress urinary incontinence therapy, treatment of snoring [5, 7, 12].

The other point of controversy in the literature is the effects of non-fractional
versus fractional Er:YAG lasers used for skin therapies. The non-fractional lasers are
considered much more invasive in contrast with the fractional Er:YAG lasers which
create microscopic “columns” of tissue ablation, leaving surrounding tissue almost
intact for faster healing and potentially reduced side effects [13]. The non-fractional
Er:YAG lasers involve a more continuous ablation pattern, which may require longer
healing times and have a higher risk of side effects [3]. The main misinterpretation
however is the primary goal of the therapy. The skin resurfacing and rejuvenation
therapies cover a significantly larger treatment area than the wrinkle “elimination”,
which is focused on a tiny linear defect(s) requiring a precise and controlled approach.
In this context, the non-fractional Er:YAG lasers are the only reasonable choice, but
they must be used carefully, operating in subablative mode and with proper cooling.

Conclusion

This ex vivo histological study demonstrates that the conventional non-fractional
Er:YAG laser is effective and safe, and can be adjusted successfully for wrinkle
therapy. However, additional clinical research with multiple patients is required to
verify this modality as a routine. Additionally, the histological findings are correlated
with clinical improvements in skin texture, wrinkle depth, and overall appearance, but
the duration of these improvements can vary, and multiple treatment sessions may
be necessary for optimal and sustained results. In this context, the long-term clinical
effects also must be studied.
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The radius bone plays a key role in forearm stability, mobility, and load transmission, making
its morphometry crucial for surgical and prosthetic applications. This study analysed 61 adult
radius bones (33 right, 28 left) from South Indian individuals using SPSS v22.0, revealing
minor but significant side differences. The transverse diameter of the radial head and the distal
shaft were significantly larger on the right side (p=0.003 and p=0.019, respectively), likely due
to limb dominance. Other parameters showed no notable variation. These findings underscore
the importance of population-specific data for improving fracture fixation, implant design, and
surgical outcome.

Key words: radius, elbow joint, south Indian adults, orthopaedic anatomy, implant design

Introduction

The radius is a bone situated on the lateral side of the forearm. The name “radius” is
derived from the Latin word for ray, reflecting its rotational function around its axis,
which extends diagonally from the center of the capitulum to the center of the distal
ulna. The radius generally ossifies from three centers: one primary center for the shaft
and two secondary centers for the proximal and distal ends [9]. When the forearm is
in a supine position, the radius, a long bone, lies on the lateral side. Together with
the ulna and carpal bones, the radius plays a key role in enabling extensive dynamic
motion at both the elbow and wrist joints. The radius is composed of three main parts:
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the proximal end, the shaft, and the distal end. The circular proximal end articulates
with the radial notch of the ulna at the radioulnar joint and features a concave articular
facet that connects with the capitulum of the distal humerus at the elbow joint. Below
the radial head is the radial neck, followed by the radial tuberosity, which is positioned
medially and serves as an attachment site for arm muscles [7].

The radius, along with the radioulnar joint, is critical for maintaining the
physiological and physical stability of the elbow. Fractures of the hand and wrist
account for about 1.5% of all emergency room visits, with radial and ulnar fractures
representing 44% of these cases. Fragility fractures of the distal radius are especially
common, with a lifetime risk of 15% in women, and are the most frequent initial fracture
occurring during the postmenopausal period. In children, distal radius fractures are the
most common, accounting for 22.4% of all fractures [10].

The radius and ulna are integral to the pronation and supination of the forearm,
which is why the radioulnar joint is considered a “functional joint.” A malunited fracture
can impair the joint’s function and restrict its range of motion. Therefore, it is crucial to
restore the correct length, alignment, and rotation of both bones to ensure the forearm’s
dynamic function remains intact [11]. Considering these factors, understanding the
morphological characteristics of the radius bone, particularly in South Indian adults,
is essential for improving clinical outcomes and ensuring the optimal function of the
forearm and its associated joints.

Materials and Methods

Sixty-three intact adult radius bones (33 right and 28 left) were included, excluding
those with incomplete ossification, fractures, or deformities. Morphometric parameters
of the proximal and distal ends were measured in supinated and semi-pronated
positions and categorized into three regions: proximal radius, radial shaft, and distal
radius. For the radial head, circumference, anteroposterior (AP) diameter, transverse
diameter, medial height, and lateral height were recorded. Proximal and distal lengths,
radial neck diameter, and the head—neck angle in the coronal plane were also noted.
The length of the shaft was measured using an osteometric board, while the maximum

Fig. 1. Measurement of radius bone using osteometric board.
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and minimum diameters at the proximal and distal thirds, along with the width, length,
circumference, and maximum diameter of the bicipital tuberosity, were measured using
a digital vernier caliper (accuracy 0.01 mm) and a non-elastic tape.

Statistical Analysis

The statistical analysis was performed using IBM SPSS software, version 22.0.
Continuous variables are expressed as mean + standard deviation (range), while
categorical variables are presented as frequencies and percentages. An independent,
two-tailed Student’s T-test was utilized to assess differences between sides, with a
p-value of <0.05 considered statistically significant.

Results

Table 1. Difference between the sides on various parameters of radius:

Variables Riggtsfide Le(f;;)i de p-Value
Length of radius 24.12+1.64 23.96+1.91 0.88
AP measurement of radial head 19.39+1.71 19.02+1.89 0.33
Transverse measurement of radial head 16.13£1.61 15.37+2.24 0.003*
Width of radial tuberosity 11.60+1.28 11.42+1.48 0.494
Length of radial tuberosity 21.44+2.46 21.9542.98 0.520
Transverse diameter of distal end 26.13+2.07 25.734£2.35 0.138
Articular surface of lunate 9.58+1.04 9.38+0.95 0.208
Articular surface of scaphoid 14.82+1.46 14.90+1.50 0.719
Medial head height 8.30+0.99 8.56+0.91 0416
Lateral head height 4.55+0.76 4.35+0.64

Neck length 11.10£2.09 11.19+£2.16 0.653
Neck Width P 14.63+1.92 14.74+1.91 0.929
Neck Width D 13.43+1.53 13.24+1.28 0.457
Radial shaft diameter proximal 12.32+1.24 12.11+1.31 0.317
Radial shaft diameter distal 15.43+1.61 14.36+1.37 0.019

The morphometric comparison between the right and left adult radius bones
(Table 1) revealed that most parameters did not show statistically significant differences,
indicating general bilateral symmetry. The length of the radius, anteroposterior (AP)
and transverse measurements of the radial head, dimensions of the radial tuberosity,
distal end diameters, and articular surface measurements were largely comparable
between the sides. However, two parameters demonstrated statistically significant
differences.
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The transverse diameter of the radial head was significantly greater on the right
side (16.13 = 1.61 mm) compared to the left (15.37 +2.24 mm), with a p-value of 0.003,
indicating a notable side difference possibly due to functional dominance. Similarly,
the distal radial shaft diameter was significantly larger on the right (15.43 £ 1.61 mm)
than the left (14.36 + 1.37 mm), with a p-value of 0.019. These findings suggest subtle
morphological asymmetry, likely attributable to habitual use and biomechanical stress
on the dominant limb. Other parameters, such as the neck dimensions, proximal radial
shaft diameter, and articular surface measurements of the lunate and scaphoid, did not
vary significantly, supporting a general morphological consistency across sides in the
South Indian adult population.

Discussion

The treatment of displaced and comminuted radial bone fractures often involves
internal fixation using plates and screws or reconstructing the radial head. To assess
the anatomical features of the radius bone, techniques such as computed tomography,
radiography, and cadaveric studies are commonly utilized [10]. Approximately
one-third of all elbow fractures are attributed to radial head fractures [2]. Accurate
morphometric measurements are essential for the proper reduction of distal radius
fractures. Orthopedic surgeons commonly rely on the reference values established
by Gartland and Werley [5]. Nevertheless, it is important to note that morphometric
parameters can vary due to factors like geographic location, ethnicity, racial differences,
and individual physical characteristics [1].

Knowledge of the radial head’s size and shape is critical for developing effective
radial head prostheses, as these factors play a pivotal role in ensuring successful
replacements. Similarly, understanding the parameters of the distal radius is necessary
for creating prostheses for cases like Colles’ fractures, while the size and shape of
the radial tuberosity are particularly important in procedures like bicipital tendon
reconstruction [9].

Distal radial fractures are commonly caused by trauma to the forearm. These fractures
can include Smith’s, Colles’, Torus/Buckle, Greenstick, Die-punch, and isolated radial shaft
fractures [3]. The incidence of radial fractures is increasing with the rise in life expectancy,
resulting in a growing population of patients at risk for these injuries. Such fractures are
predominantly observed in children, adolescents, and the elderly [4].

The current study shows that the AP measurement of the radial head (19.39 +
1.71 mm on the right and 19.02 + 1.89 mm on the left) is consistently larger than the
transverse measurement (16.13 + 1.61 mm on the right and 15.37 + 2.24 mm on the
left), indicating an elongated anteroposterior profile and a natural asymmetry favoring
the AP diameter. These findings align with those of Kuhn et al., who also reported a
greater AP diameter compared to the transverse diameter, emphasizing its functional
significance in maintaining joint stability and load distribution during forearm
movements [6]. Similarly, Reddy et al. observed a larger AP diameter relative to the
transverse diameter, though their study highlighted variability based on population and
handedness, with their measurements indicating slightly larger overall dimensions than
those found in the current study [10].
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In this study, the width of the radial tuberosity was measured as 11.60 = 1.28 mm
on the right and 11.42 + 1.48 mm on the left, while the length was 21.44 + 2.46 mm on
the right and 21.95 = 2.98 mm on the left, showing minimal differences between the
sides. Comparatively, Rajashree et al. reported slightly larger dimensions for the radial
tuberosity in their study, with the width and length both exceeding the values observed
in this study [8].

The study underscores the importance of morphometric analysis of the radius for
surgical applications, particularly in prosthesis and fixation device design. Variations in
radial head and tuberosity measurements suggest the need for personalized approaches
in orthopedic care. These findings can enhance surgical precision and patient outcomes.
However, the study is limited by the small sample size and the failure to account for
soft tissue variations, which may influence the results.

Conclusion

In conclusion, the findings of this study underscore the importance of detailed
morphometric analysis of the radius bone, particularly the radial head and tuberosity,
for clinical and surgical applications. The observed variations in anteroposterior
and transverse dimensions, as well as side-specific differences in radial tuberosity
measurements, highlight the need for individualized approaches in the design and
selection of prostheses and fixation devices. These measurements also emphasize the
functional significance of the radial head’s elongated anteroposterior profile in ensuring
joint stability and effective load distribution. Furthermore, the variability reported
across different populations and studies underscores the necessity of accounting for
geographic, ethnic, and individual factors in orthopedic practice. Such comprehensive
morphometric data can aid in the refinement of surgical techniques, enhance the
accuracy of fracture reduction, and improve the outcomes of reconstructive procedures,
ultimately contributing to better patient care.

Limitations and Future Scope:

The study is limited by sample size and absence of gender-specific data. Future
research with larger cohorts and advanced imaging may provide more accurate
measurements and broader population comparisons.
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Accurate coronary artery visualization is critical for successful angiography and surgery. This
study compares cadaveric dissection and in-situ surgical views in aiding surgical planning
and patient outcomes.A comparative analysis reviewed cadaveric dissection and angiographic
imaging, focusing on advancements like 3D coronary angiography. Strengths, limitations,
and clinical applications were assessed.Cadaveric dissection provides detailed anatomical
insights, while 3D angiography offers dynamic, real-time imaging that improves surgical
precision. Recent intraoperative imaging advancements enhance visualization, reduce
complications, and improve outcomes.Dissection remains essential for detailed anatomy
understanding, but modern imaging technologies offer a less invasive, complementary
approach for surgical planning. Combining these methods enhances clinical decision-
making and outcomes.Advanced imaging technologies play a vital role in coronary artery
visualization, complementing dissection-based learning to improve surgical accuracy and
patient care.

Key words: coronary artery, cadaveric dissection, advanced imaging, surgical planning,
patient outcomes
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Introduction

The coronary arteries, essential for supplying oxygen-rich blood to the myocardium,
are fundamental to the heart’s functioning. A precise understanding and visualization of
their anatomy are crucial for diagnosing coronary artery diseases (CAD) and planning
interventions such as coronary artery bypass grafting (CABG), angioplasty, and stent
placement. CAD, often caused by atherosclerosis, is a leading cause of morbidity and
mortality globally. Accurate coronary artery visualization is vital for effective surgical
planning and improving patient outcomes. Thus, both clinical and research efforts have
focused on methods to achieve detailed coronary artery imaging.

Historically, coronary angiography has been the gold standard for diagnosing
CAD, providing clear images of the coronary lumen to detect blockages and assess
their severity. However, it is a two-dimensional (2D) technique with limitations in
visualizing complex coronary anatomy, particularly in patients with tortuous or
branching vessels. Over the past few decades, advancements in imaging technologies
have significantly enhanced coronary artery visualization. Innovations such as three-
dimensional (3D) coronary angiography, optical coherence tomography (OCT), and
intravascular ultrasound (IVUS) have greatly improved the understanding of coronary
anatomy, refined surgical planning, and optimized interventional procedures [5, 8, 12].

Recent developments in 3D coronary angiography allow more accurate vessel
reconstructions, enabling better visualization of vessel orientation, branching patterns,
and stenoses. Technologies like OCT and IVUS provide high-resolution images of the
coronary lumen, assessing plaque composition and coronary flow, thereby improving
diagnostic accuracy and procedural guidance. Various studies demonstrated the
superiority of 3D angiography and OCT in improving procedural outcomes, particularly
in patients with complex coronary anatomy [16, 28].

Despite the technological advances in imaging, cadaveric dissection remains
a cornerstone for understanding coronary anatomy. Dissections provide detailed
insights into coronary artery variations that may be missed or misinterpreted by in
vivo imaging techniques. However, cadaveric dissection is limited by the static nature
of the body and post-mortem tissue changes. Still, studies continue to underscore
the value of cadaveric dissection in understanding coronary anomalies relevant to
surgical procedures [9, 14]. This study explores the evolving landscape of coronary
artery imaging, aiming to compare the accuracy and limitations of angiographic,
cadaveric, and in-situ surgical views of coronary anatomy. By evaluating the strengths
and weaknesses of each method, the study will assess their contributions to surgical
planning and clinical outcomes. The integration of modern imaging techniques
alongside traditional dissection methods presents an opportunity to improve coronary
artery assessment, offering real-time, non-invasive visualization that overcomes the
limitations of previous approaches. The study will also consider the impact of fusion
imaging, hybrid techniques, and advancements in artificial intelligence on the future of
coronary artery imaging and surgical practices.

The aim of this study is to conduct a comparative analysis of coronary artery
anatomy visualization through two primary methods — cadaveric dissection and
angiographic imaging techniques emphasizing their contributions to surgical planning,
accuracy, and patient outcomes. The objectives are:

50



e To compare the effectiveness of cadaveric dissection and angiographic imaging
in visualizing coronary artery anatomy.

e To assess the advantages and limitations of each method in terms of anatomical
precision and clinical applicability.

e To evaluate the impact of recent advancements in 3D coronary angiography and
intraoperative imaging technologies on surgical planning and patient outcomes.

e To explore how cadaveric dissection and modern imaging techniques
complement each other in enhancing surgical decision-making.

e To identify the role of advanced imaging methods in improving surgical
precision, reducing complications, and enhancing overall patient care.

Coronary artery anatomy and its significance in surgery

Anatomical overview

The coronary arteries are essential for supplying oxygenated blood to the heart
muscle, ensuring its proper function. These arteries originate from the aorta just
above the aortic valve and branch out into a complex network that supplies different
regions of the heart. The coronary arterial system is generally divided into the left and
right coronary arteries, each with major branches supplying specific territories of the
myocardium.

Left Coronary Artery (LCA): The LCA is a short vessel that divides into two main
branches:

Left Anterior Descending Artery (LAD): This artery runs along the anterior
surface of the heart, supplying the anterior wall of the left ventricle, the interventricular
septum, and the apex of the heart. It is considered critical due to the high mortality risk
if obstructed [10, 11].

Left Circumflex Artery (LCx): The LCx supplies the lateral and posterior walls of the
left ventricle, and in some cases, the inferior wall, depending on coronary variations [21].

Right Coronary Artery (RCA): The RCA supplies the right atrium, right ventricle,
and inferior wall of the left ventricle. It also typically supplies the sinoatrial (SA) and
atrioventricular (AV) nodes, along with several branches, including the acute marginal
artery, which feeds the right ventricular free wall [25, 6].

Variations in coronary anatomy

Although most individuals have a standard coronary anatomy, variations are
common, either congenital or acquired, and have clinical significance, especially during
surgical procedures such as coronary artery bypass grafting (CABG) and angioplasty.

Dominance: Coronary artery dominance refers to which artery supplies the
posterior descending artery (PDA) and posterior left ventricular branches. Most people
have right dominance, where the RCA supplies the PDA, but about 10% exhibit left
dominance, where the LCx supplies the PDA [25]. Rarely, both arteries may supply the
PDA, a condition called codominance [15].

Dual LAD: In some individuals, the LAD is duplicated, and two branches supply
the anterior wall of the heart. This variation, called dual LAD, is clinically significant,
especially when CAD affects both branches. Surgeons must address both arteries in
procedures like CABG or percutaneous coronary intervention (PCI) [21].
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Anomalous Coronary Arteries: Anomalous coronary arteries, such as those
originating from unusual sinus positions or having abnormal courses, are rare but
carry significant clinical implications, particularly in cases where compression of the
anomalous artery occurs during physical activity [6].

Role in surgical procedures

An accurate understanding of coronary anatomy is essential for successful cardiac
surgeries, including CABG, angioplasty, and stent placement. Knowledge of coronary
anatomy enables surgeons to plan procedures that restore heart blood flow while
minimizing complications.

Coronary Artery Bypass Grafting (CABG): In CABG, blocked or narrowed
coronary arteries are bypassed using grafts to restore blood flow. Surgeons must
understand coronary anatomy, including variations and blockage locations, to avoid
ischemia. For instance, in a patient with a dominant RCA, grafts must bypass the
RCA and its branches effectively [21]. In dual LAD cases, both arteries must be re-
vascularized.

Percutaneous Coronary Intervention (PCI): PCI, including angioplasty and
stenting, uses a catheter to open blocked arteries. Precise knowledge of coronary
anatomy guides stent placement. Variations such as dual LAD or left dominance
complicate PCI and may require special attention [17, 6].

Other Interventional Strategies: Other surgical strategies like left ventricular
assist device (LVAD) implantation, heart transplantation, and valve surgeries also rely
on understanding coronary anatomy. Each patient’s unique vascular structures may
require modifications in approach [25].

Coronary artery disease (CAD) and its impact on coronary anatomy

CAD, caused by the accumulation of atherosclerotic plaques, significantly affects
coronary anatomy. It reduces blood flow to the myocardium, leading to symptoms such
as angina, myocardial infarction (MI), and heart failure. Over time, CAD can alter
coronary artery structures, complicating diagnosis and treatment.

Impact on Coronary Anatomy: The progression of CAD leads to vessel remodeling
and collateral circulation, where new vessels form to supply blood to affected areas.
These collateral vessels can mislead surgeons, making it challenging to differentiate
well-perfused vessels from those with underlying disease [6]. Severe stenosis in areas
like the LAD or RCA requires careful planning to ensure revascularization.

Role of Imaging in Diagnosing CAD: Imaging techniques like coronary
angiography, CT angiography, and MRI are essential for diagnosing CAD and planning
treatment. These methods help assess blockages, vessel anomalies, and variations,
which are critical for tailoring interventions such as PCI or CABG [25].

Interventional Planning in CAD: CAD treatment options like PCI or CABG depend
on disease severity and coronary anatomy. Variations in coronary arteries require a
personalized approach to ensure complete revascularization. For example, special care
is needed to bypass the RCA in right-dominant patients, while dual LAD cases require
both arteries to be treated [21]. Accurate imaging remains a cornerstone for diagnosing
coronary disease, identifying anomalies, and planning treatment strategies effectively.
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Coronary angiography: techniques and advances

Coronary artery disease (CAD) is a leading cause of morbidity and mortality
worldwide, making accurate and timely diagnosis crucial. Coronary angiography
(CA) remains the gold standard for diagnosing CAD, enabling clinicians to visualize
coronary arteries and identify obstructions, stenoses, or plaques that impair blood
flow to the heart muscle. Over time, coronary angiography has advanced significantly,
with technological innovations enhancing its accuracy and clinical utility. This article
explores the methodology of coronary angiography, recent advancements, and their
impact on diagnostic precision and patient outcomes.

Standard coronary angiography

Coronary angiography emerged in the 1960s, with the first successful selective
coronary arteriography performed in 1962 [23]. The procedure became the gold
standard for evaluating coronary artery anatomy and diagnosing CAD. It involves
injecting a contrast medium into the coronary arteries via a catheter, typically through
the femoral or radial approach, the latter of which is becoming more popular due to
lower complication rates and shorter recovery times.

Coronary angiography helps identify the location, severity, and number of stenoses
or blockages in the coronary vessels, which is crucial for determining treatment strategies
such as medical therapy, percutaneous coronary intervention (PCI), or coronary artery
bypass grafting (CABG). Results are usually classified using the coronary artery
disease severity index, which helps estimate the need for interventional procedures.
Although widely used, conventional coronary angiography has limitations. It provides
a two-dimensional (2D) view, which can distort the assessment of complex lesions,
tortuous vessels, or small arteries. Moreover, it does not provide detailed information
on plaque composition or vessel wall injury, both important for assessing the risk of
cardiovascular events.

Technological advancements in coronary angiography

Recent advancements in imaging technologies have significantly improved
coronary angiography. Innovations such as three-dimensional (3D) angiography,
intravascular ultrasound (IVUS), optical coherence tomography (OCT), and fusion
imaging have been integrated into clinical practice to overcome the limitations of
traditional 2D angiography.

3D coronary angiography

The development of 3D coronary angiography has greatly enhanced cardiovascular
imaging. By combining multiple 2D images obtained during traditional angiography,
3D angiography creates detailed, three-dimensional reconstructions of the coronary
arteries. This allows for more accurate visualization, especially in complex cases
involving bifurcation lesions or coronary artery stenting. Advances in software and
image processing have improved visualization in challenging anatomical features like
tortuosity or calcification, improving treatment planning precision and increasing the
success of coronary interventions. Additionally, 3D angiography reduces procedural
time and radiation exposure compared to conventional 2D angiography [17,22].

Intravascular ultrasound (IVUS)
IVUS has substantially improved coronary angiography’s diagnostic capabilities.
This technique involves inserting an ultrasound probe into the coronary artery to
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provide real-time imaging of the vessel wall and surrounding structures. Unlike
angiography, IVUS offers detailed images of the vessel’s internal structure, helping
assess the true severity of coronary lesions. IVUS can detect lipid-rich plaques or
thin-cap fibroatheromas that may be missed by conventional angiography, which are
associated with increased rupture risk and myocardial infarction. It also guides stent
placement during PCI, ensuring optimal stent size and positioning [9].

Optical coherence tomography (OCT)

OCT offers high-resolution imaging of coronary lesions, using near-infrared light
to capture detailed cross-sectional images with a resolution of up to 10 micrometers,
surpassing that of IVUS. This superior resolution helps visualize finer features of
coronary arteries, such as plaque microstructure and intimal hyperplasia. OCT is
particularly useful in guiding stent implantation in complex coronary anatomies,
enabling clinicians to assess stent expansion and apposition, thus reducing restenosis
or post-procedural complications [20].

Fusion imaging

Fusion imaging combines data from multiple imaging modalities, such as coronary
angiography, computed tomography (CT), and magnetic resonance imaging (MRI),
to create a comprehensive representation of the coronary vasculature. This technique
provides a more holistic assessment of coronary lesions, considering factors like plaque
composition, vessel elasticity, and blood flow, which single imaging methods may
miss. Fusion imaging aids in better risk stratification and guides treatment decisions,
improving patient outcomes by integrating functional and anatomical data[2].

Comparison with other imaging methods

While advances in coronary angiography have improved diagnostic precision,
the technique still has limitations. Traditional 2D angiography sometimes provides
incomplete or distorted images due to the complexity of coronary anatomy. Furthermore,
angiography focuses mainly on structural assessment without evaluating the functional
significance of coronary lesions. This has led to complementary imaging techniques
like fractional flow reserve (FFR) [1] and computed tomography angiography (CTA),
which assesses blood flow and lesion severity, providing further guidance for decision-
making [24].

In conclusion, the integration of 3D coronary angiography, IVUS, OCT, and fusion
imaging into clinical practice has significantly enhanced the diagnostic and therapeutic
potential of coronary angiography. These advancements not only improve the accuracy
of CAD diagnosis but also contribute to better patient outcomes by enabling more
personalized treatment strategies.

Cadaveric dissection and its role in understanding coronary anatomy

The study of human anatomy, particularly coronary artery anatomy, is essential in
understanding cardiovascular health, guiding clinical decisions, and improving surgical
outcomes. Among various educational tools and research methods, cadaveric dissection
remains one of the most valuable. It provides direct insights into the complexities of the
coronary arteries, revealing arterial patterns, branching, and variations that may not be
fully captured through imaging techniques. This paper explores the role of cadaveric
dissection in understanding coronary anatomy, its advantages, limitations, and recent
contributions.
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Cadaveric dissection: an overview

Cadaveric dissection offers a unique advantage by providing a detailed and direct
view of coronary anatomy. Unlike imaging techniques such as CT angiography, which
offer indirect representations, dissection allows for the study of actual tissue specimens.
This hands-on approach enables a deep analysis of the coronary arteries’ patterns,
branching, and variations, which are vital for understanding coronary circulation and
informing surgical planning. Cadaveric dissection is especially useful in revealing
rare coronary anomalies that might be missed in living individuals. While imaging
captures large-scale coronary structures, it is less effective at revealing fine details,
such as variations in vessel morphology that could impact surgery or intervention.
Additionally, it allows the study of arterial wall texture, which is important for
procedures like coronary artery bypass grafting (CABG) or stent placement.

Advantages of cadaveric dissection

High Fidelity to Actual Anatomical Structures: One significant advantage
of cadaveric dissection is its ability to provide a direct view of arteries and their
variations, without reliance on imaging software interpretation. This tactile experience
helps researchers and clinicians understand the coronary anatomy in depth, offering an
unmediated view of structural nuances.

Study of Rare Anatomical Variations: Cadaveric dissection is invaluable for
studying rare coronary variations, such as anomalous origins or abnormal branching
patterns, which are difficult to detect in living individuals. These variations can be
crucial for surgeries like CABG or percutaneous coronary interventions (PCI). By
directly exposing the anatomy, dissection provides a unique opportunity to explore
these clinically significant variations[23].

Educational Tool for Surgical Training: Cadaveric dissection has long been
a cornerstone of medical education. Surgeons-in-training, particularly those in
cardiothoracic and cardiovascular specialties, benefit from dissecting coronary
arteries to understand the vascular system’s structure. This hands-on training ensures
that surgeons are well-prepared for the practical demands of heart surgery, where
anatomical knowledge and precision are crucial.

Limitations of cadaveric dissection

Post-Mortem Changes: A limitation of cadaveric dissection is the alteration of
anatomy due to post-mortem changes. After death, tissues undergo biochemical and
physiological changes, including stiffening and the collapse or distortion of blood
vessels. These changes can affect the coronary arteries’ appearance, making them less
representative of living conditions.

Fixed Specimens and Lack of Dynamic Conditions: Cadaveric specimens are
typically fixed and preserved, which means they no longer mimic the dynamic conditions
of living tissues.Coronary arteries in living bodies respond to factors like blood pressure,
heart rate, and oxygen demands, which cannot be simulated in cadaveric specimens. This
limits the ability to study the coronary system under in vivo conditions.

Recent studies have highlighted the critical role of cadaveric dissection in
advancing our understanding of coronary artery anatomy and its clinical implications.
Studies utilized cadaveric dissection to explore variations in coronary artery anatomy,
identifying rare anomalies such as unusual branching of the left main coronary artery,
which are important for refining surgical strategies in coronary bypass surgery [24].
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Coronary artery anatomy in relation to myocardial infarction (MI) was examined and
revealed subtle variations that influence outcomes of interventions like stent placement,
emphasizing that cadaveric dissection is essential for understanding nuances of coronary
disease [12].Variations in the right coronary artery (RCA), was focused including
cases of duplicated RCA and unusual origins, which are often difficult to detect using
imaging techniques [6,19]. These studies underscore the value of cadaveric dissection
in both understanding rare anatomical variations and improving surgical planning for
interventions such as CABG and PCI. Despite the limitations of post-mortem changes
and fixed specimens, these studies highlight how dissection remains an irreplaceable
tool in both research and education for clinicians.

In-situ surgical views of coronary arteries

Coronary artery disease (CAD) is a leading cause of morbidity and mortality
worldwide, and its treatment often involves coronary artery bypass grafting (CABG).
Successful CABG requires detailed, real-time, in-situ views of the coronary arteries,
which are facilitated by advanced imaging technologies, intraoperative assessments,
and refined surgical techniques. This article explores recent advancements in coronary
artery visualization, focusing on imaging technologies, artery visualization techniques,
and their impact on surgical outcomes.

Imaging technologies for in-situ coronary artery visualization

The role of imaging in CABG has evolved significantly. Traditional methods like
angiography provide useful preoperative views but have limitations during surgery
due to the heart’s complex anatomy. Recent intraoperative imaging advancements,
including intravascular ultrasound (IVUS), optical coherence tomography (OCT),
and near-infrared spectroscopy, have improved coronary artery visualization during
surgery. IVUS enhances real-time, high-resolution images of coronary arteries,
improving lesion identification and graft placement [4]. This allows surgeons to assess
coronary artery walls in detail, improving long-term graft patency. OCT’s ability to
provide even higher resolution than IVUS was highlighted, offering real-time images
of the intimal layer of coronary arteries [13]. OCT aids in precise graft anastomosis and
minimizes graft failure post-surgery by providing detailed plaque morphology.

Role of 3D imaging and navigation systems

Three-dimensional (3D) imaging and navigation systems have revolutionized
coronary artery surgery, providing surgeons with dynamic, interactive views of coronary
anatomy. Authors demonstrated that 3D-printed coronary artery models, created from
preoperative CT angiograms, improved surgical accuracy, reduced surgery duration,
and shortened recovery times [11]. The models offered surgeons enhanced in-situ
views, optimizing graft placement. Images explored augmented reality (AR), which
integrates 3D coronary artery images with real-time surgical footage [18]. AR systems
provided a comprehensive view of coronary anatomy while allowing surgeons to stay
focused on the surgical site, improving precision and reducing complications.

Advances in intraoperative coronary artery assessment

In addition to imaging technologies, intraoperative assessments are crucial for
ensuring proper graft placement and function. Intraoperative hemodynamic monitoring
and coronary flow assessment help guide graft selection and confirm graft patency.
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The use of fractional flow reserve (FFR) was explored during CABG to measure the
pressure drop across coronary artery lesions and assess ischemia severity. The study
showed that FFR measurements allow for a tailored approach to graft selection,
improving graft patency and patient outcomes. Near-infrared spectroscopy (NIRS) is
also gaining traction for monitoring graft patency. NIRS enables real-time, non-invasive
monitoring of oxygen saturation in coronary vessels, providing immediate feedback on
graft functionality [20]. This helps detect graft failure and facilitates prompt corrective
measures, improving postoperative outcomes by reducing complications.

Surgical techniques and impact on outcomes

Sophisticated imaging technologies and intraoperative assessments have refined
surgical techniques for coronary artery bypass. Minimally invasive techniques, such as
robotic-assisted surgery, have become more prevalent due to their enhanced precision
and improved visibility. These techniques reduce surgery invasiveness, shorten
recovery time, and enhance patient outcomes. A study evaluated robotic-assisted
coronary artery bypass surgery, enhanced by advanced imaging technologies [26]. The
study found that robotic surgery with high-definition intraoperative imaging resulted in
more accurate graft placements, fewer complications, and faster recovery compared to
traditional open-heart surgery. Robotic systems allowed for smaller incisions, reducing
hospital stays and speeding up recovery times.

Recent advancements in imaging technologies and surgical techniques have
significantly improved in-situ surgical views of coronary arteries, enhancing the
precision and outcomes of CABG procedures. Technologies like IVUS, OCT, 3D
imaging, augmented reality, and intraoperative monitoring have improved coronary
artery visualization, leading to better graft placement, reduced complications, and faster
recovery. These innovations have revolutionized coronary artery surgery, promising
even more refined techniques and improved outcomes as research and technology
continue to advance.

Comparative analysis: cadaveric vs angiographic vs in-situ views in
coronary anatomy visualization

The visualization of coronary anatomy is crucial for preoperative planning,
intraoperative decision-making, and post-operative care. Among the various
techniques used to study coronary arteries, cadaveric views, angiographic views,
and in-situ views each provide unique insights. However, each method has its own
strengths and limitations in terms of anatomical accuracy, detail, and clinical utility.
This comparative analysis explores these three techniques, focusing on their accuracy,
clinical implications, and advancements in coronary imaging.

Cadaveric views: accuracy and anatomical detail

Cadaveric views offer high anatomical accuracy because they are derived from
human specimens. Cadaveric dissections allow for direct visualization of coronary
arteries, including their branches and variations, which can provide an in-depth
understanding of normal and pathological coronary anatomy. These views are often
considered the gold standard for anatomical study, as they reflect true anatomical
relationships.

Recent studies have emphasized the value of cadaveric dissections for teaching and
understanding coronary anatomy [11]. The study highlighted that cadaveric views are
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invaluable in educational settings, where detailed anatomical knowledge is critical for
students and surgeons. However, while cadaveric views offer high anatomical detail,
they do not reflect certain variations seen in living patients, such as the effects of plaque
buildup or arterial motion. Additionally, cadaveric dissection is static, and in vivo
anatomical variations such as arterial twisting, dynamic movement, and physiological
change are absent, limiting the generalizability of cadaveric studies to living patients.

Angiographic views. clinical effectiveness and limitations

Angiography remains one of the most commonly used imaging techniques in
clinical practice for visualizing coronary arteries. It is a real-time, dynamic procedure
that uses contrast media and X-ray imaging to visualize coronary blockages, stenosis,
and anomalies. Angiography is particularly effective in diagnosing coronary artery
disease (CAD), allowing for the direct visualization of lumen narrowing and occlusions.
Recent advancements, particularly with fractional flow reserve (FFR) and intravascular
ultrasound (IVUS), have enhanced diagnostic capabilities. Combining angiography
with FFR significantly improved the accuracy of identifying functionally significant
coronary lesions, improving preoperative planning [5].

However, angiographic views have notable limitations. Angiograms provide a
two-dimensional (2D) representation of coronary arteries, leading to issues such as
foreshortening, overlapping, and distortion of vessels. This makes accurate anatomical
interpretation difficult. Furthermore, angiography primarily detects blockages rather
than providing a comprehensive understanding of coronary vessel anatomy, including
branching patterns and anatomical variations [3]. Despite these limitations, angiography
remains an essential tool for real-time decision-making, particularly in interventions
like percutaneous coronary interventions (PCI), where it aids in stent placement and
monitoring post-operative outcomes.

In-situ views. dynamic assessment and patient-specific factors

In-situ views are obtained directly from living patients using advanced imaging
modalities, such as coronary CT angiography (CTA) and magnetic resonance imaging
(MRI). These non-invasive methods provide real-time imaging, allowing dynamic
assessment of the coronary arteries under physiological conditions. Coronary CTA, in
particular, has gained popularity for non-invasive coronary artery disease assessment,
offering detailed three-dimensional reconstructions of coronary anatomy.

The effectiveness of coronary CTA in assessing CAD was demonstrated,
especially for patients with intermediate risk profiles [26]. The study emphasized that
coronary CTA could visualize coronary anomalies and calcification patterns, which
essential for treatment are planning. Additionally, CTA provides a dynamic view of
coronary arteries, including coronary flow assessment and heart function, in one scan.
However, in-situ views have limitations related to patient-specific factors, such as
motion artifacts, patient movement, and anatomical variations that can affect image
quality. The resolution of non-invasive imaging methods like CTA may also fall short
of cadaveric dissection, making it challenging to visualize small branches and precise
relationships between vessels and surrounding tissues.

Clinical implications: contributions to planning and decision-making
Each imaging technique plays a distinct role in clinical practice. Cadaveric
views are particularly useful in educational settings, where understanding coronary
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anatomy in detail is essential for surgeons performing coronary bypass surgery or
studying coronary anomalies. Angiographic views are indispensable for intraoperative
decision-making, guiding interventions such as angioplasty and stenting. Angiography
is also crucial for preoperative planning, helping identify coronary lesions that require
intervention.

In-situ imaging, particularly coronary CTA and MRI, is useful for both preoperative
planning and post-operative follow-up. These techniques provide a comprehensive,
non-invasive view of coronary anatomy, enabling clinicians to assess the impact of
CAD on heart function. Furthermore, in-situ views are valuable for monitoring disease
progression over time, offering a dynamic view of the patient’s coronary health.

Advancements in technology: bridging the gap

Advancements in imaging technology, such as 3D reconstructions from
angiographic data, are helping bridge the gap between 2D angiograms and cadaveric
views. The introduction of coronary CT angiography has significantly improved the
level of detail available from non-invasive imaging, providing high-resolution, 3D
reconstructions that are becoming increasingly reliable in assessing coronary artery
disease. The growing role of artificial intelligence (Al) and machine learning algorithms
in coronary imaging demonstrated, improving precision by reducing motion artifacts
and enhancing image quality [27]. These technologies are contributing to a more
accurate and detailed understanding of coronary anatomy, overcoming the limitations
of traditional imaging methods.

Limitations and recommendations

Each method has inherent limitations. Cadaveric views, while anatomically
accurate, do not account for dynamic physiological factors. Angiography, though
essential for detecting blockages, lacks detailed anatomical visualization. In-situ
imaging, while offering dynamic and patient-specific data, suffers from resolution
limitations and motion artifacts. A combination of these methods can provide the
most comprehensive understanding of coronary anatomy. Future research should
focus on integrating these imaging techniques to create hybrid models that combine
the advantages of cadaveric detail, angiographic precision, and in-situ dynamics.
Moreover, ongoing advancements in 3D imaging, artificial intelligence, and motion
correction will continue to improve the accuracy and utility of coronary imaging.

Summary of key findings

Cadaveric dissection remains the gold standard for anatomical accuracy, offering
detailed insights into the coronary arteries’ structure. Studiesaffirmed the importance
of cadaveric views in educational settings [11]. However, cadaveric dissections
cannot replicate dynamic changes, such as arterial movement and blood flow, making
them less relevant for clinical applications like preoperative planning. Angiographic
views are indispensable for diagnosing coronary artery disease (CAD) and guiding
interventions such as PCI. However, angiography is limited by its 2D representation,
which can distort and obscure certain anatomical details, and its primary focus on
detecting blockages rather than providing a complete anatomical overview.

In-situ views, particularly coronary CTA and MRI, offer dynamic, patient-specific
imaging, bridging the gap between cadaveric detail and angiographic functionality.
Recent advancements in coronary CTA have enhanced its accuracy, offering high-
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resolution 3D reconstructions of coronary arteries [26]. However, like angiography,
in-situ imaging may suffer from limitations related to resolution and motion artifacts.
Despite these challenges, in-situ views remain valuable for preoperative planning and
monitoring post-operative progress non-invasively.

Future directions

The future of coronary imaging lies in the integration of multiple imaging
modalities, powered by emerging technologies such as Al and machine learning.
Studies have shown that Al can enhance image quality by reducing motion artifacts
and improving resolution. Hybrid imaging methods, combining angiography, optical
coherence tomography (OCT), and cadaveric data, could further advance coronary
artery visualization. These advancements hold promise for more effective diagnosis
and intervention planning, improving patient outcomes.

The combination of 3D imaging and Al algorithms could allow for personalized,
dynamic reconstructions of coronary arteries, taking into account patient-specific
variations in vessel morphology, disease progression, and response to treatment. This
could improve preoperative planning, as surgeons would be able to visualize coronary
anatomy in a way that closely mimics actual patient conditions, leading to more precise
and targeted interventions.

Clinical implications

The evolving landscape of coronary imaging has profound implications for
clinical practice, especially in cardiology and cardiac surgery. Integrating advanced
imaging technologies is expected to improve coronary disease diagnosis, reduce
complications during interventional procedures, and enhance surgical planning. For
example, combining angiographic data with FFR and IVUS has already improved
decision-making during coronary interventions, allowing for more targeted therapies.
Similarly, coronary CTA helps identify coronary anomalies, assess plaque burden, and
predict complications, thus guiding surgical decisions and improving patient outcomes.

As hybrid imaging techniques and Al become more prevalent, coronary artery
surgeries and interventions will benefit from improved precision, leading to better
long-term outcomes. These advancements will enable more personalized treatments
based on unique coronary anatomy and disease characteristics. As technology
continues to evolve, future research will likely focus on optimizing the integration of
these techniques into clinical workflows, ensuring they are used to their full potential
in both preoperative and postoperative care.

Conclusion

The comparative analysis of cadaveric, angiographic, and in-situ views in coronary
anatomy provides valuable insights into their respective roles in understanding coronary
vessel structure and aiding clinical decision-making. Each of these imaging modalities
has its distinct strengths and limitations, but recent advancements in technology are
helping to bridge the gaps between them. This synthesis highlights the evolving
role of these techniques in surgical planning, and the exciting potential of emerging
technologies in enhancing coronary imaging.
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The protozoan parasite Trypanosoma infects various warm-blooded animals, usually via an
insect vector. In humans, 7. brucei causes sleeping sickness in Africa, and 7. cruzi causes
Chagas disease mostly in South America. Trypanosoma brucei is traditionally observed in the
blood and later in the central nervous system but new data prove additional localization in other
organs including skin, lungs, liver, heart and kidneys. Trypanosoma cruzi is found in multiple
organs and tissues during the acute form of the disease and predominantly in the skin, heart and
gastrointestinal tract during the chronic form. Both species inflict specific histopathological
changes in the organs depending on disease progression. Trypanosoma equiperdum is an equine
parasite causing the sexually transmitted disease dourine. It causes inflammation of the genital
tract of both sexes, and in males also degeneration of seminiferous tubules. In addition, it causes
skin plaques and spinal cord lesions resulting in neurological damage.

Key words: Chagas disease, Trypanosoma sp., sleeping sickness

Medical importance of Trypanosoma

Protozoan parasites of the kinetoplastid genus 7rypanosoma are dangerous pathogens
causing sleeping sickness and Chagas disease in the human, as well as diseases in
domestic and wild animals. Comprehensive knowledge of the histopathological changes
caused by their presence is needed to understand the pathogenesis of trypanosomiases
and to improve the methods of diagnosis and treatment. In this respect, the most clear-
cut case is the New World species Trypanosoma cruzi causing Chagas disease. In its
mammalian hosts, including humans, T. cruzi switches to an intracellular amastigote
form which causes damage by using cardiomyocytes as host cells and provoking an
inflammatory response [16]. Unlike it, the African species Trypanosoma brucei exists
in the mammalian host solely in the form of an extracellular flagellated trypomastigote
which evades the antibody response by periodically changing its major surface antigen,
the so-called variant surface glycoprotein [11]. However, despite the fact that 7. brucei
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does not destroy host cells directly by intracellular parasitism, it is even more virulent
than its American counterpart: its invasion of the central nervous system leads to
meningoencephalitis known as sleeping sickness, which is fatal if untreated [9].

Histopathological changes caused by Trypanosoma cruzi

Chagas disease is a sickness typically associated with Latin America, although in recent
years there have been many reported cases around the world including North America
and Europe [12, 21]. According CDC more than 8 million people worldwide suffer from
the disease and numbers in the USA alone have reached 280 thousand [6]. Tiypanosoma
cruzi has three forms — trypomastigote, epimastigote, and amastigote (intercellular in the
vertebrate host). It relies mostly on vector-borne transmission by bedbugs belonging to
genus Triatoma (kissing bug), but other significant pathways have also been reported —
blood-borne, congenital, organ-derived, salivary - mostly among reservoir hosts, and even
oral transmission by food and drinks contaminated with bugs or their droppings [4]. The
disease has two stages — acute and chronic. In most cases the acute form has mild or no
symptoms while in other cases flu-like symptoms are reported. Chancre around the bite
site, and inflammation with partial closing of one of the eyes (Romana’s sign) could be
observed. Eye inflammation could be attributed to either direct inoculation of the eye with
the parasite or an allergic reaction to the parasite/vector. Severe symptoms as myocarditis or
meningoencephalitis are rare but pose a significant risk for the patient’s life. The severity of
the acute form is correlated with the type of transmission. The oral pathway is more likely
to cause life-threatening conditions, likely due to the low pH value in the human stomach
which results in surface protein changes in the parasites [2]. The chronic stage could initially
be asymptomatic (indeterminate form) but progressively leads to development of severe
abnormalities in the cardiovascular system and gastrointestinal tract such as ventricular
arrthythmias, bradycardia, complete heart block, an apical aneurysm, thromboembolic
phenomena, dysphagia, odynophagia, bowel ischemia, etc. [4].

During the acute stage T. cruzi is believed to invade a diversity of nucleated cells in
the spleen, gut, adipose tissue, heart endothelium, striated muscles, immune cells etc. The
same results were demonstrated using animal models, mostly rodents. Interestingly, no
parasites were found in the brain or liver during the initial stages, and no parasites were
observed in the spleen and striated muscles during the chronic form [20]. This is a direct
result of the 7. cruzi tissue tropism. The way the parasite recognizes the target tissue is
still debatable but galectins are presumed to play a major role in the process, especially
Galectin-1 for cardyomiocyte recognition. After recognizing the host cell, the parasite
penetrates it in a Ca?* dependent manner, using its tc85, gp35/50, gp 82, gp 80, and other
surface proteins [19]. During the acute form of the disease inflammatory and immune
response changes can be observed in heart tissue (Fig. 1). In the amplification stage
multiple parasites could be seen in the cytoplasm of the cells. Activated phagocytes and
lymphocytes infiltrate the area, which leads to an increased production of proinflamatory
proteins, and a histological picture similar to many forms of myocarditis. After the acute
stage ends there are fewer infected cells and usually no significant damage to the organ.
During the chronic form cardiomyocytes start to die out mostly due to local inflammation
and are replaced by connective or fat tissue. The heart becomes enlarged, but the miocard
becomes thinner with hypertrophic muscle cells [5]. The arrhythmia observed in such
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patients is believed to be caused by either direct or indirect neural damage caused by the
presence of Trypanosoma cruzi [14].

Damage to the gastrointestinal tract caused by 7. cruzi is not observed as frequently
as other symptoms, and could be attributed to the destruction of neural cells and damage
caused by inflammation in regions in the lower or upper part of the gastrointestinal
tract. The symptoms may vary from constipation to dysphagia and megacolon. Many
factors are considered to play a role in the manifestation and severity of the symptoms
including the genetic variant of 7° cruzi, the microbiome, and the presence of mutations
affecting epithelial receptors such as NOD2 [13].

Histopathological changes caused by Trypanosoma brucei

Sleeping sickness, or human african trypanosomiasis, develops in two stages: 1) early
or hemolymphatic stage, characterized by non-specific symptoms and presence of
trypanosomes in the blood plasma, and 2) late or meningoencephalitic stage, when
the parasite spreads to the central nervous system and causes neurological impairment
[15]. In other mammals, the disease follows a similar course though the predominant
symptom is weight loss [7].

Trypanosomes in the blood and central nervous system have understandably attracted
most attention due to their importance for diagnosis and pathogenesis, respectively, and
also because of a key treatment criterion: after the disease has progressed to the late stage,
treatment options are narrowed down to drugs able to pass the blood-brain barrier, which
are few, not very efficient, and highly toxic [9]. However, T. brucei is by no means limited
to the blood and the central nervous system. Recent studies have revealed presence of
the parasite in extravascular spaces of other organs such as the skin, adipose tissue, eyes,
and testis; a cathepsin-like protease secreted by it, called brucipain, is presumed to help
its extravasation [7]. There are data that these tissue-resident trypanosomes are the main
reproducing pool and a proportion of their daughter cells, carrying new versions of the
variant surface glycoprotein, are “seeded” to the bloodstream where they are accessible
to the vector — the tse-tse fly Glossina [11]. In studies on experimentally infected animals,
trypanosomes have been found also in the lungs, liver, heart and kidneys [15]. They tend
to adhere to collagen fibers in the skin and other tissues [7]. This behavior of the parasite
may be related to the fact that the vector bite injects it into the collagen-rich dermis, which
is thus the first tissue of the mammalian host contacted by the trypanosome. Moreover,
extravascular trypanosomes may persist in the skin of infected hosts that present no
symptoms and no detectable blood forms. Such latent infections, usually omitted from
textbook descriptions of African trypanosomiasis, can be transmitted to tsetse flies and
therefore will hinder any effort to eradicate the parasite [1].

For obvious reasons, tissue pathology has been more extensively studied in animal
models than in human patients. Both in the central nervous system and in other organs,
it includes blood vessel congestion and infiltration by lymphocytes and mononuclear
phagocytes. There are also organ-specific changes such as pulmonary fibrosis and renal
tubular necrosis [15]. In the skin, a common finding during the early stage is the so-called
trypanosomal chancre. It forms around the inoculating tse-tse fly bite and is an inflamed
nodule full of proliferating parasites. Host fibroblasts and endothelial cells also proliferate.
In addition to this localized lesion, there are often rashes, pruritus, and dermatitis during
both the early and the late stage. Testicular infection has been studied in experimentally
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infected animal models, and seems limited to connective tissue. So far, 7 brucei has not
been observed beyond the blood-testis barrier; and while experimentally infected male
mice can infect their partners, sexual transmission is extremely rare in natural hosts [7].

Trypanosoma brucei is thought to invade the brain through the choroid plexus
and circumventricular organs, which contain relatively permeable capillaries devoid
of a blood-brain barrier [3]. Microglial cells, as resident mononuclear phagocytes
of the brain, are the cell population most prominently engaged with controlling
the infection. In an experiment with experimentally infected mice, activation and
proliferation of microglia surprisingly started during the early, hemolymphatic stage of
trypanosomiasis. In addition to increasing their number and activity, microglial cells,
as in other pathological processes in the brain, decreased their structural complexity,
i.e. reduced the number and length of their processes (Fig. 2). The microglia is involved
also in the natural infection, since brain samples of patients who died of sleeping
sickness reveal hyperplasia and formation of nodules by the microglia [22].

In the final stage of the above described experimental infection, peripheral immune
cells massively infiltrated the brain, but this last-resort attempt to eliminate the pathogen
did not seem to mitigate the pathological process [22]. One of the reasons may be the
maladaptive nature of the immune response against the parasite. In another experiment
on mice, T brucei infection caused formation of extopic lymphoid aggregates in the
meninges, making the meninges behave as a secondary lymphoid organ. Many of the B
cells differentiated there, however, were autoreactive and produced antibodies against
myelin basic protein and other brain components [18]. Trypanosoma brucei and other
kinetoplastids are known to skew the host immune response towards Th2 cells, which
creates permissive conditions for their survival [1].

Histopathological changes caused by Trypanosoma equiperdum

Trypanosoma equiperdum is an equine parasite causing a disease called dourine. It
is unique among trypanosomes by being transmitted sexually rather than by a blood-
sucking insect. Despite these biological differences, 7. equiperdum is morphologically
very similar to 7. brucei, which has made researchers speculate about their evolutionary
relationship. Molecular data confirmed that 7. equiperdum has evolved from 7. brucei
relatively recently. Concomitantly with an adaptation to sexual transmission, it lost key
parts of its kinetoplast — the complex mitochondrial genome which is a hallmark of the
group. This made it unable to perform oxidative phosphorylatin and, hence, to survive
in the energy-poor environment inside an insect body. As a result, T equiperdum
was restricted to its mammalian host where it could rely on glycolysis for energy
metabolism. The degenerative change paradoxically gave the parasite the opportunity
to greatly expand its distribution range, while the ancestral 7. brucei remains confined
within the range of its vector, the tsetse fly [8, 10]. In the light of these data, some
recent sources consider 7. equiperdum a subspecies of 7. brucei [17].

Little is known about pathogenesis of dourine. The gross pathology includes
swelling of the genitalia, skin plaques, neurological symptoms, and emaciation often
leading to death. Unlike 7. brucei, T. equiperdum is present in the blood only briefly
and then settles in various tissues. The testes of males and the genital tract of both sexes
are infiltrated by lymphocytes, plasma cells and mononuclear phagocytes. In stallions,
chronic orchitis causes degeneration of seminiferous tubules and may completely
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abolish spermatogenesis (Fig. 3). Perineal and penile skin is affected by dermatitis
leading to keratinocyte and melanocyte necrosis and, as a result, depigmentation.
In addition to the reproductive system, the nervous system is also heavily infected.
Degenerative lesions are observed in the distal spinal cord, especially the lumbar and
sacrococcygeal regions, as well as spinal nerves and ganglia. The spinal cord damage
affects white matter and is manifested as axonal degeneration and demyelination. The
peripheral nerves and ganglia associated with them are inflamed and infiltrated by the
same populations of immune cells as described above for the reproductive system. The
spinal cord and nerve damage can explain the hindleg incoordination characteristic for
dourine. Neuritis including vacuolation and demyelination has also been described in
the facial nerve, though the brain seems largely undamaged [23, 24].

Conclusions

Both T brucei and T. equiperdum invade a range of tissues and despite their strictly
extracellular habitat lead to lesions, inflammation, immune cell infiltration and functional
impairment. Tissue-resident forms may predominate over the blood forms even in 7
brucei, indicating that diagnosis should be based on tissue biopsy rather than blood sample.
The histopathological changes caused by the two extracellular trypanosomes are similar in
many respects, which implies common features in pathogenesis. It is therefore appropriate
to take advantage of the easier handling of 7" equiperdum and use it as a model of 7" brucei
in research. An interesting finding is that both trypanosomes infect the testis but only 7.
equiperdum seems able to cross the blood-testis barrier, which presumably made possible
its sexual transmission. It may be hypothesized that this ability was the first trait to evolve
as T equiperdum diverged from 7. brucei and took its own independent path.
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Fig. 1. A—normal muscle cells; B — muscle cells with amastigotes, and surrounded by immune cells
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Fig. 2. A—normal glia cell; B — glia cell with changed morphology as a result of an immune reaction
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Fig. 3. A — normal seminiferous tubule; B — seminiferous tubule with abnormal morphology,
and spermatogenesis due to immune cell infiltration
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This comprehensive review explores the high prevalence of Work-Related Musculoskeletal
Disorders (WRMSDs) among professional drivers in India’s rapidly expanding transportation
sector. The study analyzes 43 peer-reviewed articles covering various vehicle categories,
including auto-rickshaws, two-wheelers, buses, taxis, heavy vehicles, and trucks. The findings
reveal that low back pain is the most common complaint across all driver types, followed by
neck, shoulder, and knee discomfort. Risk factors are categorized into occupational, vehicular,
and personal domains. The review underscores the urgent need for ergonomic interventions,
health surveillance, and policy reforms to safeguard the musculoskeletal health and overall
well-being of India’s professional drivers.

Key words: Musculoskeletal disorders, low back pain, ergonomics, risk factors,
professional drivers, India

Introduction

Work-related musculoskeletal disorders (WRMSDs) refer to impairments of the
musculoskeletal system — including bones, tissues, tendons, joints, blood vessels,
and nearby peripheral nerves — caused or aggravated by occupational activities or
environments [32]. These include a wide spectrum of clinical syndromes such as
tendinopathies, tenosynovitis, bursitis, neurological disorders like sciatica and carpal
tunnel syndrome, osteoarthritis, and generalised pain syndromes such as low back pain
[30]. WRMSDs are largely associated with poor ergonomics and constitute a major
component of the global burden of occupational diseases [7].

According to the World Health Organization (WHO), musculoskeletal disorders
are leading contributors to disability and limitations in daily and occupational
functioning [4]. Professional drivers are particularly vulnerable to WRMSDs due
to prolonged exposure to physical, environmental, and psychosocial stressors
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[2,12]. Driving involves static postures, prolonged sitting, exposure to whole-body
vibration, repetitive movements, and awkward positions, all of which contribute to the
development of musculoskeletal pain and dysfunction [36].

Individual risk factors such as age, gender, body mass index (BMI), and overall
health status also influence the susceptibility to WRMSDs [20,22]. Additionally,
environmental exposures such as air and noise pollution further exacerbate the health
risks faced by drivers. In India, road transport accounts for over 80% of passenger
movement, and with economic growth and urbanisation, professional drivers are
increasingly subjected to longer working hours, poor road conditions, and inadequate
occupational support systems [23,34].

Under this background, the present review aims to synthesize existing literature
to better understand the prevalence, distribution, and risk factors associated with
WRMSDs among different categories of vehicle drivers in India.

Materials and Criteria

A systematic review was conducted utilizing the databases like Scopus, PubMed and
Web of Science alongside the Google Scholar search engine to comprehensively assess
musculoskeletal disorders among professional drivers in India, focusing on publication
years spanning the last 15 years. The search strategy included a precise combination
of keywords — “musculoskeletal pain,” “low back pain,” “professional drivers,” “work-
related musculoskeletal disorders (WRMSDs),” and “ergonomics”- reflecting both clinical
and occupational dimensions relevant to this population. Articles were initially screened
for eligibility based on study design, population, and outcomes, with priority given to
research detailing prevalence rates, risk factor analysis, and specific musculoskeletal
phenotypes. Out of 50 identified studies, 33 fulfilled the inclusion criteria: peer-reviewed
original research focused on Indian professional drivers, quantifying the prevalence of
WRMSDs and investigating associated risk factors such as prolonged sedentary driving,
whole-body vibration, inadequate workplace ergonomics, and psychosocial stressors.
Selected studies predominantly employed cross-sectional methodologies, standardized
musculoskeletal health surveys, and subgroup analyses addressing vehicle type and
driving duration. The systematic review underscores the substantial occupational health
burden borne by professional drivers in India and advocates for targeted ergonomic
improvements, structured health promotion initiatives, and regulatory policy interventions
that address the complex interplay between occupational exposure, job design, and
musculoskeletal health outcomes.

Results and Discussion
*WRMSD prevalence among professional drivers by Vehicle Type (Figure 1)
Auto-rickshaw drivers exhibit a notably high prevalence of musculoskeletal

complaints, particularly in the upper extremities. Neck pain affects approximately 81%
of drivers, while shoulder discomfort is reported by 70%, with carpal tunnel syndrome
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also frequently observed [13,14,26,33,37]. Studies suggest that scapular alignment
abnormalities are significantly correlated with neck pain within this group [11].

Two-wheeler riders — motorbike and scooter operators — regularly report
musculoskeletal stress localized to the upper back, shoulders, and neck, regardless of
vehicle type, rider age, or gender [9]. This stress is predominantly attributed to poor
ergonomic posture and the impact of road shocks [9,31].

Bus drivers are commonly afflicted with low back pain, with prevalence rates
ranging widely from 49% to 85% depending on regional and study-specific factors
[3,18,19,24,25,29,35,41]. Additional affected regions include the neck, shoulders, and
knees. Ergonomic risk assessments using the Rapid Entire Body Assessment (REBA)
and Rapid Upper Limb Assessment (RULA) tools consistently show high-risk scores
for the back and shoulder regions in bus drivers, related to prolonged postures and
inadequate seat design [10].

Taxi drivers demonstrate an 87% prevalence of WRMSDs, with 49% reporting
low back pain specifically [8,28,38]. In private car drivers, the overall prevalence of
musculoskeletal complaints reaches 77.4%, with 66% reporting low back pain within
the past year [16,27].

Heavy vehicle operators, such as dumpers, also present a significant burden, with
musculoskeletal discomfort reported by 58% to 74% of drivers [15]. Common sites
include the back, ankle, and shoulder regions [21,39,40]. Among the crane operators,
older drivers and those with longer job tenure report higher discomfort levels, especially
in the back and neck, partly due to cabin design factors such as cabin height [6].

Truck drivers frequently report lower back pain, followed by discomfort in the
knees, shoulders, and cervical spine [5]. Regional and geographical differences — such
as hilly versus plain terrain — further influence WRMSD prevalence in this occupational
group [1,17].

Prevalence of Low Back Pain by Vehicle Type
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Figure 1

Figure 1(a): Prevalence of low back pain by vehicle type
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Heatmap of WMSDs Prevalence Among Different Body Regions and Driver Types in India
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Figure 1(b): Heatmap of WRMSD prevalence among different body regions and driver types

» Risk Factors for WRMSDs (Figure 2)

Occupational factors: MSDs can affect anyone as a result of long periods of driving
per shift, daily average driving exceeding 200 kilometres and total duration of service
[5,17,19,24]. The risk of discomfort increases with days per week driving exceeding
48 hours per week, daily average driving seems to play a crucial role in musculoskeletal
pain [3,5,17]. Repetitive work, job demand, and work design also significantly perturbs
the drivers’ musculoskeletal health [38]. Psychosocial work factors, such as perceptions
of unfair treatment, job strain, and effort-earning imbalance creates mental stress which
contribute significantly to these disorders [5,8]. Lack of enough resting duration or break
in between driving hours causes susceptibility towards body pain & discomfort [5].

Vehicle related factors: Back and neck pain risks are heightened by long-term exposure
to vehicle vibration and awkward seating postures [5,15,21,24,35]. Vehicle ergonomics
seems to play a crucial role in the susceptibility of musculoskeletal pain [30]. Poor road
condition causing exertion to the body for longer period is revealed as a confounding factor
for the rapid increasing rate of musculoskeletal pain among drivers [5].

Personal factors: Age is a significant predictor reported for the development of
musculoskeletal disorder with older age correlating with an elevated risk of MSD
pains [18,19,21,38,41]. The prevalence of WRMSDs seemed to be influenced by
sociodemographic factors like marital status, children, education reported from a study
conducted among the dumper operators [38]. Excessive fat deposition & body weight
in the form of abdominal obesity & higher BMI were found as the comorbid factors
for musculoskeletal disorders of the drivers specially backache [19,31,39]. Reduced
engagement in physical activity and unhealthy dietary habits amplify the vulnerability
to WRMSDs [10,41]. Substance & alcohol consumption also encompass as predictors
of body pain but not very strongly [18, 41].
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Figure 2 (a): Prevalence of risk factors for WRMSD among professional drivers
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Conclusion

This review highlights the widespread burden of WRMSDs among professional drivers
in India across multiple vehicle categories. Low back pain emerged as the most frequent
issue, followed by neck, shoulder, and knee discomfort. The causes are multifactorial,
involving occupational, vehicular, and personal risk factors.

Recommendations:

1. Ergonomic Training: Professional drivers should be provided with regular
training programs focusing on proper posture, seat adjustment, and vehicle ergonomics
to reduce the risk of musculoskeletal disorders.

2. Health Monitoring: Routine medical exams, including physiotherapy
evaluations and follow-up assistance, should be instituted to monitor and manage early
indicators of work-related health disorders among drivers.

3. Policy Reforms: Labor regulations should be established and enforced to
ensure standardized working hours, mandatory rest breaks, and occupational health
protections for professional drivers.

4. Health Awareness: Awareness campaigns should be launched to highlight
the need of physical activity, balanced diet, and preventative healthcare practices in
sustaining musculoskeletal health.

5. Infrastructure Improvements: Road infrastructure should be regularly
assessed and maintained to minimise vibration-related musculoskeletal stress by
lowering vehicle vibration and enhancing driving comfort.

Collectively, these ideas underline the necessity for a multidisciplinary approach
incorporating ergonomic design, occupational health surveillance, policy intervention,
and infrastructure development. Implementing these approaches can significantly
improve the occupational well-being, safety, and long-term productivity of professional
drivers.
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piriform aperture, central to nasal morphology and facial aesthetics, is vital in respiration,
growth, and craniofacial development. This study examines correlations between piriform
aperture dimensions and facial skeletal measurements using computed tomography. A total of
120 adults of Bulgarian ethnic origin (55 males, 65 females), aged 20-60 years, were analyzed
using 3D reconstructions from multi-slice CT scans. Significant positive correlations were
found between piriform aperture height and nasal height, upper, and lower aperture widths. An
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underscore the relevance of piriform aperture morphology in clinical contexts and support its
integration into surgical planning for reconstructive and aesthetic facial procedures.
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Introduction

In the early 21st century, significant progress has been made in craniofacial
anthropological research, facilitated by the accumulation of large datasets derived from
independent studies and the development of geometric morphometric methods [15, 17].
Traditional craniometric landmarks [3, 8, 9, 14] are gradually being complemented or
replaced by 3D morphometric approaches that allow precise measurement of otherwise
inaccessible skull regions [1, 4, 6, 19, 23, 24].

The nasal region plays a critical role in overall craniofacial growth. Prenatally,
the nasal septum functions as a growth center, stimulating maxillary development
and guiding facial elongation. Postnatally, the septum and nasal cavity continue to
influence facial morphology as functional matrices [20]. The piriform aperture not only
affects nasal airflow but also contributes significantly to the aesthetic perception of the
human face.

This study seeks to evaluate the correlations between the linear dimensions of the
piriform aperture and the facial skeleton in a representative Bulgarian population, with
particular emphasis on applications in reconstructive and aesthetic facial surgery.

Material and Methods

Study sample

The study included 120 adult individuals (55 males and 65 females) aged 20-60
years, of Bulgarian ethnic origin, referred for head CT for non-craniofacial medical
indications. Participants were recruited from St. Ivan Rilski Medical Complex, Plovdiv,
following ethical approval from the local Ethics Committee at the St George University
Hospital and written informed consent in accordance with the Helsinki Declaration.

Participants included in the study were required to be over 20 years of age
and of Bulgarian ethnic origin, defined as having both parents and all grandparents
of Bulgarian descent. Additionally, only individuals who were referred to a head
computed tomography (CT) scan for reasons unrelated to facial trauma were considered
eligible. Exclusion criteria included any non-Bulgarian ancestry, a personal history
of craniofacial trauma, surgery, congenital malformations, endocrine, metabolic,
or skeletal development disorders, as well as the presence of chronic obstructive
pulmonary disease (COPD) and other chronic conditions leading to mouth breathing,
as these influence craniofacial morphology.

All CT scans were performed using a Siemens SOMATOM Sensation Cardiac
64-slice CT scanner. The imaging protocol involved a tube voltage of 120 kV and a
tube current of 250 mA. Scans were acquired with a slice thickness of 0.5 mm and
reconstructed at 0.3 mm intervals. Images were processed using a 512 x 512 matrix
and the H45s convolution kernel to ensure high-resolution image quality suitable for
detailed anatomical assessment. Data were exported in DICOM format and processed
with Radiant DICOM Viewer using 3D volume rendering (VR). Anatomical landmarks
were marked, and linear measurements were taken in millimeters between standard
craniometric points.
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Measurements
A total of 14 cranial landmarks (Table 1) were obtained and 16 linear
measurements were recorded.

Table 1. Cranial landmarks, obtained in the study.

Landmarks Abbr. | Description:
Euri The most lateral point on the lateral surface of the skull. /
urion eu . .
bilateral location/
Frontomalare fimo The point of intersection of the lateral orbital margin with the
orbitale zygomaticofrontal suture. /bilateral location/

The point of intersection of the medial orbital margin with the

Maxillofrontale | mf frontomaxillary suture. /bilateral location/

Zygion zy The most lateral point on the zygomatic arch. /bilateral location/

The point located at the intersection of the piriform aperture
with the nasomaxillary suture. /bilateral location/

The most posterior point on the lateral margin of the piriform

Nasomacxillare |nm

Nasolaterale ol aperture. /bilateral location/
Point on the mandibular angel where the outline of the
Gonion go mandible intersects with the line bisecting the angle formed
by the line tangent to the posterior ramus border and the line
tangent to the inferior border of the body. /bilateral location/
M The most inferior point of the mental foramen. /bilateral
entale ml

location/

The intersection point of the lateral orbital margin and the line
Ectoconchion ec originating from maxillofrontale and crossing the orbit parallel
to the upper orbital margin. /bilateral location/

The intersection point of the frontonasal suture and the

Nasion n midsagittal plane.
Rhinion hi The point of intersection of the upper end of the piriform
aperture and the internasal suture.
Nasospinale ns The point located on the intersection of the median plane with
P the line connecting the lower edge of the piriform aperture.
. The most anterior point in the midline on the upper alveolar
Prostion pr
process.
. The most inferior point on the mandibular border in the
Gnathion en

midsagittal plane

Linear measurements calculated:
e Piriform Aperture: Height (rhi-ns), Upper width (nm-nm), Lower width (nl-nl);
e Nasal Region: Nasal height (n-ns), Nasal bone length (n-rhi);

e Facial Skeleton: Upper facial height (n-pr), Lower facial height (pr-gn),
Morphological facial height (n-gn), Zygomatic width (zy-zy), Bigonial width (go-
go), Bimental width (ml-ml), Cranial width (eu-eu), Bi-orbital width (fmo-fmo),
Interorbital width (mf-mf), Orbital width (mf-ec), Orbital height (the greatest linear
distance between the upper and lower orbital rims, perpendicular to the orbital width).
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Statistical Analysis

Data were analyzed using SPSS 24.0 (Statistical Package for the Social Sciences
24.0). Pearson’s correlation coefficient (r) was calculated to assess linear relationships
between variables. The level of statistical significance was set at P < 0.05. Correlation
strength was classified as follows: r - 0.01-0.30 — weak; r - 0.30-0.50 — moderate; r -
0.50-0.70 — strong; r - 0.70-0.90 — very strong; r - > 0.90 — near-perfect correlation.

Results

Piriform Aperture Correlations

Piriform aperture (PA) height (rhi-ns) demonstrated a positive correlation with
several key nasal measurements, including nasal height (n-ns), upper PA width (nm-nm),
and lower PA width (nl-nl) (Table 2). In contrast, PA height was negatively correlated
with nasal bone length (n-rhi). Both the upper and lower PA widths were positively
correlated not only with each other but also with PA height, indicating coordinated
growth patterns in these regions. Notably, the lower PA width exhibited a significant
inverse correlation with nasal bone length, suggesting a potential compensatory or
structural relationship between these dimensions.

Table 2. Correlation relationships between the measured linear dimensions of the piriform
aperture combined for both sexes in individuals from the Bulgarian population.

Total for both sexes (n=120)
A'nthro-pologlcal rhi-ns n-ns n-rhi nm-nm nl-nl
dimensions
X Pearson 1 663" -.365™ .246™ 342"
rhi-ns
P .000 .000 .007 .000
hons Pearson 663" 1 455™ 118 175
P .000 .000 201 .056
. Pearson -.365™ 455" 1 -.147 -.189"
n-rhi
p .000 .000 110 .039
menm Pearson 246" 118 -.147 1 404
P 007 201 110 .000
ool Pearson .342™ 175 -.189" 404 1
p .000 .056 .039 .000
**_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

Facial Skeleton Correlations

Measurements of upper, lower, and total morphological facial height were found
to be strongly correlated with nearly all craniofacial width parameters (Table 3).
Specifically, zygomatic, bigonial, and bi-orbital widths showed consistent positive
correlations with various linear facial dimensions, underscoring the interconnected
development of facial width and height. Orbital width was significantly correlated
with most facial measurements, with the exception of interorbital width, which did
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not follow the same pattern. Additionally, orbital height demonstrated significant
correlations with all measured variables, excluding cranial width, bimental width, and
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Correlations between piriform aperture and facial skeleton measurements

Piriform aperture (PA) height (rhi-ns) demonstrated a strong positive correlation
with most of the measured linear craniofacial parameters, except for interorbital width
(mf-mf) and orbital height (Table 4). Nasal height (n-ns) was found to be significantly
correlated with all of the facial skeleton measurements. Meanwhile the length of the
nasal bones (n-rhi) exhibited a consistent positive correlation only with upper and
morphological facial heights and with orbital height. Upper width of PA (nm-nm) was
strongly correlated with most of the craniofacial parameters except for cranial width
and orbital width and height. Lower width of PA (nl-nl) also revealed significance in
correlations with most of the craniofacial parameters excluding upper facial and orbital
height and cranial width.

Discussion

This study confirms that the morphometric parameters of the piriform aperture are
closely linked to those of the facial skeleton. The nasal region, particularly the PA,
demonstrates complex correlations indicative of integrated craniofacial growth. The
inverse relationship between PA height and nasal bone length may reflect compensatory
growth dynamics or developmental constraints. The results are presented for both sexes
in order to assess the overall correlations between the morphometric characteristics
of the piriform aperture and the facial skeleton in the general population sample.
Acknowledging the potential influence of sexual dimorphism and the value of sex-
specific correlation analyses further research is needed.

The growth and development of the nasal cavity have a central place in the
ontogeny of the facial skull. Prenatally the nasal septum acts as a growth site and
induces maxillary pull, which directs facial growth in an anteroinferior direction and
leads to a sevenfold increase in facial length between the 10th and 40th weeks after
fertilization [7]. Postnatally the nasal septum and cavity act as functional matrices and
continue to be one of the determining factors for the development of the facial growth
pattern [7, 13].

The findings align with previous studies indicating the central role of the nasal
septum and nasal cavity in facial ontogeny [5, 20, 22]. The strong correlations
found across multiple facial dimensions suggest that morphometric parameters
can be predictive of nasal architecture — with direct applications in aesthetic and
reconstructive surgical planning. Facial plastic surgery must be tailored to the close
relationship between the soft tissue facial profile and the underlying bone structure, as
well as the gender, age, ethnicity and geographic location of the individual [2, 10, 16,
18]. The size and shape of the nose can be determined by combined analysis of soft
tissue and morphometric indices of the individual’s piriform aperture and nasal bones
[11]. However, this data must also be considered in accordance with the anthropological
standard for the respective population. Research has shown that morphometric data
of the piriform aperture and the nasal bones is a reliable source of information for
determining the shape and dimensions of the nose in reconstructive and aesthetic
surgical interventions in the facial area [12, 21].
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Conclusion

The dimensions of the piriform aperture correlate significantly with key anthropometric
parameters of the facial skeleton. These correlations should be considered in clinical
practice, particularly in plastic and craniofacial surgery, where understanding individual
anatomical variation is essential for optimal outcomes.

Acknowledgements: The current study is part of a research project “Doctoral and
Postdoctoral Projects” at the Medical University — Plovdiv, DPDP-09/2025 “Anthropological
characteristics of the facial skull and piriform aperture in the Bulgarian population —
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The present investigation includes 87 male middle-aged athletes (54 CrossFit and 33 tennis players).
Body composition assessment was performed using bioelectrical impedance measurements
(InBody 170 analyzer). The whole-body analysis includes body weight, body mass index, muscle
mass, fat mass, fat-free mass, and total body water. The segmental distribution of muscle and fat
mass (in kg and percentage) was also presented. Descriptive statistics were generated using SPSS
16 (IBM, USA), and the distribution of normality was assessed. The independent samples t-test
was used to evaluate the differences in body composition. Significant differences in whole-body
composition were observed for the relative values of muscle mass, with a particular emphasis on
TP. A significant prevalence of fat mass values was observed among CF practitioners. Segmental
analysis of body composition showed a significantly higher muscle mass of the lower limbs in the
TP group and of the fat mass in all body segments of CF.

Key words: CrossFit, Tennis players, Body composition, Segmental analysis

Introduction

Body composition analysis (BC) is a method used for measurement of different
components of human body, like fat mass, muscle mass, bone density, and water content.
Its values are important determinants for health conditions and sports performance
[3,11,20]. It is used to track changes in body composition components, and to create
personalized fitness and nutrition plans. The constantly changing conditions of life
(stress, sedentary lifestyle and insufficient physical activity, changes in eating habits,
etc.) lead to changes in the components of body composition, with the most variability
in the adipose tissue [7]. Segmental analysis of body composition provides additional
information to the usual full- body analysis. Different studies have found a close
association between body composition and cardio-respiratory function and strength
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[6,9]. Body composition components differ among athletes participating in different
sports, such as those in the same sport who occupy different playing positions [16].

In recent years, CrossFit training has been gaining increasing popularity
worldwide. CrossFit (CF) is a high-intensity workout that combines both aerobic and
anaerobic types of exercises, like gymnastics, jumping, running, and weightlifting. The
CF athletes demonstrate a good anaerobic performance, expressed in maximum peak
power that their body can generate for short-duration maximal effort. In sports BC
components have a significant impact on the athlete's performance. It is well known,
that the first main component of BC — body fat, has a negative effect on sports success.
Contrary to that the muscle mass and lean body mass, may positively affect the
performance especially in sports with explosive power requirements [5,8,15,21,26].

Tennis is sport that requires a good explosive strength for optimal sports results.
Like a CrossFit training tennis training also require aerobic and anaerobic endurance.
Muscle and fat mass have a significant impact on the tennis athlete's performance.
In tennis, strength, speed and flexibility are crucial components for sports success,
which correlate significantly with the muscle mass. Well-developed muscles mass
particularly in the legs and upper body parts are essential for explosive movements,
quick changes of direction, and overall tennis performance. On the other hand, a high
percentage of body fat can negatively influence tennis players™ agility and speed, and
slow down overall mobility and reaction time on the court, and also can increase the
risk of injuries [10,23].

The current study aimed to present a comparative analysis of segmental and
whole-body composition between male tennis players and CrossFit athletes.

Materials and Methods

The present investigation includes 87 male athletes (54 CrossFit and 33 tennis players).
The mean age of the tennis players (TP) and CrossFit athletes was 38.61+7.66 years
and 39.56+6.39 years, respectively. All of the athletes are amateurs at the sport
they practice, with a mean training experience of CF athletes 3.77+2.43 years and
5.68+3.62 years in TP. All of the participants are informed of the objective of the
current study and voluntarily participate in it. The study protocol was reviewed and
approved by the Ethical Committee of the National Sports Academy (Protocol Ne: EC-
NSA-2025-001/08.04.2025) and was conducted in agreement with the principles stated
in the Declaration of Helsinki for human studies and researches [24]. Body composition
assessment was performed using bioelectrical impedance measurements (InBody 170
analyzer). The whole-body analysis includes body weight (BW), body mass index
(BMI), muscle mass (MM), fat mass (FM), fat-free mass (FFM), and total body water
(TBW). The segmental distribution of muscle and fat mass (in kg and percentage) was
also presented. Descriptive statistics were generated using SPSS 16 (IBM, USA), and
the distribution of normality was assessed (Shapiro-Wilk). The independent samples
t-test was used to evaluate the differences in body composition.
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Results

Descriptive statistics for whole-body composition in CF athletes and TP were
presented in Table 1. Comparative analysis of the basic morphological characteristics
showed that TP are taller than CF athletes, who are heavier and have higher body mass
index (BMI) values. The mean values of body height are 183.62+5.35 ¢cm in TP and
177.66+6.86 cm in CF athletes. The mean body weight is insignificantly higher in
CF practitioners (83.56+10.02 kg) compared with TP (80.15+10.34 kg). The average
values of BMI in CrossFit athletes were 26.47 +2.80 kg/m?, which were significantly
higher than those of tennis players’ 23.73+2.46 kg/m?. According to the mean BMI
values, we categorized TP as having a normal weight and CF athletes as having an
overweight status. The higher BMI in CF practitioners is due to the higher values of
muscle mass, and it would be wrong to associate them with overweight and obesity.

Significant differences in whole-body composition also were observed for the
relative values of muscle mass, with a particular emphasis on tennis players (p<0.001).
The percent of muscle mass was 46.63+3.30% in CF athletes and 49.09+3.21% in TP.
The average absolute values (in kilograms) of muscle mass (MM), fat-free mass (FFM)
and total body water (TBW) in the two investigated groups were equal (p>0.05). A
significant prevalence of both absolute and relative fat mass values was observed
among CrossFit practitioners (p<0.001). The mean relative body fat values of TP were
13.9745.43%, while these values for CF athletes were significantly higher by 4.21%
(p<0.001) and they were 18.17+5.43%. According to the absolute fat mass values, CF
has 4.75 kg morefat mass than TP.

Table 1. Whole-body composition analysis in male CrossFit athletes and tennis players

Traits Cross(§1=tsa4t)hletes Tem(lllls= g;z;yers P-value
Age (y) 39.56+6.39 38.61+7.66 0.732
Body height (cm) 177.66+6.79 183.62+5.35 0.001
Body weight (kg) 83.56+10.02 80.15+10.34 0.132
BMI (kg/m?) 26.47+2.80 23.73+2.46 0.001
Muscle mass (%) 46.63+3.30 49.09+3.22 0.001
Muscle mass (kg) 38.89+4.79 39.28+5.22 0.722
Fat mass (%) 18.18+5.66 13.97+£5.43 0.001
Fat mass (kg) 16.10+6.89 11.35+£5.22 0.001
Total body water (L) 50.28+6.19 50.41+6.45 0.930
Fat free mass (kg) 68.21+8.12 68.82+8.80 0.744

Segmental analysis of muscle mass (%, kg) and fat mass (%, kg) was presented
in Fig. 1 to Fig. 4. A significantly higher percentage of muscle mass of the lower
limbs (p<0.004; p<0.001) in the TP group was obtained. Opposite to these results the
absolute and relative values of fat mass have a great prevalence for all body segments
in CF athletes (p<0.005; p<0.001).
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Fig. 1. Segmental distribution of absolute values of muscle mass in tennis players and Cross-
Fit athletes.
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Fig. 2. Segmental distribution of relative values of muscle mass in tennis players and Cross-
Fit athletes.
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Fig. 3. Segmental distribution of absolute values of fat mass in tennis players and CrossFit
athletes.
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Fig. 4. Segmental distribution of relative values of fat mass in tennis players and CrossFit
athletes.
Discussion

The current study presents comparative results for segmental and whole-body analysis in
athletes who practice two different sports, with both aerobic and anaerobic performance.
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Tennis players and CrossFit athletes exhibit distinct body composition
characteristics due to the differing demands of their respective sports. The results from
the current study indicate that TP have a higher percentage of muscle mass and lower
body fat, while CrossFit athletes have a higher body fat percentage but potentially lower
muscle mass in comparison to tennis players. Assessing the relation between whole-
body and segmental body composition and anaerobic performance Ponce-Garcia et
al. (2024) create a prediction model for optimal performance in CrossFit athletes. The
authors found a moderate relationship between muscle and fat mass development in all
body parts and anaerobic performance. Segmental and total lean mass distribution may
be considered as good predictors of peak and mean power [15]. Tennis is an explosive
sport training that has a very high requirement for the endurance of athletes. The fitness
level and the muscle mass of the upper and lower limbs have a great impact on the TP
performance on the court [10,23]. The morphological profile of tennis players is formed
during adolescence, as shown by the study of Rica et al. (2019), which declared similar
to our results for BC in TP athletes. The study distinguished typical morphological
traits in adolescent TP as follow: normal BMI, low PBF and higher values of muscle
mass, especially in the upper arms [17].

Segmental body composition analysis evaluates the distribution of muscle mass,
fat mass, and other body tissues across different body segments (e.g., arms, legs,
trunk). This analysis can help to optimize sports training, identify potential injury risks,
improve performance and maintain overall athletic health [2,18]. Segmental analysis
reveals that CF athletes and TP tend to have a greater proportion of muscle mass in
their limbs and trunk compared to the general population, which can be advantageous
for the diverse movements and demands of sports modality [4]. The distribution of
muscle mass is not uniform. The legs, particularly the thighs, are crucial for power and
agility in tennis. Analysis can reveal differences in muscle mass and fat distribution
that may affect performance [17,19]. The trunk muscles are vital for generating power
and stability. Analysis can help identify imbalances that could affect serve speed or
overall core strength [2,22]. The diverse nature of CrossFit workouts often leads to
increased muscle mass across different body segments. CrossFit athletes, especially
those with higher performance levels, tend to have significantly higher muscle mass
in their arms and legs and trunk compared to less active individuals [13]. Considering
that CF workout significantly improves aerobic endurance, anaerobic endurance and
explosive power, Wang and Yao (2023) assessed the effect of CF training on tennis
players’ performance. They declared significant improvement on backhand and
forehand strokes and increasing of the overall performance level of tennis [25].

Conversely, higher fat mass in the same segments is negatively associated with
performance, highlighting the importance of optimizing fat distribution [14]. CrossFit
athletes generally maintain a low body fat percentage, which is beneficial for exercises
and overall performance [4,13]. An investigation of BC in CF athletes showed an
average PBF for men and women 11.60 % and 15.23 %, respectively [4]. The results
we get for male CF athletes are significantly higher (18.18 %). Competitive male tennis
players typically maintain a low body fat percentage, generally fewer than 12%. While
the ideal body fat percentage can vary slightly, a range of 6-12% is generally considered
optimal for male tennis players. According to the results of Martinez-Rodriguez et al.
(2015) the mean PBF in adult male TP is 16.2 %, which is significantly different from
our results (13.97 %) [12].
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The body composition of tennis players and CrossFit athletes reflects the unique
demands of their respective sports. While both groups prioritize high muscle mass,
tennis players may place a greater emphasis on lean muscle for agility and speed, while
CrossFit athletes focus on overall muscle development for strength and power.

Conclusion

The current study confirms the great prevalence of muscle mass accumulation in the
lower limbs in TP group in comparison with CF athletes and equal values in the upper
body parts between groups. The comparative analysis of body composition in the TP
and the CF provides new insights into both assessed sports populations and could serve
as a basis for the development of specific reference values in future investigations.
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Anatomical variations of the extensor indicis muscle (EIM) are of particular clinical relevance
due to their potential to mimic pathological conditions and their use in tendon grafting. Among
these, the extensor medii proprius muscle (EMP) represents a rare accessory muscle in the
posterior compartment of the forearm.

Herein, we report a case of an aberrant EMP identified during routine anatomical dissection
with origin from the distal portion of the EIM. The variant muscle was supplied by the posterior
interosseous artery and nerve, with no additional anomalies detected.

The described EMP demonstrates an atypical origin from the EIM, differing from the
commonly reported origin from the distal ulna. This variation highlights the morphological
diversity of forearm extensors and supports theories regarding evolutionary and embryological
influences on muscle development. Clinically, such variants are important for differential
diagnosis of soft-tissue masses, sources of dorsal wrist pain, and surgical planning.

Key words: Variation, Extensor indicis muscle, Extensor medii proprius muscle

Introduction

The classic anatomical description of the forearm muscles suggests the presence
of three well-defined compartments — anterior, lateral and posterior. The posterior
forearm muscles are further divided into superficial and deep groups [4]. The extensor
indicis muscle (EIM) belongs to the deep group. It has a synergic function with the
extensor digitorum muscle (ED), providing independent extension of the second finger
at the metacarpophalangeal and proximal interphalangial joints, thus contributing to
the extension of the hand at the wrist as well [5]. It is innervated by the posterior
interosseous nerve and blood supplied mainly by the branches of the posterior
interosseous artery [4].
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EIM has an important clinical significance as it is commonly used for tendon
grafting and transplantations [14, 20]. Review of the literature indicates numerous
variations of EIM, including unusual origin and insertion, absence of EIM, presence of
additional tendons or supernumerary muscle slips [1, 7, 8, 9, 13, 18]. Moreover, these
variations are of great interest to clinicians as they must be discussed in the context of
the differential diagnosis of various pathological conditions. For instance, the abnormal
anatomy of EIM may provoke dorsal wrist pain and may be incorrectly considered as
soft tissue hand mass, synovial cyst, ganglion or tenosynovitis [6, 10, 16]. In addition,
the presence of additional tendons passing through the fourth osseofibrous canal may
be associated with clinical symptoms [12].

The present case report aimed to describe an aberrant extensor medii proprius
muscle (EMP) with origin from EIM — a rare variation with focus on its possible origin.

Case report

During a routine anatomical dissection of the right upper limb of a 75-year-old
Caucasian male cadaver, preserved with a 10% formalin-based solution, an abnormal,
well-defined muscle bundle was identified in the posterior compartment of the
forearm. The specimen originated from autopsy material provided to the Department
of Anatomy, Histology and Embryology,
Medical University of Sofia, Bulgaria. The
dissection was conducted with the approval of
the Medical Legal Office and the Local Ethics
Committee.

Following the removal of superficial
structures and the antebrachial fascia, an
additional muscle belly was observed along
the ulnar aspect of the tendon of the ED
to the fourth finger. This accessory muscle
originated from the distal portion of the EIM.
It presented as a slightly flattened, fusiform
bundle measuring 26 mm in length and 4 mm
in width.

Its tendon arose lateral to the ED tendon
of'the fourth finger but quickly crossed beneath
it. Distally, the accessory muscle continued as
a thin, band-shaped tendon measuring 126
mm in length. This tendon coursed parallel
to those of the EIM and ED, traversed the
fourth extensor compartment, and ultimately
inserted into the dorsal aspect of the third
metacarpophalangeal joint (Fig. 1).

Fig. 1. Photograph of the right upper limb: EDt —
extensor digitorum tendon; EDMt — extensor digiti
minimi tendon; EMPm — extensor medii proprius
muscle; EMPt — extensor medii proprius tendon.
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The muscle bundle received vascular supply from branches of the posterior
interosseous artery and innervation from the posterior interosseous nerve. No additional
muscular variations, traumatic changes, or evidence of prior surgical interventions
were noted in the posterior forearm region.

Discussion

The additional muscle belly described in the present case shows morphological
similarity to the EMP, a rare variant muscle in the posterior forearm compartment.
Indeed, our report suggests an unusual origin of EMP as well-defined muscle bundle
from the distal portion of EIM, opposing the described origin of EMP from the distal
third of the ulna in the literature. The scientific data indicate its incidence ranges
between 0.8% and 10.4% in anatomical examinations [3, 17]. The presence of EMP
differs among the population in the continents, but it is relatively low in the European
population, thus suggesting a potential role of various factors, including race [18].
Komiyama et al. [11] have classified the variations of the EIM found in Japanese
cadavers based on the presence of additional tendon slips and supernumerary muscles.
The authors described and extensor indicis radialis as the most frequently observed
variant without sex differences or prevalence between right and left upper limbs.
According to our data, this is the second time we report the presence of EMP with such
an atypical origin from EIP [14]. Yurasakpong et al. [19] have described a unique case
of unilateral presence of extensor indicis radialis and EMP. EMP was associated with
an unusual fibromuscular slip innervated by the posterior interosseous nerve. Further,
the histological examination of the slip revealed it was composed of dense connective
tissue and skeletal muscle fibres. The authors claimed this was the first time to describe
the presence of a fibromuscular slip associated with the extensor tendon on the dorsal
hand region.

The presence of EMP may be under the influence of phylogenetic and evolutionary
mechanisms. EMP is described as part of the extensor compartment in primates
belonging to the family Cercopithecidae. In contrast, its incidence in species from
the family Hominidae is variable, as in the human population [2]. The embryonic
development of the forearm muscles is associated with the migration of dorsolateral
somite cells to the upper limb around the fourth week. Further, the extensor forearm
muscles differentiate into three portions — the radial portion gives rise to the muscle
of the mobile wad. Furthermore, the radial portion differentiates into a superficial
portion, which forms the extensor digitorum communis, the extensor carpi ulnaris,
and the extensor digiti minimi and a deep portion representing abductor pollicis
longus and extensor pollicis brevis as well as extensor pollicis longus and EIM [15].
It seems the muscles originating from the superficial portion are dominant and show
prominent stability in comparative anatomy studies, while those from the deep group
are significantly variable [15].

The existence of variant muscles may not result in symptoms, but they have
important clinical significance as they can be used as a donor for tendon grafting and
transplantation. Moreover, the presence of accessory muscles may be associated with
surgical complications or misdiagnoses of soft-tissue tumours [16, 20].
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Conclusion

The present case report suggests an atypical origin of the EMP from the distal portion
of'the EIM. EMP is a relatively rarely observed muscle in the European population, and
we discuss a possible link between its incidence and the potential role of phylogenetic,
evolutionary and embryonic factors. Moreover, the described atypical EMP may be
an interest to clinicians to avoid misdiagnoses and complications during surgical
interventions in the posterior forearm region. Alternatively, the additional muscle can
be used for tendon grafting and transplantation.
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Injuries from homemade firearms are extremely rare in forensic practice and they present some
difficulties due to the variety of injuries that can be observed on the victim’s body. This paper
presents a forensic case of suicide involving a 46-year-old male. Adjacent to the body was found
an object resembling a firearm. During the external examination of the corpse, two deep slit-like
wounds were observed at the corners of the mouth and communicated with the oral cavity. In
the area of the soft palate, an irregularly shaped defect was noted. Tracing the defect revealed a
wound tract extending into the cranial cavity with several damaged structures. The wound tract
terminated within the occipital bone, where a metallic projectile was discovered. This forensic
case underscores that homemade firearms can be as dangerous as factory-manufactured ones
and the characteristics of the injuries they cause are of significant importance to all forensic
practitioners.
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Introduction

Injuries from homemade firearms are extremely rare in forensic practice. These cases
present some difficulties for both ballistics specialists and forensic pathologists, due
to the variety of injuries that can be observed on the victim’s body. In most cases,
injuries from homemade weapons significantly differ from those of typical, factory-
made firearms [11, 12].

Injuries caused by firearms depend on a number of factors — the type of weapon
(including factory-made, modified, homemade, etc.), the ammunition used and its
characteristics, the distance of the shot, the materials through which the bullet passes
and the location of the gunshot wound on the body itself, etc. In general, firearm injuries
can be divided into three groups: blind injury, in which there is an entrance wound
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and a wound tract, at the bottom of which the projectile settles; penetrating injury, in
which there is an entrance wound, a wound tract and an exit wound; tangential injury,
in which the projectile passes along the surface of the body without penetrating deep
[1,2,9,11, 12, 20].

Usually, the characteristics of the entrance wound, as well as the presence/absence
of the associated products of the firearm discharge (and their effect on the tissues),
are of essential importance for an approximate determination of the distance of the
shot. In most cases of firearm injury caused by a manufactured weapon, the entrance
gunshot wound is round or oval in shape, with a lack of tissue in the center, and often
has an abrasion ring on the edges, which is the result of the skin being stretched by
the projectile while simultaneously rubbing the edges of the wound. At close-range
and contact shots, components such as soot, unburned gunpowder and metal particles,
as well as other accompanying products, are usually found around or in the entrance
wound. In contrast, at long-range shots, there is no deposition or effect of the associated
products, and only the projectile damages the tissues [1, 2, 9].

The associated products of the shot (flame, explosive gases, soot, unburned
gunpowder, metal particles and other residues) have an additional mechanical, thermal,
and chemical effect on the tissues. For example, the gases released during the shot
(for contact or close-range distance) can have a mechanical effect on the entry wound,
leading to lacerations at its edges, especially when there is bone under the skin. In the
case of a gunshot wound with a muzzle placed in the mouth, similar lacerations of the
soft tissues of the oral cavity are commonly observed [11,12].

Another factor that plays a significant role in tissue damage is the phenomenon
of the temporary (pulsative) cavity. When the projectile reaches the contact surface
(skin) and penetrates into the depth, part of its kinetic energy is transferred to the
surrounding tissues in the vicinity of the permanent cavity, thus obtaining a temporary
cavity, characterized by a rapid change from positive to negative pressure. This, in
turn, also leads to additional damage (destruction) to the tissues surrounding the
projectile tract [1, 2, 20].

Homemade firearms can also cause injuries that have the elements of a firearm (an
entrance wound with a defect with a lack of tissue and an abrasion ring, a permanent
cavity (wound channel) and destructive changes from the temporary cavity, etc.), but
they can often cause changes that resemble other types of trauma, such as injuries from
hard, blunt objects. In this sense, a thorough forensic examination plays a leading role
in the investigation of the incident [11, 12].

Case Description: This paper presents a forensic case of suicide involving a
46-year-old male discovered deceased in his residence. Adjacent to the body was found
an object resembling a firearm. Closer examination revealed that the object consisted
of'a wooden board with an attached metal tube. The tube exhibited a wide opening with
a diameter of approximately 1.5 cm at one end and a narrower opening measuring 2—3
mm in diameter at the opposite end. Additionally, empty matchboxes were located in
the immediate vicinity of the corpse.

The body was found seated on a bed with the back resting against the wall, the head
bent forward, and the lower limbs flexed at the hip and knee joints with the feet in contact
with the floor. The upper limbs were positioned in a relaxed state alongside the torso,
with a lighter observed in the right hand. The skin on the left hand exhibited extensive
staining with soot. Blood staining was prominently noted on the anterior surface of the
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clothing, originating from the facial region. Examination of the mouth and nose revealed
significant deformation of the soft tissues and substantial blood staining.

The body of the deceased was transported to the Clinic of Forensic Medicine
at the Saint Marina University Hospital — Varna for a forensic autopsy. Before the
examination of the corpse was initiated, forensic specialists from the police department
collected and documented all trace evidence from the clothing and body for ballistic
testing and took standard photographs of all evidence. Autopsies at the Saint Marina
University Hospital — Varna, including the present forensic case, are performed in
accordance with the guidelines outlined in Recommendation No R(99)3 of the Council
of Europe Committee of Ministers [13]. In cases of gunshot injuries, special attention
is given to the following aspects: detailed description and localization of each wound
according to the main anatomical points and their location in relation to the lowest
point of the legs; morphological description of the injuries, noting the presence/
absence of the characteristic elements of the gunshot wound (shape, presence of a
defect with lack of tissue, abrasion ring, bullet wipe, muzzle mark, etc.); description
of the presence/absence of associated products of the firearm discharge and assistance
to the forensic experts in taking the relevant samples; layer-by-layer dissection of the
tissues underlying the gunshot wounds along the wound tract to determine its direction
and identification of traumatic changes in the affected tissues.

In the present case, during the external examination of the corpse, two deep slit-
like wounds with irregular edges were observed at the corners of the mouth. These
wounds extended to and communicated with the oral cavity. Additional, smaller
wounds of similar appearance were identified on both the skin and mucosal surfaces of
the lips. The oral cavity was filled with blood, and the mucous membranes exhibited
extensive staining with soot. The tongue also displayed soot and exhibited multiple slit-
like lacerations on its anterior portion, some of which penetrated its entire thickness.
The edges of these lacerations were uneven, bruised and covered with soot. In the area
of the soft palate, an irregularly shaped defect was noted, characterized by tissue loss
with dimensions around 1.1x1.5 cm (after slight stretching of the tissue) and extensive
hemorrhagic bruising in the surrounding tissue with a diameter around 3.5 cm. Some
parts of the edges of the defect were irregularly abraded and markedly bruised, and
were covered with soot.

During the internal examination of the corpse, multiple traumatic injuries were
identified in the head region. Both the upper and lower jaws were fractured into
several fragments with significant displacement of the bone pieces. Tracing the defect
through the soft palate revealed a wound tract (permanent cavity) extending into the
cranial cavity. The tract traversed several critical structures, including: the clivus of
the occipital bone with an irregular defect measuring approximately 1.8%2.5 cm on
the outer bone plate and around 1mm larger on the inner plate (only on a part of the
defect) and a corresponding rupture of the adjacent dura mater (Fig. 1); irregular
damage to the brain structures — the pons and medulla oblongata, the fourth cerebral
ventricle, and the cerebellar vermis with destruction of the brain substance and severe
hemorrhages on the walls of the permanent cavity (Fig. 2). The tract terminated
medially within the occipital bone, slightly above the protuberantia occipitalis interna.
At this site, an irregularly shaped fracture of the inner bone plate with mild depression
was observed, while the outer plate remained intact. This fracture was with dimensions
around 3.5/4 cm. Within this area, a metallic projectile was discovered. The object was
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cylindrical in shape, measuring approximately 3 cm in length and 1.5 cm in diameter
(Fig. 3). No additional traumatic injuries were observed elsewhere on the body, and
no pathological changes were identified in other organs. The cause of death was
determined to be extensive brain damage resulting from a gunshot wound to the head.
This injury was deemed incompatible with life due to the destruction of vital brain
structures along the projectile’s trajectory.

Fig. 1. The defect on the clivus of the occipital Fig. 2. The injury of the brain structures —
bone. pons, medulla oblongata, fourth cerebral
ventricle, cerebellar vermis.

Fig. 3. The metallic projectile discovered
in the area of the occipital bone.
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Discussion

Under the Law On Weapons, Ammunition, Explosives and Pyrotechnic Articles
in force in the Republic of Bulgaria, firecarms are defined as weapons capable of
discharging a bullet or projectile through the action of an explosive substance [6].
The literature describes numerous cases of injuries caused by weapons that mimic the
effects of firearms [5, 7, 16, 19]. Air weapons (pneumatic weapons) occupy a special
place in this context. Despite lacking the use of explosive substances, these weapons
can produce injuries that closely resemble those inflicted by factory-manufactured
firearms [10,14,18]. Homemade weapons can also be classified as firearms if they
meet the legal criteria specified in the legislation. In the present case, the homemade
weapon discharged a projectile — a piece of metal — through the ignition of an explosive
substance, likely derived from matches.

Such improvised weapons often use metal tubes to serve as barrels, typically
constructed as short-barreled firearms regardless of the type of ammunition intended
for use. While factory ammunition may serve as projectiles, random objects such as
nails or metal fragments are frequently utilized. The incendiary material can vary
widely, including substances such as gunpowder or the flammable material from
matches, as suggested in this case [8,11,12,15]. In factory-made weapons, the ignition
of gunpowder is of primary importance in the mechanism of producing a shot. As
a result, a significant amount of gases and heat is released, which creates a large
pressure, through which kinetic energy is imparted to the projectile. Usually, the heads
of matches contain a mixture of fuel, oxidizer and binding components. When rubbed
or heated (additional ignition), a rapid exothermic reaction occurs with the release
of a large amount of heat and gases. When this reaction occurs in a closed and small
volume space, an explosive effect is created, similar to that of gunpowder [2, 11, 12,
17]. In the present case, the empty matchbox found next to the victim’s body suggests
that matches were probably used as the incendiary substance, and they were probably
placed at one end of the tube, behind the projectile. The lighter found in the victim’s
hand suggests that they were ignited by it.

The functioning of a homemade firearm depends on two key factors: the materials
used in its construction and the knowledge and skills of the individual fabricating it
[21]. These weapons pose a significant risk not only to the intended target but also
to the shooter. The materials used are often unstable and may fail to withstand the
pressure generated during firing, leading to the potential explosion of the barrel and
the release of shrapnel. This inherent instability necessitates extreme caution during
ballistic testing of such weapons. Test firings must be conducted with robust safety
measures in place to mitigate the risk of injury [3, 8, 21].

The combustion of the explosive substance during the discharge of a homemade
weapon is typically incomplete, leading to the release of large quantities of unburned
particles along with the projectile. This phenomenon is primarily attributed to two
factors: the inherent properties of the explosive material and the frequent mismatch
between the diameters of the barrel and the projectile. As a result, unburned particles
tend to deposit at greater distances compared to those from factory-made firearms. This
is often accompanied by pronounced gunpowder tattooing, observed on the skin of the
shooter’s hands and around the entrance wound [4, 8, 15]. In the present case, similar
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findings were noted, including abundant soot on the left hand of the shooter and within
the oral cavity, which also contained the entrance wound.

The kinetic energy of projectiles fired from homemade weapons is generally
low, sometimes rendering the injuries ineffective. Consequently, such injuries are
often blind, with the projectile remaining lodged within the body. Lethal injuries from
homemade firearms are typically observed only at close-range, most often at point-
blank range [4, 8]. The characteristic features of entrance gunshot wounds caused by
homemade weapons — such as tissue loss, abrasion rings - may be absent or poorly
defined, complicating forensic evaluation. Unlike the typically round entrance wounds
caused by factory-made firearms, those from homemade firearms can vary significantly
in shape. Even when a factory-manufactured projectile is used, lateral penetration can
result in non-circular wound patterns. At point-blank range, the imprint of the muzzle
may sometimes be found on the skin surrounding the entrance wound, enabling a
comparative analysis with the suspected weapon [11, 12, 15]. In this case, the entrance
wound was located in the soft palate and presented as an irregularly shaped defect with
tissue loss, but the abrasion ring was not well presented. The slit-like wounds in the
oral area, on the other hand, are a common finding when the muzzle of the firearm is
placed in the mouth. They most likely resulted from rapid expansion of gases under
high pressure in the oral cavity, one of the vicinity effects associated with the firearm
discharge.

The wound channel created by the projectile’s penetration into the body can also
exhibit characteristics distinct from those typically observed in factory-manufactured
firearms. These differences depend on the projectile itself and its kinetic energy. In
most cases, the wound channel ends blindly within the tissues without forming an exit
wound. Occasionally, the projectile may fragment upon entry, resulting in additional
wound channels [11, 12, 15]. In the present case, the wound channel ended blindly in
the occipital bone, where the projectile was extracted. The channel crossed soft tissues
and bone structures, forming a permanent cavity with destruction of the structures
along its course, which indicates that the projectile possessed significant kinetic energy.
This is also confirmed by the morphological changes in the tissues surrounding the
wound tract, which are the result of the effect of the temporary cavity (lacerations of
the tissues of the oral cavity, fracturing of bone structures, etc.).

Although rare, injuries caused by homemade firearms can result in exit wounds,
which may vary greatly in size and shape. In some instances, fragmentation of the
projectile or the displacement of bone fragments along the wound channel can lead to
multiple exit wounds. [15] In the case presented, the kinetic energy of the projectile
was insufficient to produce an exit wound. However, an irregularly shaped fracture of
the inner plate of the occipital bone was observed, highlighting the destructive potential
of the projectile even in the absence of an exit wound.

Conclusion
This forensic case underscores that homemade firearms can be as dangerous as factory-
manufactured ones. Understanding the mechanisms of these weapons and the injuries

they cause is of significant importance to forensic medical practitioners and ballistics
specialists.
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Renal arteries supply blood to the kidneys, and variations in their branching patterns and extra-
renal lengths can influence surgical and interventional outcomes. This is critical for clinical
practice.A cross-sectional study of 100 kidneys (50 right, 50 left) from patients undergoing
peripheral angiography classified perihilar branching into four types: Type I (single artery,
normal bifurcation), Type II (multiple arteries), Type III (early branching), and Type IV (complex
branching). Extrarenal lengths were measured from the renal hilum to the first arterial branch,
with significance set at p<0.05.Type I was most common (60% right, 62% left), followed by Type
II (18-20%), Type III (14-15%), and Type IV (5-6%). Mean extrarenal lengths were 20.5 mm
(right) and 22.1 mm (left), with no significant difference (p=0.24). Type I is the standard renal
artery configuration, while variations (Types II-1V) underscore the need to account for anatomical
differences to optimize surgical planning.

Key words: renal artery anatomy, perihilar branching patterns, extra renal length, peripheral
angiography, renal vascular variations

Introduction

The renal arteries are vital blood vessels responsible for supplying oxygenated blood
to the kidneys, playing a crucial role in maintaining renal function. Their anatomical
configuration is important not only for normal kidney function but also for guiding
surgical and interventional procedures. Variations in the renal artery structure,
particularly in the perihilar region where the artery branches before entering the
kidney, can have significant clinical implications. These variations may impact the
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outcomes of renal surgeries, diagnostic procedures, and interventions, such as renal
transplantation, nephrectomy, renal artery revascularization, and stenting. Given the
advancements in renal surgery and interventional techniques, understanding these
variations is increasingly vital for ensuring optimal clinical outcomes [1,8].

In addition to anatomical variations, knowledge of the extrarenal length of arterial
branches — the distance from the renal hilum’s bifurcation to the first arterial division —
provides important insights for clinicians when planning surgical or interventional
procedures [12]. The length and branching patterns of renal arteries can vary
significantly among individuals, whether due to anatomical differences or congenital
anomalies. These variations range from a simple bifurcation (Type 1) to multiple or
early branching (Types II and III), and even more complex configurations, such as
trifurcations (Type IV). Research in recent years has emphasized how these variations
influence renal health, particularly in conditions like renovascular hypertension and
renal transplantation [10, 11]. Understanding these branching patterns is crucial for
improving diagnostic accuracy and tailoring interventions for individuals with complex
renal vascular anomalies.

The classification of renal arterial morphology, used in this study, is based on
Shoja et al.’s (2008) classification system [15]. Renal artery branching patterns were
categorized into two types: fork-type and ladder-type. In the fork-type configuration,
there is a single point of division, which can either be duplicated (Type I, with an upper
and lower branch) or triplicated (Type 11, with upper, middle, and lower branches). In
contrast, the ladder-type configuration (Type III) involves sequential branching points,
resulting in multiple branches along the artery.

Peripheral angiography, especially digital subtraction angiography (DSA), is a
non-invasive imaging technique that remains essential for visualizing the renal vascular
anatomy. Recent advancements in DSA technology have enhanced the clarity and detail of
renal artery visualization, particularly for perihilar branching patterns and the extrarenal
lengths of arterial branches [4,18]. These advancements have facilitated a more accurate
understanding of renal artery anatomy, which is critical for the success of renal surgeries
and interventions. Despite significant advancements in imaging technology, renal
angiography continues to be the gold standard for diagnosing renal artery diseases. When
performed with appropriate techniques, it delivers detailed anatomical visualization
of the renal arteries, including their segmental and subsegmental branches, providing
critical information for the diagnosis and management of renal vascular disorders. The
study was aimed to investigate the perihilar branching patterns of the renal arteries and
the extrarenal length of their branches using peripheral angiography with objectives to
categorize the perihilar branching patterns of the renal arteries in both the right and left
kidneys, to measure and compare the extrarenal lengths of the arterial branches in the
right and left kidneys and to investigate the relationship between the perihilar branching
patterns and the extrarenal lengths of the renal arteries.

Materials and Methods

Study Design
This was a single-center observational cross-sectional study conducted over a six-
month period at a tertiary care center specializing in vascular and renal interventions.
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Ethical principles for human research were strictly followed, and ethical approval
was obtained from the Institutional Ethics Committee of the hospital from which the
data was collected. Participants were randomly selected from patients undergoing
peripheral angiography for non-renal-related conditions. The study received approval
from the Institutional Review Board (IRB) before patient enrollment, and written
informed consent was obtained from each participant. The sample size was determined
in consultation with a statistician using the G*Power 3.0.10 software. A total of 100
subjects were selected using a systematic sampling strategy, which included 50 right
kidneys and 50 left kidneys.

The inclusion criteria consisted of participants aged 18 years or older of either sex, who
were undergoing peripheral angiography for clinical indications unrelated to renal vascular
abnormalities. The exclusion criteria included individuals with a history of congenital renal
anomalies (e.g., horseshoe kidneys), renal tumors, or previous renal surgeries.

Angiographic Technique

Arterial access was obtained by inserting a SF or 6F sheath into the femoral or
brachial artery using the modified Seldinger technique [14]. In renal angiography, a
SF catheter was positioned in the abdominal aorta via the femoral or brachial artery.
Contrast material was administered either manually or through an automatic injection
pump, generating a series of diagnostic images. Typical parameters for contrast
injection were 10-20 mL/K over 2 seconds. The imaging sequence was captured over
3-5 seconds, acquiring approximately 1-2 frames per second. If detailed visualization
of renal arterial branches or venous phases was required, the imaging duration could
be extended by an additional 3—5 seconds, facilitating the assessment of both intra-
parenchymal structures and vascular flow dynamics [2,7].

Imaging was performed using a biplane angiography system equipped with high-
resolution fluoroscopy and digital subtraction angiography (DSA), ensuring precise
visualization of the renal vasculature. Multiple angiographic views were obtained to
assess the complete branching pattern of both the right and left renal arteries, with
particular focus on the perihilar region. Calibration of the systems was conducted
using the same method as the catheter employed for the angiography. Calibration
was performed by automated edge detection techniques, producing corresponding
calibration factors (mm/pixel), and the vessel contours were identified using operator-
independent edge detection algorithms. Angiographic views for calibration were
selected to minimize foreshortening of artery segments and ensure accurate separation
from adjacent structures.

Database Pooling
The primary anatomical parameters assessed in this study were:

a. Perihilar branching patterns

The configuration of the main renal artery and its branching near the renal hilum
was classified according to a modified version of the renal artery classification system:

e Type I: Single renal artery with normal bifurcation.

e Type II: Multiple renal arteries (accessory or aberrant).

e Type III: Early branching (before reaching the hilum).

e Type IV: Complex branching patterns (e.g., trifurcation or other anomalous
configurations).
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Morphologically, the arterial branching patterns were classified into fork-type,
where there is a common point of division, and ladder-type, characterized by sequential
branching points (Figs. 1 and 2).The fork-type could either be duplicated (Type I, with
upper and lower branches) or triplicated (Type 11, with upper, middle, and lower branches).
The first divisions of the main renal artery were defined as the primary branches, and the
subsequent divisions were classified as secondary and tertiary branches. The branches of
fork-type arteries were designated as the upper, middle (if present), or lower branches in
two-dimensional images. The main renal artery was then classified based on its primary
and secondary divisions and their respective patterns.

“Cardinal perihilar renal arterial morphology” referred to those configurations
that accounted for 5% or more of the total observed types. The remaining types (< 5%)
were categorized as “minor” (m). The subtypes under each of Types I, II, and III
were arranged in descending order of prevalence. Types with infrequent prevalence
were categorized as “infrequent” morphologies [16]. Three cardinal primary division
patterns of the main renal artery were identified, which were further subdivided based
on their secondary divisions. Considering both the primary and secondary branching
patterns, eight “cardinal” perihilar renal arterial morphologies were recognized, as
follows (Figs. 1 and 2),

an Y

Duplicated fork main
artery with duplicated
upper and lower

Duplicated fork main
artery with duplicated
upper branch

Y A Y

Ladder-type Duplicated fork main artery
main artery with ladder-type upper
and duplicated lower

Y_X

Triplicated fork main artery with
duplicated middle branch

Duplicated fork main
sutoourt branches

Triplicated fork main artery
with duplicated middle
branch

Fig. 1. Cardinal perihilar morphologies of
the main renal artery. Illustration of cardinal
perihilar morphologies of the main renal artery
as observed in imaging and dissection studies.
It highlights common anatomical variants
including early bifurcation, accessory renal
arteries, and extrahilar branching patterns. Each
morphological type is labeled and depicted with
schematic or radiographic representations to aid
in visual differentiation.

Fig. 2. Ladder pattern of renal artery

branching morphology. Angiographic
image demonstrates the “ladder pattern” of
renal artery branching morphology. In this
variant, multiple segmental branches arise
in a stepwise, near-parallel arrangement
from the main renal artery, resembling the
rungs of a ladder. This pattern is typically
observed in both prehilar and intrarenal
segments and is important for planning
endovascular  procedures and renal
surgeries due to its impact on vascular
access and perfusion zones.
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e Duplicated fork main artery with duplicated upper and lower branches.

e Duplicated fork main artery with duplicated upper branch.

¢ Duplicated fork main artery without secondary branches.

e Ladder-type main artery.

e Duplicated fork main artery with ladder-type upper and duplicated lower
branches.

e Duplicated fork main artery with duplicated upper and ladder-type lower
branches.

e Triplicated fork main artery with duplicated middle branch.

e Duplicated fork main artery with ladder-type lower branch.

b. Extrarenal length of arterial branches

The extrarenal length was measured from the bifurcation point at the renal hilum
to the point where the vessels leave the kidney. Measurements were recorded using a
calibrated scale on the angiograms, with values expressed in millimeters.

Data Analysis
Statistical analysis of the present study was performed using the GraphPad Prism
v9. P<0.05 was considered statistically significant.

Results

A total of 100 kidneys were included in the study, consisting of 50 right kidneys and
50 left kidneys. The following findings were observed regarding perihilar branching
patterns and extrarenal length measurements.

Perihilar branching patterns

e Type I (single renal artery with normal bifurcation) was the most prevalent
branching pattern, observed in 60% of right kidneys and 62% of left kidneys.

e Type II (multiple main renal arteries) was found in 20% of right kidneys and
18% of left kidneys. Most of these cases involved accessory arteries arising from the
aorta, typically supplying the lower poles of the kidneys.

e Type III (early branching) occurred in 15% of right kidneys and 14% of left
kidneys, where the main renal artery divided shortly after entering the renal hilum.

e Type IV (complex or anomalous branching patterns) was less common, occurring
in 5% of right kidneys and 6% of left kidneys. This included trifurcations and other
unusual configurations, where multiple branches emerged before reaching the hilum.

Cardinal perihilar morphologies of the main renal artery

Three primary division patterns of the main renal artery were identified, each
further subcategorized according to their secondary divisions. Eight “cardinal”
perihilar renal arterial morphologies were found, accounting for 77% of all cases. The
remaining 23% (23cases) were classified as ‘infrequent’ morphologies.

The cardinal morphologies included (Figs. 1 and 2).

¢ Duplicated fork main artery with duplicated upper and lower branches (n = 24,
23.5%).

 Duplicated fork main artery with duplicated upper branch (n =16, 16.1%).
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e Duplicated fork main artery without secondary branches (n =9, 8.6%).

e Ladder-type main artery (n = 7, 7.4%).

e Duplicated fork main artery with ladder-type upper and duplicated lower
branches (n =7, 7.4%).

e Duplicated fork main artery with duplicated upper and ladder-type lower
branches (n = 8, 8.4%).

e Triplicated fork main artery with duplicated middle branch (n =7, 7.2%).

* Duplicated fork main artery with ladder-type lower branch (n = 6, 6.2%).

This distribution maintains the original percentages and proportions, now applied
to a sample of 100 kidneys (50 right-sided and 50 left-sided).

Extra renal length of arterial branches

 The average extrarenal length for the right kidney was 20.5 mm (range: 10-30 mm).

« For the left kidney, the average extrarenal length was 22.1 mm (range: 12-32 mm).

¢ No significant difference was found between the extrarenal lengths of the
right and left kidneys (p = 0.24), although left kidneys tended to have slightly longer
branches.

e The extrarenal length was measured from the bifurcation at the hilum to the
first branching point of the main renal artery. No significant correlation was observed
between the extrarenal length and the branching pattern.

Additional Observations

 Sex differences: Type I branching patterns were slightly more common in male
patients, while Type II and Type I1I patterns were more frequent in female patients.

e Age: The patient’s age did not significantly affect the perihilar branching pattern,
with no noticeable differences observed between age groups (p = 0.12).

Discussion

The findings of this study provide valuable insights into the perihilar branching patterns
and extrarenal lengths of renal arteries, contributing to the growing body of literature
on renal vascular anatomy. The most common branching pattern observed in our
study was Type I, characterized by a single renal artery with normal bifurcation. This
is consistent with earlier studies, which have found that the majority of individuals
possess a single renal artery supplying each kidney [1,8]. The prevalence of Type I
branches supports the notion that the single renal artery configuration is the standard
anatomical pattern, representing around 60—70% of cases in general populations.

However, the presence of Type I branching, which involves multiple renal arteries,
was notable in 18-20% of the kidneys studied. This is in agreement with findings from
recent studies [10, 11], which have documented a significant occurrence of accessory
renal arteries in up to 25% of individuals. Accessory renal arteries typically originate
from the aorta or common iliac artery and supply either the upper or lower poles of
the kidney. The identification of these variations is clinically significant, particularly
for procedures such as nephrectomies, renal transplantations, and endovascular
interventions [4,9]. In cases of renal revascularization or transplantation, the presence
of accessory arteries can complicate surgical planning and may require more intricate
procedures to ensure proper vascular supply to the kidney.
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The findings of Type III (early branching) and Type IV (complex or anomalous
branching) are particularly interesting, as they suggest that renal artery anatomy can
be more complex than previously acknowledged. Type I1I (early branching) was noted
in approximately 15% of cases, while Type IV, which includes configurations such as
trifurcation, was found in 5 - 6% of the kidneys. These patterns can pose substantial
challenges during surgical or interventional procedures, as they may interfere with
the access and visualization of the renal vessels [8]. Trifurcations and other unusual
branching configurations may increase the risk of complications during procedures like
renal artery stenting or transplant, as the vascular access may be more challenging and
require precise manipulation to avoid damaging the renal parenchyma.

In terms of the extrarenal length of arterial branches, our study found an average
length of approximately 20.5 mm for the right kidney and 22.1 mm for the left kidney.
These values align with those reported in the literature, where the typical length of
extrarenal arterial branches has been described as ranging from 15 to 25 mm [6,10].
The slight difference between the right and left kidneys in this study was not statistically
significant, though the left kidney exhibited slightly longer branches. Such variations
in extra renal artery length are important for surgical planning, especially in renal
surgeries or interventions like stent placement or renal revascularization, where precise
measurements of artery length are crucial for successful outcomes [13, 18]. While the
difference was not significant, understanding this variability is critical for improving
surgical accuracy and preventing inadvertent injury to renal vessels.

Interestingly, our study found no significant correlation between branching patterns
and patient age or sex, suggesting that renal artery anatomy is primarily determined by
individual anatomical variation rather than demographic factors. This finding is in line
with recent studies that have reported no consistent relationship between branching
patterns and patient age or gender [3,8,17]. Thus, while some studies suggest slight
predilections for certain patterns in different populations, our results reinforce the idea
that renal artery branching is largely an anatomical trait that may not be influenced by
factors such as age or sex.

The current study highlights the importance of understanding the anatomical
variations in renal artery branching and extrarenal length for clinical applications. The
data support findings from previous research that accessory and anomalous branching
patterns are common and may require special consideration in renal surgery and
intervention. Understanding these variations can help improve preoperative planning
and enhance the success of surgical procedures involving the renal vasculature. Further
studies with larger sample sizes and more diverse populations may provide additional
insights into the impact of demographic factors on renal vascular anatomy and surgical
outcomes.

Conclusion

In conclusion, this study provides valuable insights into the perihilar branching
patterns and extrarenal lengths of renal arteries using peripheral angiography. The
results underscore the variability in renal arterial anatomy, with Type I being the most
common pattern, though accessory and anomalous arteries were also observed. The
extrarenal length of arterial branches was similar for both the right and left kidneys,
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with no significant correlation found between length and branching patterns. These
findings are important for clinical practice, as they can inform surgical planning and
interventions, improving outcomes for procedures like renal artery stenting, transplant
surgeries, and nephrectomies.
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The objective of this study is to conduct a comprehensive anthropological analysis of four human
skeletons discovered in proximity to a pit sanctuary near the village of Malko Tranovo, dated to
the Early Bronze Age (12th—11th centuries BCE).

Osteometric measurements were obtained following the methodologies established by Martin and
Saller, Y. Yordanov, and Alekseev and Debetz.

A total of five skeletons were unearthed from four burial pits. Two individuals were interred in the
first pit, probably a woman and a child, while the remaining three were found singly in separate
pits. The first three burial features are situated in close proximity to one another, whereas the
fourth is located approximately 50 meters to the east. All burials are primary in nature.

Stature estimations were derived from the lengths of the long bones of the limbs using the
regression formulae proposed by Pearson, Trotter and Gleser, and Steele.

Key words: Anthropological data, Thracian, pit, sanctuary, Iron Age, Malko Tranovo,
Kozluka

Introduction

The 2004 excavations in the Kozluka area along the Trakia highway uncovered a multi-
period ritual complex centered on a pit sanctuary, primarily active between the 5th and
early 4th centuries BC [2, 6]. The diverse burial practices, ceramic assemblages, and
stratigraphic data reveal intricate ritual behaviors, elements of ancestor worship, and
evidence of long-term site continuity from the Early Iron Age to the Roman period.
These findings provide new insights into Thracian funerary traditions, socio-religious
structures, and cultural interactions within the Upper Thracian Lowland during the 1st
millennium BC.
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Materials and Methods

The archeological studies were conducted in May—June and August—September 2004
by a team led by Prof. A. Bozhkova (NAIM) and lasted three months. The site is in the
Kozluka area [2,3,4,6,7,8], on a northeastern slope above a semi-dry ravine between
km 188+760 and 189+140 of the Trakia highway route. It is a pit sanctuary with over
270 studied facilities, of which 168 were studied in 2004 with different sizes - from
shallow excavations to deep pits with a length of 7 m and a depth of 2.2 m. They date
back to the Early Bronze Age, Early Iron Age, Classical, Roman and undetermined
eras, with most belonging to the 5th - early 4th centuries BCE. Some are multi-part,
without a strict arrangement, but with partial planning and grouping by periods. Their
openings are disturbed by agricultural activity and appear as dark spots in the sterile
layer. The shapes vary — round, elliptical, rectangular and irregular, with dimensions
from 0.60%0.80 to 2.10%7.20 m.

The pits are hemispherical, conical, beehive-shaped, bell-shaped or vessel-
shaped, often asymmetrical, with the cylindrical ones being characteristic of the Early
Iron Age, and the vessel-shaped ones — of the Classical Age. The filling contains dark
soil with stones, charcoal, ash, plaster, animal bones and ceramics. Some facilities
stand out — pit Ne 106 is probably a ditch from the Early Iron Age, and Ne 128 contains
the remains of a furnace. Among the finds are ceramics, clay figurines and idols from
the Early Iron Age, and from the Classical Age — hand- and wheel-made vessels,
local and imported Greek ceramics (black-fired and painted vessels, amphorae from
Chios, Lesbos, Thassos, Mende, etc.), as well as cult objects, a stone figure of a horse,
vertebrae, tokens, bronze ornaments and iron knives. Fragments of coarse kitchen and
table ceramics have been found from the Roman era [2, 3].

Each of the graves was assessed according to several indicators: 1. Assessment of
the burial; 2. Type of burial; 3. Position of the bones in the pit; 4. Species belonging of
the bones; 4. Condition of the bones [5].

Osteometric measurements were obtained following the methodologies established
by Martin and Saller, Y. Yordanov, and Alekseev and Debetz[1, 5, 10]. Stature estimations
were derived from the lengths of the long bones of the limbs using the regression formulae
proposed by Pearson, Trotter and Gleser, and Steele [11, 12, 15].

Results and Discussion

In the area near the village of Malko Tranovo, near the town of Chirpan, 4 grave
pits were discovered. The first three are in close proximity to each other (in the
eastern half of the easement) with the same orientation, and the fourth is about 50
meters away in an easterly direction [2]. The graves are rectangular pits dug into the
mainland with rounded corners and dimensions: length between 2.40-3.00 m and
width from 0.60 to 1.00 m.

In grave pit Ne 1, two human skeletons were discovered, in the remaining three
grave pits - one each. A total of five human skeletons. In grave Ne 3, the northernmost
of the group, a grave inventory was discovered: a complete vessel — a cup with one
handle, dating from the Early Iron Age (Fig. 1)
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Fig. 1. General view of the three graves before the excavation of the skeletal remains

Grave Ne 1 —Two skeletons were discovered in grave pit Ne 1. The first, Ne 1, is of
an adult individual, and the second, Ne 2, is of a younger individual. Based on the specific
arrangement of the discovered bones, it can be stated that the two individuals were laid
with their heads and feet towards each other (a “valve” type position) (Fig. 2).

The burial is primary (the bones are in anatomical order). The burial is on the
back, in a stretched position. The skeletons are one on top of the other - Ne 1 is with
its head to the south, and the skeleton Ne 2 is with its head to the north. The burial
is double, the bones are human, significantly damaged secondarily, without traces of
burning.

The location of the Burial facility Ne 1 is in North — South direction. The dimensions
are: Length — 240 cm, width 50 — 55 cm, depth 5-10 cm.

It is a rectangular burial pit, dug into the mainland terrain, without additional
shaping. The pit is strongly elongated along the N/S axis with rounded corners. The
preserved depth of the burial pit is 5 —10 cm, since the burial facility was affected by
agricultural activities. The bottom is relatively flat, made of sterile mainland soil [2].
The pit is filled with black, strongly compacted clay soil, individual spots of brown
compacted clay, lumps of mainland and charcoal. When clearing the skeleton, several
small, uncharacteristic fragments of ceramics were found that fell into the burial pit.

Skeleton Ne 1 — Total length of skeleton Ne 1 is about 160 cm [1,5,10]. Situated

in Supine position. The orientation is as follows: Longitudinal axis head-feet is south-
north. Skull turned towards right shoulder (facing east).
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Fig. 2. Skeleton No 1 & Ne 2 (Grave pit Ne 1)

Characteristics of the bones

Skull: Highly fragmented. Almost the entire left half of the skull is missing.
Preserved parts of individual bones — upper jaw, left eye socket, right temporal bone,
occipital bone.

Maximum Cranial Length (g-op distance) is 20 cm. The bones of the skull are of
a smaller thickness than the average — about 3-4 mm.

Bones of the trunk: Bones of the chest, spine and ribs are not preserved. Partially
preserved pelvic bones.

Bones of the limbs: Preserved: Upper limb: 1. Left humerus with a length of 26
cm. 2. Left ulna — 21 cm. Single carpal and metacarpal bones were found.

Lower limb: 1. Right femur — 34 cm. 2. Right tibia — 33 cm. The remaining bones
are fragmented, relatively preserved. They do not allow for accurate measurement.
Single bones of both feet were found.

This was a skeleton buried in a supine position, with parallel lower limbs. Head
turned towards the right shoulder; upper limbs strongly flexed at the elbow joints (right
more than left) with forearms crossed in front of the chest and hands towards the head.
Due to the unnatural flexion at the elbow joints, it is assumed that the upper limbs were
tied distally (around the wrists or the palms of the hands) to hold them in the described
position. The hands were clenched into fists, which is evident from the typical spatial
relationship between the preserved metacarpal bones and the phalanges of the fingers.
The right hand is higher than the left and touched the left shoulder. The wings of the
two hip bones are relatively preserved, visible about 3 cm above the ground. They are
quite low and spread, as in a female pelvis.
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When determining the height based on the preserved long bones, it was found:

Femur — 141.82 cm, Humerus — 149.78 c¢m, Tibia — 155.09 cm, Average value —
149 ¢cm [1,5,10]. It should be noted that preserved lengths of the long bones were used,
which suggests that the height is significantly greater.

Skeleton Ne 2 — In the same grave pit, another skeleton was discovered — skeletal
remains of younger individual, lying over skeleton Nel. Total length of the skeleton —
about 60cm, supine position, with orientation head to north, feet to south, missing
bones of the skull.

Characteristic of the bones:

Skull: A single fragment of flat skull bone was lying between the femoral bones
of skeleton Nel.

Bones of the postcranial skeleton: Bones of the postcranial skeleton are
extremely poorly preserved in very poor condition. Most of the bones of the upper part
of the skeleton are missing. Fragments of pelvic bones were found.

Limb bones: Preserved: Upper limb: 1. Humerus with a preserved length of 10 cm.

Lower limb: 1. Left femur — 40 cm. 2. Right tibia — 34 cm [1, 5, 10]. A fragment
of a calcaneal bone was found.

This is a skeleton buried in a supine position, with a straight left lower limb and a
slightly abducted right, bent about 15° at the knee.

The head is probably at the feet of skeleton Ne 1. There are no bones from the
upper part of the skeleton that would indicate the position of the body. The discovered
fragment of the humerus is at the right knee of skeleton Ne 1, which suggests that the
fragment is from the right humerus, assuming that the individual was buried on his
back. The specific arrangement of the parts of the bones from the left pelvic half, which
were found on the femur of skeleton Ne 1, also suggests a supine position.

Unfortunately, the bone material is in very poor condition and the sex of the buried
individual cannot be determined with certainty. A very approximate determination of
height can only be made from the preserved femur from the Trotter-Gleser formula,
namely approximately 158 cm [15].

The molars and canines from the deciduous dentition revealed deep hypoplastic
defects on the occlusal surface which resembles a disease state caused by an infectious
agent during the 2nd trimester of pregnancy [9]. It is assumed that the buried individual
was between 8 and 12 years old, i.e. infans II.

Grave Ne 2 — [t is located immediately to the east and parallel to grave Ne 1. The
two graves are 0.40 m apart. The grave pit appears to be intermediate (between Ne 1
and Ne 3) in location and depth. A skeleton of 1 adult individual was discovered in
grave pit Ne 2.

The burial is primary (the bones are in anatomical order). The burial is sideways
in a crouched position resembling a Hocker, with the head to the south. The burial is
single; the bone remains are human. The bones are relatively well preserved, without
traces of burning and other manipulations and rituals.

Burial facility Ne 2 is located in the North-South direction. The dimensions are as
follows: Length at the opening - 260 cm and at the bottom 240 cm, width at the head
104 cm, and at the feet 85 cm. The depth of the burial pit from the level of the terrain
from which it is fixed is 30 cm (Fig. 3).
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The burial pit has no additional design; it is dug into the mainland soil. Its corners
are rounded, which is why it has an approximately elliptical shape, slightly expanding
to the south. The pit is filled with dark brown to black soil, strongly compacted. Small
charcoal, fragments of plaster and single uncharacteristic fragments of ceramics were
found in the soil from the pit [2, 3].

bk

Fig. 3. Skeleton Ne 3 (Grave pit Ne 2)

Skeleton Ne 3 — total length about 160 cm, right-side position, longitudinal axis —
head-feet is south-north. Skull turned to the right shoulder face to the east

Characteristics of the bones

Skull: Relatively well-preserved cranial bones, slightly fragmented in place by
the pressure of the soil. The height of the skull — 22 cm. The forehead is low, strongly
sloping. Well-developed occipital relief. The existing teeth have abrasio III -1V degree.
Last molars (wisdom teeth) are missing.

Bones of the postcranial skeleton: Bones from the chest and spine are preserved.
Single ribs were found. Well-preserved pelvic bones.

Limb bones: Preserved: Upper limb: 1. Left humerus, 29.5 cm long. 2. Left ulna
(fragment) — 23 cm. Single carpal and metacarpal bones were found.

Lower limb: 1. Left femur — 40 cm. 2. Right tibia — 36 cm.

The remaining bones are fragmented and less well preserved. Single bones from
both feet were found, most of them from the left.

This is a skeleton of an individual buried in a lateral position to the right with the
head turned towards the right shoulder. The position of the body is slightly bent at the
expense of the cervical spine and the hip and knee joints, while the rest of the spinal
column is upright. The lumbar and thoracic vertebrae are in a position of moderate right
rotation. The position resembles the embryonic one. The upper limbs are strongly flexed
at the elbow joints, with the forearms crossed in front of the chest and the hands towards
the head. The left humerus is parallel to the body. Due to the unnatural flexion at the
elbow joints, it is assumed that the upper limbs were tied distally (around the wrists or the
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palms folded) to hold them in the described position. The hands were clenched into fists,
which is evident from the typical spatial relationship between the preserved metacarpal
bones and the phalanges of the fingers. The right hand is higher than the left, both below
the chin. A deformation of one of the metacarpal bones of the right hand was found.

The lower limbs are parallel, probably one on top of the other (left on right), but
when the earth settled they shifted. From the position of the bones of the lower limbs,
it can be said that the hip joints are in a position of about 40° anteflexion; the knee
joints — about 30° flexion, and the ankle joints - about 30° extension.

The bones of the left pelvic half are above the ground, while the right are dug in.
The pelvic wings are like those of a male pelvis. The preserved bones have a strongly
developed relief.

When determining the height based on the preserved long bones, it was found:

Femur — 159.98 cm, Tibia — 172.71 cm, Humerus — 165.36 cm. Average value —
166 cm.

The buried individual is probably a man of mature age — about 35 — 40 years old.

Grave Ne 3 — It is located immediately east and parallel to graves Ne 1 and Ne 2.

It is 30 — 40 cm from grave Ne 2. In grave pit Ne 3, a skeleton of 1 adult individual
was discovered.

The burial is primary (the bones are in anatomical order). The burial is sideways
in a crouched position resembling a Hocker, with the head to the south. The burial is
single; the bone remains are human. The bones are relatively well preserved, without
traces of burning and other manipulations and rituals.

Burial facility Ne 3 is located in the North-South direction.

The dimensions are as follows: Length at the opening — 307 cm and at the bottom
275 cm, width at the head 78 cm, and at the feet 62 cm. The depth of the grave pit at the
head is 30 cm, and at the feet — 40 cm. It is an ordinary grave pit dug into the mainland
terrain. The pit has a strongly elongated and slightly trapezoidal shape. The corners
of the pit are slightly rounded. The two long walls of the pit curve in an arc to the E.
The bottom is uneven with a slope to the S of mainland soil. The grave pit is filled
with an inhomogeneous layer of dark brown to black in color, strongly compacted
soil, lumps of mainland. In the soil around the skeleton, individual charcoals, lumps
of burnt clay, plaster and few uncharacteristic fragments of ceramics are observed.
Behind the back of the skull, a ceramic cup with one handle, flutes and loops, made by
hand, was discovered [4,14].

Fig. 4. Skeleton Ne 4 (Grave pit Ne 3)
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Skeleton Ne 4 —total length about 150cm, supine to right-side position, longitudinal
axis — head feet is south-north. Skull turned to the right shoulder face to the east.

Characteristics of the bones

Skull: Fragmented skull bones. Relatively preserved in place. Greater than
average thickness — about 6-7 mm. Skull height — 20 cm.

The preserved teeth are long, large — with a large root and high crowns. Abrasion —
II to III degree.

Bones of the postcranial skeleton: Bones from the chest and spine are preserved.
Single ribs were found. Well-preserved pelvic bones.

Limb bones: Preserved : Upper limb: 1. Left humerus with a length of 28 cm. 2.
Left ulna (fragment) — 26 cm. Single carpal and precarpal bones were found.

Lower limb: 1. Left femur — 41 cm. 2. Right femur — 39 cm 3. Right tibia — 40 cm.
The remaining bones are fragmented and less well preserved. Single bones from both
feet were found. The forefoot bones on the left are severely deformed, both talar bones
are preserved. The bones are relatively gracile, with good relief.

This is a skeleton of an individual buried in a dorsal-lateral position to the right
with the head turned towards the right shoulder. Fragments of ribs were found. The
lumbar vertebrae and part of the thoracic vertebrae are missing. The upper limbs are
strongly flexed at the elbow joints, with the forearms crossed in front of the chest and
the hands towards the head. The left humerus is in an anteverted position of about 90°.
Flexion in the left elbow at the time of burial was complete, although the bones of the
forearm are not quite parallel to the humerus. This is not a discrepancy in position,
since in living individuals the factor that limits flexion in the elbow is the soft tissues
on the front side of the arm. The bones of the left hand are located under the left ramus
of the lower jaw and. Due to the unnatural flexion in the elbow joints, it is assumed that
the upper limbs were tied distally (around the wrists or the folded palms) to hold them
in the described position. The hands were clenched into fists, which is evident from the
typical spatial relationship between the preserved metacarpal bones and the phalanges
of the fingers. The right hand is lower than the left, and is located under the chin.

The right lower limb is in a position of abduction in the hip joint of about 10° and
flexion in the knee joint of about 15°. The left lower limb is in a neutral position in the
hip joint and full extension in the knee. Antetorsion of the left femur is almost absent.
The distal ends of the femur and tibia, which participate in the knee joint, are changed
as if from static deformation. The bones of the foot are also deformed. This suggests
a contracture in the left knee joint that occurred during life (the individual could not
perform movements in the left knee). His gait was pathological (probably duck-like).
The latter is also indicated by the high position of the left hip bone compared to the
right. The left foot was on the right.

Both pelvic halves are identified, with the wings of the hip bones and part of the
ischial bones above the ground. Both acetabulums are found. Overall, the pelvis has
the characteristics of a male.

When determining the height from the preserved long bones, it was found:

Femur — 157.5 cm, Tibia — 182.79 cm, Humerus — 160.74 cm. Average value —
167 cm. The buried individual is probably a man of mature age — about 40 years old.

Grave Ne 4 — It is located about 50m east of the three described graves. Bone
remains of 1 individual were discovered. The bones are poorly preserved and poorly
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exposed. The burial is probably primary, sideways to the right, head — northwest.
Bone remains are human and its condition is poor with predominant amount of bone
fragments and detritus (Fig. 5).

Fig. 5. Skeleton Ne 5 (Grave pit Ne 4)

Skeleton Ne 5 — total length is impossible to measure, longitudinal axis — head-
feet is south-north. Skull turned to the right shoulder and supine, face to the east

Burial facility Ne 5 is located in the Northwest-Southeast direction.

The dimensions are as follows: Length 250 cm, width at the head 60 cm, and
at the feet 40 cm. The preserved depth of the grave pit is a maximum of 5-7 cm, as
the grave was damaged by agricultural activities. The grave pit is simple, dug into
the mainland terrain, without additional design. The pit has an elongated rectangular
shape. The corners of the pit are slightly rounded.

Characteristics of the bones

Skull: Mechanically turned in an unnatural position, with the skull base up.
Heavily fragmented. Parts of the lower jaw, temporal bone, both eye sockets and
occipital bone are preserved. The height of the skull is 20 cm. The preserved teeth have
initial abrasion — I — II degree.

Bones of the postcranial skeleton: Single bones from the chest and spine were
found. A second cervical vertebra (axis) was found under the left side of the skull, and
a first cervical vertebra, heavily fragmented, was embedded in the skull base itself.

Limb bones: Preserved : Upper limb: 1. Right humerus with a length of 29.5 cm.
2. Right ulna (fragment), 3. Right radius (fragment).

Fragment of right scapula, diaphysis of left humerus and proximal end of left
ulna. Single carpal and precarpal bones and phalanges were found.

Lower limb: 1. Left fibula — 32 cm. 2. Right tibia — 34 cm 3. Right fibula —
fragmented. The remaining bones are fragmented and less well preserved. Single
bones from both feet were found.

The discovered skeleton belongs to a young male individual — about 20-25 years
old. He was buried in a dorsal — lateral position. He had a slightly inclined and high
forehead. The three long bones of the right upper limb are in one line, which indicates
full flexion in the elbow joint. Both hands are gathered on the right next to the skull,
with palms outstretched (due to the specific spatial arrangement of the phalanges at the
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base of the skull). At the level of the chest, numerous bone fragments (bone detritus)
mixed with soil are observed, as well as parts of vertebrae and ribs. The pelvic halves
and the vertebrae of the final cervical, thoracic and lumbar regions are missing. In the
place where the pelvis should be, numerous longitudinal cortical plates were found,
similar to the corticalis of the femur. In their lower part (below the knees) the two lower
limbs were laid parallel to each other, laterally.

This is indicated by the location of the two fibulae and the fragments of the left
tibia. At the most distal, mixed with a small pile of soil, several foot and forefoot bones
were found, which I cannot identify.

When determining the height from the preserved fragment of the proximal tibia
using the regression equation of G. Steele, it was found that the height of the individual
during life was about 180 cm.

Conclusion

The 2004 archaeological investigations in the Kozluka area along the Trakia highway
revealed a complex, multi-period ritual site functioning primarily as a pit sanctuary,
with most features dated to the Sth—early 4th centuries BC [7,8]. Four grave pits near
the village of Malko Tranovo provided valuable anthropological data, including five
individuals representing different ages and burial types. The graves displayed diverse
orientations and body positions, from extended supine to flexed (Hocker-like) forms,
with several cases indicating bound limbs suggestive of ritualized funerary practices
[13]. The associated ceramic assemblage, particularly the hand-made cup from Grave
Ne 3, supports the attribution of the burials to the Early Iron Age.

The studies confirmed the known data on the rites in the pit sanctuaries, but also
revealed new cult elements — large multi-component structures, pit-pits, graves and
pits with fragments of earlier ceramics. In over 56 pits from the classical era, ceramic
pieces from the Early Iron Age were found, probably as an expression of ancestor
worship — a practice also known from the sanctuary at Koprivlen [3].

Despite partial post-depositional disturbance from agricultural activities of one
of the skeletons, the bone remains of others preserved sufficient integrity for reliable
interpretation. The evidence reflects complex funerary behavior and possible social
differentiation within the Thracian cultural sphere.

Following the completion of the excavations, it was ascertained that the site
constituted an extensive and significant pit sanctuary of high hierarchical status within the
Thracian settlement network of the Upper Thracian Lowland during the 1st millennium
BC. Stratigraphic and material evidence indicate prolonged and continuous utilization
of the site, spanning from the Early Iron Age — possibly extending back to the Early
Bronze Age — through to the Roman period. The assemblage of Early Iron Age ceramics
provides a crucial empirical basis for further investigation into the cultural dynamics
and developmental trajectories of the region. The presence of imported Greek pottery
and amphorae from the 5th century BC offers valuable insights into socio-economic
interactions and aspects of daily life within the early Odrysian polity. Conversely, the
absence of material culture from the Hellenistic period implies a reconfiguration of the
settlement pattern after the mid-4th century BC. The stratigraphic contexts associated
with the Roman era further introduce interpretative challenges and stimulate scholarly

126



inquiry regarding their spatial and functional relationship with earlier structural phases.
Overall, the Kozluka findings significantly enhance understanding of Early Iron Age
burial customs and ritual traditions in southeastern Bulgaria [13].
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Abstract

Bioarchaeology integrates osteological and biochemical analyses to reconstruct various aspects
of past human lifestyles, including diet, mobility, and social organization. Stable isotope
analysis represents a key methodological approach, providing direct geochemical evidence for
interpreting dietary habits and geographic origins. This paper reviews the principal methods and
interpretative frameworks of isotopic research in bioarchaeology. Carbon (8'*C) and nitrogen
(6"°N) isotopes are employed to distinguish dietary sources such as Cs and Ca plants, marine
versus terrestrial foods, and trophic levels. Strontium (¥Sr/*¢Sr) and oxygen (8'®0) isotopes
serve as indicators of mobility and provenance, while sulfur (8**S) and selected trace elements
complement dietary and environmental assessments. The study highlights the main biological
substrates bone collagen, dentin, and enamel and discusses essential analytical procedures,
including IRMS and MC-ICP-MS. Case studies from Tiirkiye and other regions demonstrate
how isotopic evidence contributes to a comprehensive understanding of economic systems and
population dynamics in past societies.

Key words: Stable Isotope Analysis, Paleodiet, Paleomobility, Social Structure,
Bioarchaeology.
Introduction
Bioarchaeology is an interdisciplinary field that investigates biological and cultural
processes in the archaeological record through the analysis of human skeletal remains. By

combining biological, cultural, and environmental perspectives, it reconstructs aspects of
past human life such as diet, mobility, and social organization [37, 64]. Through these
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approaches, bioarchaeology provides tangible evidence for understanding environmental
adaptations, economic systems, and social hierarchies in ancient societies. Human
skeletons thus serve not only as biological entities but also as biographical archives that
reflect individual life histories and collective social structures.

Within this framework, stable isotope analysis has become a central methodological
tool, offering direct geochemical evidence about diet, geographic origin, and
environmental conditions. Isotopes of carbon (8'3C), nitrogen (6'°N), oxygen (5'%0),
and strontium (¥Sr/*Sr) extracted from human tissues enable the reconstruction of
dietary patterns, mobility, and ecological contexts [58, 61]. Compared to indirect
paleoenvironmental proxies such as sediments or tree rings, isotopic data provide
information that can be directly linked to human activities [13].

Carbon and nitrogen isotope analyses of bone collagen and dental dentin allow the
identification of dietary sources and trophic levels. 6'*C values differentiate between
Cs and Cs plants and between marine and terrestrial food resources, while 3'°N values
reflect protein intake and trophic position [1, 62]. These isotopic indicators reveal not
only nutritional strategies but also broader aspects of economy and environmental
adaptation among populations.

Theanalysis of strontium and oxygen isotopes provides complementary information
on geographic origin and mobility. Strontium isotope ratios (*’Sr/*¢Sr) mirror local
geological signatures, while oxygen isotope values (3'%0) reflect climatic conditions
and drinking-water sources [5]. Combined, they allow the identification of individuals
who migrated between regions or experienced changes in living environments during
their lifetime. Such data are crucial for understanding demographic movements, trade
networks, and patterns of interaction within and between ancient communities.

Isotopic investigations also contribute to interpreting social structure and inequality.
Variations in diet or mobility may correspond to differences in social status, gender, or
occupation. For instance, isotope studies have demonstrated that elite individuals often
consumed diets higher in trophic level proteins, while non-local individuals might
exhibit distinct isotopic signatures linked to migration and integration processes [35].
When integrated with spatial and burial data, isotope evidence enhances interpretations
of community organization and social stratification.

The development of isotope analysis in archaeology has its roots in mid-20th-
century geochemical research. Early studies demonstrated that isotopic compositions
in biological and geological materials reflected environmental conditions [75]. By
the late 1970s and 1980s, pioneering work by Van der Merwe, Vogel, and Ambrose
established the use of carbon and nitrogen isotopes in reconstructing human diets
[77, 2]. Subsequently, isotopic methods expanded to explore geographic mobility
through strontium and oxygen systems [16, 5]. In recent decades, isotope research has
moved beyond subsistence and provenance studies to encompass social and cultural
interpretations, such as migration, marriage exchange, and inequality [48].

Technological advancements have further broadened the analytical potential of
isotope research. High-resolution instruments like Isotope Ratio Mass Spectrometry
(IRMS) and Multi-Collector Inductively Coupled Plasma Mass Spectrometry (MC-
ICP-MS) enable precise multi-isotope measurements. Incremental sampling methods,
meanwhile, permit temporal reconstructions of individual life histories [58]. These
innovations have consolidated isotope analysis as an indispensable component of
archaeological science.
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The present study synthesizes these methodological and interpretative
developments, focusing on how isotope analyses inform key bioarchaeological themes
diet, mobility, settlement patterns, and social organization. By integrating case studies
from Tiirkiye and other regions, the paper aims to demonstrate how isotopic data can
refine archaeological interpretations and illuminate the complex interplay between
biological signals and cultural practices. Ultimately, isotope analysis has evolved from
a purely methodological technique into an interdisciplinary research paradigm central
to the holistic reconstruction of past human lives.

1. Isotopes Used in Human Skeletal Remains

In bioarchaeological research, the analysis of various isotopic systems preserved
in human skeletal tissues has been shown to provide valuable insights into past
diets, mobility, and environmental interactions. Each element proffers distinct yet
complementary information. For instance, carbon and nitrogen isotopes primarily reflect
dietary protein sources and trophic levels; oxygen and strontium record geographic and
climatic signatures that inform on migration and provenance; while sulfur and lead
isotopes contribute additional data on local ecology and exposure to anthropogenic or
geological influences. The subsequent sections delineate the principles and interpretive
potential of these major isotopic systems in the context of human skeletal remains.
Table 1 provides an overview of the main isotopic systems used in bioarchacology,
illustrating their analytical scope, interpretative value, and major limitations.

1.1. Carbon Isotopes

Carbon isotopes (8'*C) are among the most frequently employed indicators in the
reconstruction of past societies’ diets. This isotope displays marked variations based on
the photosynthetic pathways of plants. C3 plants (e.g. wheat, barley, rice, many fruits
and vegetables) are characterised by low 613C values (approximately —35%o to —20%o),
while C4 plants (e.g. corn, millet, sorghum) have higher values (approximately —14%o
to —9%o). It is evident that these isotopic differences are directly reflected in human
and animal tissues; as such, the analysis of the carbon isotope (6'3C) is a powerful
tool with which to gain a greater understanding of agricultural strategies and dietary
patterns [70, 79]. Furthermore, the analysis of carbon isotopes is of critical importance
in the differentiation of marine and terrestrial sources. In terrestrial ecosystems, diets
based on C3 plants in particular show lower 613C values, while marine ecosystems
are distinguished by richer carbon isotope values (~ —12%o). Consequently, the
analysis of the stable isotope 613C in human faeces provides a reliable indication
of the relative proportion of marine sources in an individual’s diet [9, 66]. From an
archaeological perspective, the analysis of 813C data provides insights into not only
the dietary preferences of individuals but also the processes of agricultural diffusion,
the dietary differences between coastal and inland communities, and the effects of
social stratification on diet. For instance, the early adoption of corn cultivation in the
Americas has been clearly documented through the use of 613C analyses [79]. The
analysis of 613C data can provide a biochemical indicator for archaeological research,
contributing to a comprehensive understanding of economic subsistence patterns and
environmental adaptations.
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1.2. Nitrogen Isotopes

Nitrogen isotopes (6'°N) are a fundamental indicator in dietary analysis, particularly
for determining trophic levels and protein sources. As protein consumption is directly
reflected in bone collagen, the 8'°N values of these bones are of critical importance
in distinguishing between animal and plant-based proteins in an individual’s diet. As
demonstrated in the seminal study by Minagawa and Wada [46], there is an approximate
3—5%o increase in the values of the delta-15N isotope at each trophic level in the
food chain. This results in individuals consuming the meat of herbivorous animals
or seafood having higher delta-15N values. Terrestrial ecosystems characteristically
exhibit lower 815N values, in contrast to the elevated levels observed in marine
ecosystems, a phenomenon attributable to the extended duration of the food chain [66].
Consequently, the analysis of nitrogen isotopes (6'°N) is imperative in elucidating the
extent to which coastal communities are reliant on seafood, as well as the significance
of agricultural production and animal husbandry in the diet of terrestrial communities.
Furthermore, the use of 6'°N values has been employed to evaluate the impact of
cultural factors, including social stratification and gender roles, on dietary habits.
For instance, elevated 6'°N levels among elites in certain societies suggest that their
diets were rich in animal protein, particularly meat [26]. However, it should be noted
that the 8'°N values are sensitive not only to diet but also to environmental factors.
Variables such as fertiliser use in soil, climatic conditions, or water stress have been
shown to affect the nitrogen isotope composition of plants [6]. These environmental
factors can also affect human tissues indirectly. Analysis of nitrogen isotopes (6'°N)
is a key method for understanding dietary intricacies, environmental adaptation and
agricultural strategy in the past.

1.3. Oxygen Isotopes

Oxygen isotopes (3'*0) have been shown to provide significant insights into
environmental conditions, climate variability, and the geographical origins of
individuals in bioarchaeological research. In particular, oxygen isotope ratios in
phosphate groups found in apatite reflect the isotopic composition of the water
consumed by individuals throughout their lives [43, 45]. It is evident that the ingestion
of water directly corresponds to the delta-180 values of precipitation. Consequently,
deductions can be made concerning the climatic characteristics and geographical
disparities in the environment in which the subjects inhabited. For instance, the study
found that precipitation exhibited relatively elevated 8180 values at low latitudes and
in warmer regions, while the opposite was observed at high latitudes, high altitudes,
and in cold climates [11, 23]. In this context, the analysis of oxygen isotopes (6'%0)
is a significant tool for determining not only the climatic environments of individuals
but also for the study of migration and mobility. As posited by White et al. [81] and
Bentley [5], discrepancies in the 6'*O values measured in different teeth or bone
tissues of the same individual may suggest that they inhabited disparate geographical
regions during their lifetimes. Furthermore, oxygen isotopes are known to reflect not
only environmental information, but also the type of water sources; for example, it is
well documented that river and lake waters typically carry '80 values derived from
precipitation, while it is equally well documented that 8'®0O values increase in areas
close to seawater or in areas exposed to evaporation effects [65]. In bioarchaeology,
8180 analysis complements collagen nitrogen and carbon isotope analysis, helping us
understand past climate and human mobility.
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1.4. Strontium Isotopes

Strontium isotopes (¥’Sr/®*¢Sr) are a geochemical tool frequently employed in
archaeological studies of human and animal remains, particularly in mobility and
geographic origin determination studies. The primary rationale for this phenomenon
is that the distribution of strontium on Earth is directly related to the age and structure
of the underlying geological strata. As Faure and Mensing [20] demonstrated, the
87Sr/%¢Sr ratio varies depending on the age of the rock, with different rock types and
geological regions offering distinguishable isotopic signatures. This isotopic difference
is transferred from soils to plants and then to human and animal tissues through the
food chain. Consequently, the #Sr/*¢Sr ratios measured in an individual’s bones and
teeth reflect the geological identity of the geography where they were fed and drank
water throughout their life [5]. From a bioarchaeological perspective, it is imperative
to recognise that different tissues are indicative of varying periods throughout an
individual’s lifespan. Tooth enamel, which is formed during childhood, provides
permanent information about an individual’s geographical origin during their early
life. Conversely, bones, which are subject to a continuous process of remodelling, offer
insights into mobility during the final 10-15 years of life [59]. This feature facilitates
the determination of whether an individual has relocated during different stages of
their life by comparing strontium values in teeth and bones. This facilitates a detailed
examination of social phenomena, including migration, inter-community mobility of
individuals through marriage, the utilisation of trade routes, and even the mobility
strategies employed by elite classes. In the domain of archaeological research, strontium
isotopes are frequently utilised in conjunction with oxygen isotopes to ensure the
attainment of more reliable results. This is due to the fact that strontium analysis alone
can be limited in some regions due to the presence of overlapping geological signals.
However, when combined with the analysis of 6180, the geographical origin of an
individual can be determined with a greater degree of reliability, taking into account
both climatic and geological variability [18]. Furthermore, the use of regional isotope
maps, termed “isoscapes,” enables the precise determination of the geographical
origins of individuals and the timing of their migratory movements to different regions
during their lifetimes. The significance of strontium isotopes in archacology extends
beyond the realm of individual mobility, encompassing the broader context of large-
scale historical processes. To illustrate this point, consider the mobility of farmers
throughout the Neolithic period in Europe, which has been thoroughly documented
through 87Sr/86Sr analysis. This method has enabled the reconstruction of interactions
with local hunter-gatherer communities and migration routes [5]. Furthermore, the
migration of individuals from disparate regions of the Roman Empire to metropolitan
areas has been elucidated through enamel strontium analyses [48]. Strontium isotopes
have been identified as a scientific tool with the capacity to facilitate comprehension
of both the life histories of individuals on a micro level and the processes of social and
cultural change on a macro level.

1.5. Sulfur Isotopes

Sulfur isotopes (6**S) are utilised as a complementary tool in bioarchaeological
research to facilitate comprehension of diet and mobility. These elements provide a
robust indicator, especially when distinguishing between marine and terrestrial protein
sources. The isotopic composition of sulfates in marine environments exhibits higher
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&**S values in comparison to terrestrial ecosystems; this allows individuals who consume
marine products to be distinguished [63]. Furthermore, sulfur isotopes have been
demonstrated to reflect regional environmental differences. For instance, individuals
residing in coastal regions characteristically exhibit elevated 6**S values, while those
inhabiting inland areas frequently display diminished values. Consequently, sulfur
isotopes offer insights into not only dietary patterns but also the geographical origins
and potential migratory patterns of individuals [50]. Sulfur analysis in archaeological
human remains is typically done on bone collagen. Combined with carbon and
nitrogen isotope analyses, it can help show what people ate. 3**S analysis is special
because it can show how much marine protein was eaten. Sulfur isotopes are important
for bioarchaeological studies because they can show dietary habits and how people
adapted to their environment.

1.6. Lead Isotopes

Lead isotopes (Pb isotopes) represent a potent instrument in the domain of
bioarchaeology, employed not primarily for the acquisition of direct dietary information
but rather for the elucidation of individuals’ geographic origins, environmental
exposures, and relationships to human activities such as mining or metalworking. Lead
isotope composition is specific to its geological source; Pb isotope ratios in rocks and ores
from different regions are distinguishable [47]. This feature enables the measurement
of Pb isotope ratios in human and animal remains, thereby facilitating the identification
of the environmental sources to which individuals were exposed during their lifetimes
and, consequently, their geographical origins. For instance, elevated levels of lead (Pb)
and region-specific isotopic signatures have been identified in the bones and teeth of
individuals inhabiting areas with intensive mining operations in ancient times [24]. In
this context, the use of Pb isotopes in conjunction with strontium and oxygen isotopes
in mobility studies has been shown to contribute to the determination of whether
individuals migrated or resided in different regions [48]. Furthermore, lead isotopes
play a critical role in understanding environmental pollution and toxic exposure in
past societies. Lead used in water pipes during the Roman period left detectable
isotopic traces in individuals’ skeletons, thus providing insight into the discussion of
environmental poisoning in ancient societies [60]. In summary, Pb isotope analyses
are regarded as a multifaceted research instrument in bioarchacology, encompassing
geographical mobility and human-environment interactions.

1.7. Other Isotopes

In recent bioarchaeological research, the use of hydrogen isotopes (6D or 62H)
has increased. As Ehleringer et al. [14] demonstrate, hydrogen isotopes are essentially
linked to drinking water sources and are therefore considered a powerful complementary
factor in determining geographical origin. This phenomenon can be attributed to the
fact that the 6D value of precipitation is subject to variation in accordance with climatic
factors, including latitude, altitude, and distance from the coast. The analysis of
hydrogen isotope values in biological tissues, such as tooth enamel and hair, has been
demonstrated to yield insights into the climate region in which an individual resided.
When utilised in conjunction with 6180, particularly within the context of migration
and mobility studies, they facilitate the discernment of climatic and environmental
variations.
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Another development is the isotope analysis of elements such as calcium
(0*4/*2Ca) and barium (Ba/Ca ratios). Calcium isotopes have been demonstrated to be
directly linked to individuals’ mineral metabolism [74], and are utilised, particularly
in weaning studies, to track childhood nutrition. Barium, too, has been observed to
demonstrate distinct isotopic changes during the transition from breast milk to a normal
diet. Studying Ca and Ba isotopes offers new insights into the health, growth and life
cycles of historical communities.

Furthermore, the use of zinc isotopes (6°°Zn) has become a significant tool in the
reconstruction of dietary habits in recent years. Zinc isotope ratios have been shown
to be sensitive to trophic levels and can be used to distinguish between carnivorous,
herbivorous, and omnivorous diets [33]. This provides a valuable additional data
source, especially when carbon and nitrogen isotopes are limited (e.g., when comparing
communities consuming similar resources within the same ecosystem).

It has been established through further research that iron (Fe) and copper (Cu)
isotopes are associated with metabolism, nutrition, and health status. For instance,
the monitoring of health issues such as anaemia or iron deficiency is facilitated by
iron isotopes, while the analysis of differences in the food chain is enabled by copper
isotopes [31]. These isotope systems are still in the process of becoming widespread in
bioarchaeology; however, due to their direct linkage to human metabolism and health
biochemistry, it is anticipated that their utilisation will be more prevalent in the future.

Table 1 Comparative overview of major isotope measurement techniques used in
bioarchaeology

2. Sample Types

2.1. Dental Enamel

Dental enamel is a frequently utilised sample type in the domain of archaeological
isotope analysis. The primary rationale for this phenomenon pertains to the high
mineralisation level and absence of organic matter characteristic of enamel, which
renders it highly resistant to decay. This characteristic renders enamel one of
the most resistant biological tissues to both diagenetic (environmental change-
related) deterioration during burial and post-depositional chemical processes [41].
Consequently, tooth enamel is regarded as a reliable source for the analysis of oxygen
(0'*0) and strontium (*Sr/*¢Sr) isotopes. Tooth enamel begins to mineralise during
early childhood and does not undergo biological reshaping after this process is
complete. This property is attributed to the capacity of tooth enamel to serve as a
“fixed record” of the individual’s childhood nutrition and environmental conditions, as
previously described by Hillson [28]. For instance, while analyses of oxygen isotopes
(0'#0) reflect the isotopic composition of drinking water and provide information about
the climatic and geographical characteristics of the region where the individual resided
[43], strontium isotopes carry traces of the geological strata in the region where the
individual resided [5].

Furthermore, analyses of carbonate (6'°C) in enamel provide indirect insights
into dietary patterns. The carbonate fraction has been demonstrated to be a reliable
indicator of C3 and C4 plant consumption patterns, as it reflects the carbon isotope
composition of the nutrients metabolically processed by the individual [39]. However,
it should be noted that, in contrast to collagen, carbonate does not directly reflect the
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protein source, but rather indicates the overall nutritional signal. Consequently, enamel
carbonate data are typically evaluated in conjunction with collagen data to perform a
more comprehensive dietary reconstruction [2].

2.2. Dentin

Dental dentin is a critical biological record source for examining an individual’s
life history through isotope analysis. In contrast to enamel, which is predominantly
composed of organic components, dentin contains both organic (particularly collagen)
and inorganic elements. In this respect, dentin facilitates the analysis of both carbon
(8'3C) and nitrogen (6'°N) isotopes, thereby revealing the dietary and nutritional patterns
of individuals during the periods of childhood and adolescence with high resolution
[69, 4]. Dentin samples are widely utilised in the assessment of individuals’ dietary
habits during early life stages, particularly due to the collagen fraction’s capacity to
provide reliable information regarding protein-based nutrition. The most significant
attribute of dental dentin is its incremental (layered) growth. The accumulation of
these tissues during dentinogenesis enables the separate storage of biochemical records
reflecting distinct age periods within an individual. Consequently, the analysis of
dentin using isotope techniques, such as micromilling or serial sampling, facilitates
the tracking of dietary shifts and nutritional transitions across various life stages, from
childhood to adolescence [3]. To illustrate this point, the weaning period, alterations in
protein sources, or nutritional variations associated with social crises can be traced in
meticulous detail through dentin isotope profiles.

Furthermore, dentin has been shown to be a reliable indicator of environmental
stresses and nutritional deficiencies experienced during childhood. As posited by
Fuller et al. [22], sudden increases or decreases in nitrogen isotope values have been
shown to be indicative of metabolic stress or disease processes. Consequently, dentin
functions not only as a biochemical archive of diet but also of health and stress factors.
Dentin has been shown to be more fragile than enamel in post-burial processes and is
more sensitive to diagenetic changes [34]. Samples must be carefully preserved and
diagenetic tests conducted as part of dentin analysis. Dentin is a valuable sample type
for isotope analysis as it provides unique information about an individual’s early life.

2.3. Bone Collagen

Bone collagen is the most commonly used organic fraction in archaeological
isotope analyses and is a critical source of information, particularly for carbon (5'*C)
and nitrogen (5'°N) isotope analyses. It has been determined that collagen constitutes
approximately 90% of the organic composition of bone and provides direct information
about protein-based nutrition [1]. Consequently, through the analysis of bone collagen,
the long-term dietary habits of individuals can be evaluated in detail, as well as the
diversity of their food sources. The defining biological characteristic of bone tissue is
its continuous remodelling. It is important to note that this process occurs at different
rates in different bone types. For instance, the cortical part of long bones exhibits a
slow metabolism, while bones such as ribs are subject to more rapid renewal. As a
result, the isotope values obtained from collagen usually show the average dietary
information for the final 10-20 years of a person’s life [27]. This makes collagen a
powerful tool for investigating the dietary habits of adults.

Carbon isotopes (6"*C) have been shown to reveal Cs/Ca plant differentiation and
the consumption ratios of marine/terrestrial food sources [12, 66]. Nitrogen isotopes
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(8"*N) have been demonstrated to reflect trophic level in the food chain and, in particular,
animal protein consumption. Consequently, bone collagen is pivotal in comprehending
the agricultural strategies employed by communities and their subsistence patterns,
encompassing hunting-gathering, pastoralism, and mixed economies. Furthermore,
increases in 6'°N values have been shown to indicate weaning processes in children
or metabolic changes associated with environmental stress conditions [21]. However,
diagenetic processes represent a significant limitation in the analysis of collagen. It is
hypothesised that organic molecules may undergo degradation as a consequence of the
burial conditions to which they are subjected, with the result that the isotopic signal
may be compromised. As a result, quality control standards such as the C: N ratio are
often used to judge the preservation state of collagen. In well-preserved samples, this
ratio is expected to fall within the range of 2.9 to 3.6 [1, 77]. This criterion enhances
the reliability of the obtained isotope data and prevents misinterpretation.

2.4. Appatite Carbonate Samples

Apatite carbonate, the inorganic component of bones and teeth, provides a valuable
alternative to collagen for dietary reconstruction, in addition to the information collagen
offers in isotope analyses. The carbonate ions embedded within hydroxyapatite crystals
reflect the comprehensive traces of the foods consumed throughout an individual’s
lifetime. While collagen, the organic fraction, essentially represents protein sources,
the carbonate portion of apatite reveals a broader dietary spectrum encompassing all
macronutrient groups, including carbohydrates and lipids [39, 2]. Consequently, the
013C values obtained from apatite are pivotal in determining agricultural consumption
and different energy sources. A notable benefit of apatite carbonate is its dual presence
in both bones and teeth. Bone apatites have been shown to represent the diet of adults
in the last decades of their lives on account of the continuous biological transformation
(remodelling) they undergo [71]. Conversely, the crystal structure of apatite in tooth
enamel undergoes mineralisation during development and remains biologically
unchanged thereafter. This feature provides a reliable record of the foods consumed
during childhood through enamel apatite [83].

Isotope data obtained from apatite carbonate are generally based on 3'*C analyses.
These values provide a collagen-independent control for determining C3/C4 plant
consumption ratios and are particularly helpful in understanding the energy contribution
of different food groups [41]. For instance, while collagen is indicative of a collagen-
protein-rich diet, the 613C signal from apatite may offer a more precise reflection of
the consumption of plant sources such as grains and starch. Consequently, a combined
evaluation of these fractions facilitates a more comprehensive interpretation of the
diet. Furthermore, it has been demonstrated that apatite is subject to limitations in
terms of its resistance to diagenetic changes. In comparison with collagen, it has been
shown that the inorganic structure of apatite is more susceptible to such changes, and
this is dependent upon the burial conditions [36, 51]. In particular, the processes of
dissolution or recrystallization in groundwater have the potential to distort the original
isotopic signal of apatite. Therefore, quality control methodologies that verify crystal
structure, such as Fourier transform infrared spectroscopy (FTIR), are widely used to
ensure the reliability of data obtained from apatite [71].
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2.5. Post-cremation Isotope Analysis

Despite the fact that cremation was a widespread component of funeral practices
within various communities during both the ancient and medieval periods, it nevertheless
imposes considerable constraints on the feasibility of conducting isotope analysis. It has
been established that elevated temperatures, ranging from 600 to 900 degrees Celsius,
result in the complete combustion and destruction of the organic fraction, including
components such as bone collagen. Thus, conventional diet analyses based on carbon
and nitrogen isotopes are largely unfeasible [78]. However, it should be noted that not all
biochemical information is necessarily lost; the inorganic fraction, namely the carbonate
and phosphate components of apatite, is often partially preserved. Appropriate processing
methodologies can be used to extract paleoenvironmental and biogeographic insights
from both carbon and oxygen isotopes within these structures [83].

Furthermore, the degree of cremation is a pivotal factor in the success ofthe analysis.
It has been demonstrated that bones exposed to medium temperatures (approximately
300-500 °C) may undergo partial changes in isotopic fractions without compromising
their structural integrity. In contrast, bones that have undergone high-temperature
burning may exhibit microscopic recrystallization, a process that has the potential to
distort the original isotopic signal [38]. As a result, investigators must first evaluate
the trustworthiness of the information by carrying out mineralogical inspections, such
as Fourier Transform Infrared Spectroscopy (FTIR) or X-ray diffraction (XRD), on
burned remains [15].

In the domain of post-cremation studies, the isotopes strontium (¥Sr/**Sr) and
oxygen (06'*0) hold particular significance. This phenomenon can be attributed to the
fact that these elements are embedded within the inorganic fraction, thereby retaining
their traces even after the process of combustion. For instance, strontium analysis
continues to serve as a reliable method for elucidating the geographic mobility of
individuals; nevertheless, the implementation of comparative controls is imperative
in light of the diagenetic effects engendered by cremation [25]. Furthermore, oxygen
isotopes have been shown to be a reliable indicator of climatic and geographical
conditions. However, it should be noted that the process of bone combustion can result
in deviations from the expected values of the delta-180 ratio, primarily due to the loss
of water from the bone during this process.

3. Methodological Approaches in Isotope Analysis

The reliability of isotope analyses in bioarchaeological research is contingent on the
rigour of the methodological approaches applied. In this context, numerous stages
play a critical role, from sampling strategies to laboratory preparation processes,
measurement techniques to contamination control. Given that each biological tissue
(bone collagen, dental dentin, dental enamel, carbonate fraction of apatite) possesses
different biochemical properties, it is essential to select the most appropriate material
and method for the research question being addressed [1, 39].

One of the most significant steps in the process of obtaining isotope samples
from bioarchacological material is the evaluation of the preservation status of said
samples. In the context of archaeological environments, bones and teeth are subject
to diagenetic processes, which have the capacity to degrade organic components and
result in deviations from the original biological signals in terms of isotopic values [73].
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Before sampling, the collagen’s integrity is verified through microscopic examinations,
Fourier-transform infrared spectroscopy (FTIR) analyses, and amino acid profile
measurements. Similarly, surface cleaning procedures are imperative prior to laser
ablation analyses on tooth enamel to remove environmental contaminants [47].

The standard method for carbon and nitrogen isotope analysis involves the
extraction of collagen from human and animal bones. The protocols developed by
Longin [42] and subsequently modified have enabled the isolation of the organic fraction
(collagen) from bone. The process typically involves demineralisation of bone powder,
removal of humic acids with an alkaline solution, and subsequent gelatinisation [7]. A
carbonate content of less than 1% and a nitrogen expectation of 3—5% are considered
to be indicative of well-preserved collagen, which is essential for the preservation of
tissue integrity [1].

In the context of inorganic fraction analyses, the carbonate portion of apatite is
targeted. Apatite carbonate, while an additional source of carbon isotopes, is more
susceptible to diagenetic alteration [68]. In final, results obtained without testing the
preservation of the crystal structure using XRD (X-ray Diffraction) or FTIR analysis
are not considered reliable.

Dental dentin and enamel are unique in that they provide “time series” for
different periods of life. Incremental sampling, utilising micro-milling or laser ablation
techniques, facilitates high-resolution tracking of dietary and mobility changes during
childhood and adolescence [4]. This methodology facilitates meticulous scrutiny of
discrete phases within an individual’s life history, including, but not limited to, weaning
periods, migratory patterns, and periods of infirmity.

The most common method employed in the analysis of isotopes is Isotope Ratio
Mass Spectrometry (IRMS). The measurement of gases (CO2, N2, SO-), obtained from
organic fractions, is conducted using an IRMS device. Subsequently, the calculation of
8"3C, 6N, and 6*S values is undertaken [12]. Thermal lonization Mass Spectrometry
(TIMS) and, more commonly, Multi-Collector Inductively Coupled Plasma Mass
Spectrometry (MC-ICP-MS) are utilised for the measurement of strontium, lead, and
rare elements [5]. The precision of these methods is such that they can determine
87Sr/3¢Sr ratios with very low error margins (=0.00001).

The most significant methodological challenge encountered in the analysis of
archaeological samples pertains to the issue of contamination and diagenetic changes,
which are primarily influenced by environmental factors. Carbonates from soil water,
humic acids bound to collagen, or elements integrated into the phosphate structure have
been shown to distort the original isotopic signal [72]. Therefore, it is recommended
that samples undergo chemical pretreatment, be compared with reference modern
samples, and that different tissues from the same individual be analysed for cross-
checking purposes.

All isotope analyses are reported in accordance with international standards. The
813C values are then normalised to Vienna Pee Dee Belemnite (VPDB), the 615N
values to Air-N2, the 5180 values to Vienna Standard Mean Ocean Water (VSMOW),
the 6348 values to Canyon Diablo Troilite (CDT), and the strontium isotopes to the
NIST SRM 987 standard [10]. This standardisation ensures the comparability of
analyses performed in different laboratories and forms the basis of methodological
reliability.
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Isotope Measurement Techniques: The instruments employed inbioarchacological
isotope analysis are contingent on the specific isotope to be measured. Light element
isotopes (e.g. carbon, nitrogen, oxygen, sulphur and hydrogen) are typically measured
using Isotope Ratio Mass Spectrometry (IRMS), while heavy element isotopes (e.g.
strontium, lead, neodymium, calcium and zinc) are measured using Thermal Ionization
Mass Spectrometry (TIMS) or the more modern and accurate method, Multi-Collector
Inductively Coupled Plasma Mass Spectrometry (MC-ICP-MS) [5, 10].

IRMS (Isotope Ratio Mass Spectrometry): Gas products (CO2, N2, SO, H2)
obtained from organic fractions (collagen, keratin) are ionized, and their isotopic ratios
(e.g. 13C/12C, 15N/14N) are measured. The device has been engineered to detect
differences at the ppm level, with a documented accuracy of +0.1%o. Thus, it is the
most frequently employed device in paleodiet studies [12].

TIMS (Thermal Ionization Mass Spectrometry): This technique, whilst not
the most contemporary, is one that has been demonstrated to be both dependable and
effective in measuring the isotopic ratios of heavy elements. The sample is ionised
on a heated filament and separated in a mass spectrometer. It has played a pioneering
role in strontium isotope analysis, but due to the lengthy sample preparation and low
throughput, it has largely been replaced by MC-ICP-MS today [20].

MC-ICP-MS (Multi-Collector Inductively Coupled Plasma Mass Spectrometry):
The plasma environment is used to ionize the sample, with different isotope masses
being measured simultaneously in multiple collectors. This method provides high
precision (£0.00001) for elements such as Sr, Pb, Ca, and Zn and has become
indispensable, especially in mobility studies [48]. Moreover, the necessity for reduced
sample quantities represents a substantial benefit for archaeological material.

Sample Preparation and Preliminary Preparations: In the domain of isotope
analysis, laboratory preparations are of paramount importance for the reliability of
the results obtained, in equal measure to the sensitivity of the instruments utilised.
In the preparation of collagen samples, a two-step procedure is employed. Initially,
demineralization is carried out using hydrochloric acid, followed by the removal of
humic acids through the use of sodium hydroxide. In the final stage, gelatinization is
performed at temperatures ranging from 58 to 70°C. The preservation of collagen is
determined by the %C, %N, and C/N ratio (3.2-3.6) [1, 7]. In the process of preparing
apatite carbonate, organic and secondary carbonates are meticulously removed from the
sample using a combination of NaOCI and acetic acid. The carbonate-phosphate ratio
and crystallinity index are evaluated using Fourier-transform infrared spectroscopy
(FTIR). High crystallinity is generally indicative of diagenetic alteration [67]. In the
case of strontium/Pb, tooth enamel is micro-milled into powder. The substance is then
dissolved in an acid solution, after which Sr or Pb ions are separated using selective
chromatographic resins. This step is critical, especially in Sr isotope analysis, to prevent
environmental contamination [5].

In recent years, the advent of sophisticated techniques in the analysis of isotopes
has resulted in a paradigm shift within the domain of bioarchaeological research,
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thereby introducing novel dimensions to the field. Laser Ablation (LA-MC-ICP-MS)
has been instrumental in facilitating micro-scale incremental analysis of tooth enamel
or bone. This methodology enables the identification of fluctuations in migration,
disease, or dietary patterns over time [47]. In dual isotope approaches, the combination
of 613C—615N provides more reliable results regarding diet, while the combination
of 6180-87Sr offers insights into mobility. The combination of 634S—513C provides
insights into the marine versus terrestrial sources of nutrition [62]. New biomarker
isotopes, including zinc (Zn) and calcium (Ca) isotopes, have recently emerged as a
means to determine predator-herbivore separation or plant/animal protein consumption
ratios [32]. This approach enables the execution of more detailed dietary interpretations
that extend beyond the scope of classical C—N analyses.

Bioarchaeological Applications

Isotope analysis is a powerful research method that enables the understanding of
biological, cultural and social processes through the analysis of archaeological human
skeletons. In this context, the primary research areas include dietary reconstruction,
determining mobility and migration movements, and analysing lifestyles related to
social structure.

Itisimperativetorecognisethatdietconstitutes a pivotal parameter for comprehending
the economic organisation, environmental adaptations, and social distinctions of bygone
societies. Analyses based on carbon (6'*C) and nitrogen (8'°N) isotopes have been used
to reveal the photosynthetic pathways (Cs/Ca) of the plants consumed by individuals,
and thus determine their trophic levels in the food chain. For instance, the analysis of
the isotope composition of European Neolithic societies indicates the predominant
consumption of C3 plants such as wheat, barley, and legumes [2, 76], while the analysis
of the isotope composition of agricultural societies in Central and South America shows
that C4 plants such as corn were the primary food source [76]. Conversely, analyses of
nitrogen isotopes have facilitated the differentiation of diets derived from marine sources
and those originating from terrestrial sources. This provides substantial evidence that
these distinctions mirrored social and economic transformations, particularly during the
transition from the Mesolithic to the Neolithic era [63].

Strontium (¥Sr/*¢Sr) and oxygen (06'#0) isotope analyses are utilised to elucidate
individuals’ exposure to disparate geographical environments throughout their lifetimes
and potential migratory movements. It is evident that data obtained from tooth enamel
offers a unique identifier of an individual’s geographical origin during childhood. Sr
and O isotope analyses conducted on individuals buried near Stonehenge in England
have shown that these people came from outside the British Isles in the early stages
of their lives, reflecting labour mobility in monumental architecture [19]. Analyses of
cemeteries from the Roman and Byzantine periods have revealed the biological traces
of inter-imperial migration and urbanisation, thereby contributing to a more concrete
documentation of social diversity [47].

Isotope analysis has been demonstrated to reflect not only environmental
adaptations but also differences in social structure. When compared with parameters
such as dietary differences, gender, age, social status, or ethnic identity, traces of
hierarchical structures in past societies can be seen. For instance, isotope analysis of
individuals with high social status in Maya societies revealed a greater consumption of
corn and seafood compared to individuals with lower status [80]. In medieval European
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urban societies, significant dietary disparities were observed between monastic
individuals and the lay population, a phenomenon attributed to religious directives and
social constraints [49].

The examples presented illustrate the effectiveness of isotope analysis as a
tool for understanding a variety of phenomena, such as biological processes, social
organisation, economic systems, and cultural preferences. As a result, when assessed
in an archaeological context with material culture, isotope information allows for a
thorough comprehension of the habits of ancient human societies.

The Neolithic Revolution is widely regarded as one of the most significant
economic and social transformations in the history of humankind. The transition
from hunter-gatherer strategies to agriculture during this period can be directly
traced through isotope analysis. Carbon (6'*C) and nitrogen (6'°N) isotope analyses
conducted in Europe demonstrate that hunter-gatherer societies maintained a diet
comprising marine and hunter-gatherer food sources with elevated 5'°N values [61]. In
Neolithic agricultural societies, an analysis of 613C values indicates a transition to a
diet comprising C3 plants, accompanied by a significant decrease in 615N values. This
change is indicative not only of the transformation of the economic system, but also of
the diversification of food sources and the contribution of animal husbandry to social
organisation.

The vast geography and multicultural structure of the Roman Empire renders it
a significant case study for research into mobility. Strontium (¥Sr/*¢Sr) and oxygen
(8'%0) isotope analyses conducted on cemeteries from the Roman period have enabled
the biochemical identification of individuals who migrated to the empire’s major
cities [17]. For instance, analyses conducted at the Casal Bertone cemetery in Rome
revealed that some individuals came from outside Italy, providing strong evidence of
the city’s cosmopolitan structure [47]. The findings of this study illuminate not only the
phenomenon of population movements but also the social dynamics associated with
labour, military campaigns, and trade within the empire.

Isotope analysis of medieval European remains has provided biochemical evidence
indicative of social differences. A comparative analysis of monastic and lay cemeteries
in England revealed distinct differences in the isotope values of carbon and nitrogen.
As Miildner and Richards [49] observed, low &'°N values were detected in monastic
communities due to limited meat consumption, while higher protein consumption was
observed among the lay population. This discrepancy is indicative of the influence of
religious doctrine on day-to-day life and the manner in which dietary practices have
contributed to the formation of social structures.

Carbon and nitrogen isotope analyses conducted in Maya societies in Mesoamerica
reveal how social stratification was reflected through diet. The 813C values of the
elite classes indicate a high consumption of maize (a C4 plant) and a greater inclusion
of marine products in their diet [80]. Conversely, the general populace adhered to a
dietary regime comprising primarily C3 plants and land animals. This discrepancy
suggests that economic power was not the sole factor influencing the dietary choices of
the elite; religious rituals and ideological systems also played a significant role.

Tiirkiye boasts a rich archaeological heritage, spanning from the prehistoric era
to the Byzantine period. Isotope analysis is a pivotal tool in understanding dietary
habits, mobility patterns, and social structures during this historical era. Carbon (5'3C)
and nitrogen (8'°N) isotope analyses conducted on Neolithic settlements, particularly
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at centres such as Catalhoyiik and Asikli Hoyiik, demonstrate that the diets of these
societies were predominantly based on C3 plants (e.g. wheat, barley, legumes) and that
animal protein consumption was limited [56, 2]. The data presented herein provide
direct evidence of the economic and social dimensions of the transition to Neolithic

agriculture.

Table 2. Isotope analysis studies conducted on Anatolian archaeological societies

Archae(?logical Site / Region Islr)/[t?)gles Key Findings (l?iet, References
Period Analysed Mobility, Weaning)
Cs-based terrestrial diets;
moderate animal protein; Richards
Catalhoyiik infant 8'°N elevation et al. 2003:
Neolithic (Central O"C, 6N |indicating breastfeeding; P ) t’
Anatolia) weaning generally carson
al. 2015
completed around 2.5-3
years.
Breastfeeding detectable
- through 8'°N enrichment;
Neolithic Azk(l;laHgZPk OC, "N | weaning estimated at Pela r;grll Set
yonu ~1-2 years for Asikli and al
~2-3.5 years for Cayonii.
Very early weaning (0.2— |
Neolithic— Tepecik- SBC. SN 1.3 years); Cs-based plant | Ozdemir et
Chalcolithic Ciftlik ’ diets; limited high-trophic | al. 2024
protein.
Late weaning (>3-4
Late Neolithic— Akt(oNp{;khk SBC. N | Years in some contexts); Budd et al.
Chalcolithic Anatolia) ’ evidence for subsistence 2013
diversification.
Weaning beginning at
Late ikiztepe 1-1.5 years and ending Ozdemir et
Chalcolithic — (Black Sea O1C, 6N, |~2.25 years; mainly Cs al. 2019;
Early Bronze region) S terrestrial diet; limited Irvine &
Age & marine protein despite Erdal 2020
coastal location.
Weaning begins at ~1-1.5
) Kiiltepe years, fands ~3 years; . . .
Early-Middle (Central 513C. 51N exclusively Cs terrestrial | Ozdemir et
Bronze Age Anatolia) ’ foods; isotopic data al. 2025
match textual evidence on
childcare and wet-nursing.
Clear local vs non-local
. differentiation; substantial
l\glr((l)(llllzegk;e ?I_lliltzk})l 87Sr/%¢Sr, 6'*0O | human mobility consistent Igigrrzlgg le t
y with trade networks of the ’
Levant—Anatolia corridor.
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Roman

Ephesus
(Gladiator

613C SISN
54

Distinct diet groups;
mostly Cs terrestrial diet;
sulfur values show limited
marine input; social

Losch et al.
2014

Cemetery) stratification detectable

isotopically.

Mostly local individuals;
a subset of immigrants,
especially in Byzantine
layers—consistent with
pilgrimage and regional
mobility.

Cs diets with modest Ca
contribution (millet); 6'*N
shows limited marine
input despite Black Sea
proximity.

Roman—
Byzantine

Hierapolis
(SW Anatolia)

Wong et al.

8
7St/%Sr, 550 o

S13C, 8N (+
AA-specific
data)

Ozdemir et
al. 2025

Kovuklukaya

Byzantine (Sinop)

Research on stable isotopes in Anatolia and the Near East has documented a
long-term stability of Cs-dominated terrestrial diets, versatile mobility, and culturally
based weaning in the region over thousands of years. Neolithic settlements including
Catalhoyilik, Asikli Hoyiik, and Cayonli provide clear 8'°N-based evidence of
breastfeeding, and on average weaning occurred between 2 and 3.5 years of age [52,
56, 62]. In contrast, the site of Tepecik-Ciftlik noted remarkably early weaning (0.2—-1.3
years) which likely reflects ecological or cultural circumstances [52]. Late Chalcolithic
and Early Bronze Ages settlements, such as Aktopraklik and Ikiztepe, display an
overall pattern of heterogeneous weaning, from early weaning (~1.5 years) to later
weaning (>4 years) [8, 53]. Within the general pattern of changing weaning, Kiiltepe
provides one of the best datasets for isotopic evidence of weaning practices, where 3'*C
and 6N values demonstrate a regular process of weaning beginning c. 1-1.5 years,
ending around 3 years of age, and correlating closely with textual evidence pertaining
to wet nurses, child care, and household labor [54]. The mobility indicators in the
Bronze and Iron Ages (Alalakh to Van and the later Roman-Byzantine Hierapolis)
indicate that Anatolia was a pathway for constant migration. Dietary reconstructions
of infants from Ephesus and Sinop further represent potential social and geographical
variation in protein source of Terrestrial diets with Cs [29, 30, 44, 55, 82]. Overall,
these datasets support that as infant feeding strategies, diet compositions, and mobility
were happening concurrently and in relation to an evolving economic structure and
urbanization, as well as interregional interactions, Kiiltepe remains important for
assessing childhood, diet, and cultural practice in early complex societies of Anatolia.

Conclusion
Isotope analysis of archaeological human skeletons provides comprehensive

information about the lifestyles of past communities. Carbon and nitrogen isotopes
have been shown to reveal the basic character of the diet, while strontium and oxygen
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isotopes have been demonstrated to provide direct evidence about individuals’ lifelong
mobility and migration movements. Isotopes such as sulfur and lead provide additional
information, particularly about protein sources and environmental interactions,
illuminating the ecological context of diets and lifestyles.

The isotopic studies conducted across Anatolia on Neolithic farming villages,
complex Bronze Age trade centers, and later Byzantine urban contexts reveal that
diet and mobility were assimilated into the economic and social strategies of each
time period. Variation in 8*C, §"*N and strontium—oxygen signatures illustrates how
access to food resources, exposure to different ecological zones, and participation in
regional networks were influenced by the social status of the individual, household
labor, and broader political arrangements. High and low-status groups frequently
consumed different types of protein, or resources drawn from different locations,
and individuals with non-local isotopic signatures indicate long-distance movement,
interregional exchange, and cultural integration. The patterns identified in this study
therefore extend beyond the biochemical signatures of individuals; rather, they
reflect how communities organized labor, created and maintained social hierarchies,
formed external connections, and practiced adaptability to changing environments. In
this regard, isotopic evidence is a powerful lens in which to view the more holistic
economic, cultural, and demographic processes of ancient Anatolian societies.

Methodologically, the combined use of different tissues (bone collagen, dental
dentin, dental enamel, carbonate in apatite) allows for detailed tracking of an individual’s
lifetime diet and migration movements. However, limitations such as post-mortem
changes, tooth wear, and environmental effects must be considered. The reliability of
the results is increased by the interpretation of isotope analyses in conjunction with
archaeological context and other paleoecological data.
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Flatfoot (pes planus) is the reduction or collapse of the foot’s medial longitudinal arch, with both
clinical and anthropological significance. It may be flexible or rigid, congenital or acquired, and
its prevalence varies by age, sex, body mass, footwear, and occupation. Anthropological studies
reveal wide population differences, from under 5% in some European adults to over 20% in Asian
and African groups. Clinically, flatfoot ranges from asymptomatic to causing pain, altered gait,
and musculoskeletal problems. Diagnosis combines footprint indices, radiographs, and modern
3D scanning. From a medico-anthropological view, flatfoot reflects both evolutionary adaptation
and a condition needing early recognition and management. Standardized diagnostic criteria and
integration of anthropological insight are essential for accurate assessment and care.

Key words: foot, flatfoot, pes planus, anthropology, medial longitudinal arch, footprint
analysis

Introduction

The human foot is an evolutionary innovation central to bipedal locomotion. Its complex
skeletal and ligamentous architecture allows efficient propulsion, weight distribution,
and shock absorption. A key element of this structure is the medial longitudinal arch,
whose presence and height are often considered hallmarks of foot morphology.
Flatfoot, or pes planus, is defined as the reduction or collapse of the medial
longitudinal arch of the foot, leading to excessive plantar surface contact with the
ground [10]. It is among the most frequently observed morphological variants in
human populations. While often benign, in some cases it contributes to pain, functional
limitation, and predisposition to musculoskeletal disorders. From an anthropological
perspective, flatfoot is an important marker of developmental and evolutionary
variation [1, 21]. The human foot arch evolved as an adaptation to bipedal locomotion,
and its collapse has both biomechanical and cultural implications. This paper
provides a medicoanthropological review of flatfoot, focusing on diagnostic methods,
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prevalence, and clinical significance. Recent studies highlight updated prevalence rates
and functional impacts, such as reduced balance, agility, and core strength in young
females [8], as well as prevalence data from Chinese adolescents [18].

Anthropometric approaches for study footprint

This review was conducted between January and July 2023 using PubMed, Scopus,
and Web of Science. Search terms included ‘flatfoot’, ‘pes planus’, ‘foot arch’, ‘foot-
print analysis’, ‘anthropometry’, and ‘epidemiology’. Reference lists were manually
screened. Both English- and Bulgarian-language studies were considered. Studies
included had to report prevalence, diagnostic criteria, or clinical outcomes. Exclu-
sion criteria were case reports with fewer than 10 participants, surgical series without
anthropometric data, and reports without clear definitions of flatfoot.

Data extracted included population characteristics, diagnostic methods used,
prevalence, and clinical consequences. Anthropometric approaches primarily in-
cluded footprint indices such as the, Staheli Arch Index (SAI), Chippaux — Smirak
Index (CSI), and Clarke’s Angle (CA) which remain widely used for their simplicity.
Radiographic evaluation focused on the Calcaneal Pitch Angle, Meary’s Angle, and
the Talocalcaneal Angle, which are considered gold standards in clinical orthope-
dics. Modern methods such as 3D foot scanning, dynamic plantar pressure analysis,
and gait analysis were also reviewed,
providing detailed biomechanical in-
sights but with limited availability
for large-scale studies. Their metho-
dological robustness has been reaf-
firmed in recent reviews [3], with
studies showing correlations between
CSI and clinical assessment [17].

The Staheli Arch Index (SAI) is
obtained by dividing the minimum
width of the midfoot by the maximum
width of the heel in a footprint.
Values greater than 1.0 are indicative
of flatfoot. This index is especially
useful in pediatric studies due to its
simplicity, but it may overestimate
prevalence in young children where
the plantar fat pad obscures the arch
(Fig. 1).

C SI (0/ 0:' — (h] f) X 100 Fig. 1. Staheli Arch Index (SAI). The ratio

2 i e of the minimum width of the midfoot to
f(I‘ 'G) - widest forefoot width the maximum width of the heel; values

h (H-1) - narrowest midfoot width ~>1.0 indicate flatfoot
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Fig. 2. Chippaux—Smirak Index (CSI). Calculated as the
ratio of the narrowest midfoot width (h) to the widest
forefoot width (f) x100; values >45% indicate flatfoot

The Chippaux—Smirak Index (CSI) is
calculated by dividing the narrowest width of
the midfoot by the widest part of the forefoot,
multiplied by 100. A value above 45% is diagnostic
of flatfoot, while values below 25% suggest a high
arch. This index is considered highly sensitive and
reliable for epidemiological surveys (Fig. 2).

Clarke’s Angle (CA) is formed by the
intersection of a tangent drawn along the medial
border of the footprint and a line connecting the
most medial point of the forefoot to the heel. Angles
less than 31° indicate flatfoot, while values greater
than 45° indicate a high arch. This method is easy
to apply in clinical practice but can be influenced
by body weight and the position of the foot during
measurement (Fig. 3).

R = widest hindfoot width
Q - narrowest midfoot width

Fig. 3. Clarke’s Angle

The review analyzed children and adolescents
separately due to natural arch development,
adults for persistence of flatfoot, and occupational
groups such as military recruits and athletes where
prevalence may be influenced by load-bearing
demands. Barefoot versus shod populations were
also compared, highlighting the role of culture
and environment. Findings were synthesized from
a medico anthropological perspective, integrating
biological, cultural, and clinical insights.

Clinical Significance of flatfoot

Flatfoot prevalence was highest in early childhood,
affecting 40-50% of children aged 2-5 years,
largely due to the plantar fat pad and immature
arches [14,23]. By 6-10 years, prevalence dropped
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to 15-25%, and by adolescence stabilized at 10-15% [4, 7] (Fig. 4). In adulthood,
prevalence was 2-6% in European cohorts and 13-20% in Asian populations [21, 13].
African barefoot populations showed prevalence below 5%, while urbanized, shod
groups had higher rates, reaching up to 15% [15] (Table 1). Indigenous communities
demonstrated naturally low arches without associated pathology, underscoring the
importance of cultural context [19]. In addition, Shen et al. [18] reported a prevalence
of approximately 5.5% among Chinese adolescents, with slightly higher rates in girls
than boys. Birhanu et al. [18] observed a notable prevalence in Ethiopian children,
highlighting regional differences. Giuca et al. [9] demonstrated correlations between
severity of flatfoot and risk factors such as BMI and physical inactivity in children and
adolescents.

40+

30

T

20

Prevalence (%)

10+

3yrs 7 yrs Adolescent Adult

Fig. 4. Prevalence of Flatfoot Across Age Groups

Sex differences were inconsistently reported: some studies suggested higher
prevalence in females, potentially linked to ligamentous laxity, but these often diminished
after adjusting for BMI [13]. Overweight and obese individuals consistently demonstrated
higher prevalence, reflecting mechanical overload of the medial arch [5,23]. Lifestyle also
played a role: barefoot groups showed stronger arches, while urban, shod populations
exhibited greater collapse [15] (Table 1). Occupational influences were significant. Military
recruits showed prevalence of 10-20% due to load carriage and training demands [10].
Athletes displayed divergent patterns: runners and dancers had lower prevalence, likely
due to strengthening of intrinsic muscles, while gymnasts and weightlifters had higher
rates (12-20%) due to repetitive stress and ligamentous strain [16, 6]. Symptomatic flatfoot
was associated with pain, altered gait, and higher risk of plantar fasciitis, tibialis posterior
dysfunction, knee malalignment, and low back pain [4, 14, 23]. Recent evidence further
emphasizes functional outcomes: Ghorbani et al. [8] reported that young females with
flatfoot showed reduced balance, agility, and core strength. Yu et al. [24] found impaired
jump height performance in athletes with flatfoot, while Jia et al. [11] demonstrated that
exercise therapy could improve arch function in adults.
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Table 1. Prevalence of flatfoot across populations and age groups.

Population Prevalence (%) Method Notes
Children (2-5 yrs) 40-50 Footprint indices Physiological flatfoot
Children (6-10 yrs) 15-25 Footprint indices Arch development
Adolescents 10-15 Footprint + radiography | Mature arch
European adults 2-6 Radiographic Lowest prevalence
Asian adults 13-20 Mixed Higher prevalence
African barefoot <5 Footprint Protective effect
African urban Upto 15 Mixed Urban lifestyle risk
Military recruits 10-20 Radiographic + clinical |Load effects
Athletes (runners/ 2-8 Mixed Protective sports
dancers)

At}.ﬂetes (gymnasts/ 12-20 Mixed Stress-related risk
weightlifters)

The findings confirm that flatfoot is largely developmental in children, with
spontaneous resolution in many cases [7, 22]. Persistent flatfoot into adulthood,
however, may indicate structural abnormality or predispose to clinical symptoms
(Fig. 4). Evolutionary perspectives highlight the human arch as a recent adaptation for
efficient bipedal locomotion [1, 21]. Barefoot populations demonstrate stronger arches
and lower prevalence, while shod, urban groups exhibit higher rates [19, 15]. These
findings emphasize the cultural and environmental role in foot morphology.

BMI and lifestyle strongly influence prevalence, with overweight individuals
consistently more likely to present with flatfoot [5, 22]. Occupational load-bearing, such
as in military service, is another strong predictor [10]. Athletic training demonstrates
dual effects, with some sports protective and others predisposing. Symptomatic flatfoot
is clinically relevant, associated with pain, altered gait, and comorbidities such as
plantar fasciitis, posterior tibial tendon dysfunction, and back pain [4, 14, 22].

Methodological diversity complicates prevalence estimates. Footprint indices,
radiographic parameters, and modern 3D measures often yield different thresholds,
limiting cross-population comparison [20, 4] (Table 2). Standardization and
creation of normative population-specific databases would improve both clinical
and anthropological assessments. Preventive approaches should emphasize early
detection, strengthening of intrinsic muscles, and culturally sensitive interventions.
Footprint indices such as the SAI, CSI, and Clarke’s Angle remain invaluable in large-
scale anthropological surveys due to their low cost and ease of application. The CSI
generally provides higher diagnostic accuracy, the SAI is most widely used in pediatric
populations, and Clarke’s Angle, while simple, can be subject to variability based on
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foot posture and observer interpretation. For comprehensive evaluation, these indices
are best applied in combination with radiographic or modern digital techniques. Recent
studies confirmed their continued relevance and diagnostic value in both children and
adults [12, 18, 11, 23, 8, 9].

From an anthropological perspective, flatfoot is not only a pathology but also a
morphological variant reflecting the interplay of biology and culture.

From a public health standpoint, screening programs in school-aged children
may allow early identification of persistent flatfoot, particularly in populations with
high BMI or limited physical activity. Occupational health also requires attention:
prevalence rates among military recruits remain elevated [10, 6], reinforcing the need
for preventive conditioning and supportive footwear.

Clinically, however, recognition of risk factors and appropriate treatment are
essential to prevent long-term disability.

Table 2. Diagnostic approaches for flatfoot

Method Parameter Threshold Notes
Staheli Arch Index Midfoot/heel width >1.0 Anthropometric
Chippaux—Smirak Index | Midfoot/forefoot ratio >45% Anthropometric
Clarke’s Angle Medial footprint angle <31° Anthropometric
Calcaneal Pitch Radiographic angle <15° Skeletal measure
Meary’s Angle Talus—metatarsal axis >4° deviation | Structural collapse
Talocalcaneal Angle Hindfoot alignment Increased Valgus correlation
3D Scanning Arch height index Low volume |High precision
Conclusion

Flatfoot represents both a normal morphological variant and a condition of clinical
significance. In childhood, it is largely physiological and self-correcting, but persistent
or adult flatfoot can result in pain, gait alteration, and secondary musculoskeletal
problems. Its prevalence varies by age, sex, body weight, occupation, and culture,
underscoring the combined influence of biology and environment. While barefoot
populations tend to have stronger arches, urban lifestyles and overweight contribute to
higher prevalence. Symptomatic flatfoot requires tailored management, ranging from
conservative treatment to surgery. Methodological inconsistencies in diagnosis remain
a challenge, highlighting the need for standardized criteria. Future research should
focus on longitudinal studies, cross-cultural comparisons, and integration of digital
imaging to refine understanding and improve prevention and treatment. By adopting
a medico anthropological approach, clinicians and researchers can better appreciate
the dual role of flatfoot as a reflection of human variation and as a clinical entity
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requiring intervention. Recent studies underscore that beyond structural prevalence,
functional consequences such as impaired balance, agility, and jump performance
are clinically significant [23, 8]. Furthermore, regional surveys [18, 2, 9] highlight
the variation of prevalence and risk factors across populations, while interventional
research confirms that exercise therapy may improve arch stability and function [11].
These findings reinforce the importance of integrating preventive exercise programs,
population-specific screening, and culturally adapted interventions into both clinical
and anthropological practice.
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hominids. Special attention is paid to the chronology and routes of settlement by anatomically
modern humans and their relationship with preceding populations. As a historical review, the
article provides an extensive bibliography on the topic.
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Introduction

Anthropogenesis is traditionally considered in two main aspects: hominization, which
concerns the evolution of ancient primates into the Homo genus, and sapientation,
which addresses the origin of anatomically modern humans, or Homo sapiens [58, 59].

The territory of Abkhazia, as an integral part of the Caucasian Black Sea region,
has long served as a crossroads for cultural and historical contacts between neighboring
regions, including Transcaucasia, the North Caucasus, Asia Minor, Western Asia,
Crimea, and Eastern Europe. These connections emerged during the earliest stages of
human societal development, as evidenced by the most ancient material culture sites
in the former USSR. Sites in Abkhazia date back to the Acheulean era and include the
first cave sites of the Mousterian era [39, 43]. Consequently, Abkhazia was a corridor
for the movement of ancient hominids even before the final evolutionary formation of
biologically modern humans. The region thus formed part of a Black Sea migration
route for Paleolithic populations, with the Caspian route recently also being considered
in light of new research (Fig. 1).

Although Stone Age archaeological sites are widely represented in Abkhazia,
the region is notably lacking in paleoanthropological material from the Paleolithic
era. Most hominid finds have been discovered outside its borders and are singular
and fragmentary, making it difficult to form a complete picture of the morphological
features of the local populations.
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Map of Paleolithic human fossil finds in the Caucasus

L N-NeR ¥ 2

El‘lphraf(—._.S

Dmanisi hominid
Homo erectus

Homo haidelbergensis
Homo neanderthalensis
Homo sapiens

1. Dmanisi
2. Azykh

3. Kudaro

4. Sakaziya
5.Dzhruchula

Fig. 1

160

Don

Lake Van

Legend

6.Bronze
7.Ortvala

8. Tsutskhvati
9.Machagua

10. Mezmayskaya
11.Barakayevskaya
12. Razdan

13. Devis-Khvreli
14. Bodi
15.Kasozhskaya
16. Akhshtyrskaya

Lake Urmia

17. Navalishenskaya
18. Okum |

19. Kuab-Chara
20.Kholodny Grotto
21. Podkumok

22. Satanay

Author and compiler: D.A. Kandelaki



The oldest and most significant find near Abkhazia comes from the Dmanisi site
in Eastern Georgia. Dated to 1.75 million years ago and associated with Villafranchian
fossil fauna, this is the oldest paleoanthropological find in Eurasia. The “Dmanisi
man” shares morphological features with erectoid forms like Homo ergaster, as well as
with Homo habilis and Homo rudolfensis [8, 9, 28, 69]. These distinct characteristics
led anthropologists to assign a new taxonomic status, Homo georgicus, which is now
widely recognized in the scientific community'.

Remains from this period also include the so-called “Azokh anthrop” from Azokh
Cave in Azerbaijan, represented by fragments of a lower jaw likely dating to the
Pleistocene. These remains are attributed to either Archanthropines (Homo erectus) or
pre-Neanderthals/Heidelberg man (Homo heidelbergensis) [15, 32, 66, 67].

Further evidence comes from Kudaro I Cave, where a human tooth was found
in an Acheulean layer (Mindel-Riss). This tooth may belong to Archanthropines of
the Homo erectus type or the Neanderthal taxon, though it is more closely related
to erectoid forms. A permanent incisor and premolar were also found at the site; the
incisor has a modern structure, while the premolar is characteristic of ancient forms
[27, 8, 69].

In Sakazhia Cave, fragments of an upper jaw with four teeth were discovered in
Mousterian level 3d, associated with Levallois-Mousterian tools. Additional teeth and
skull fragments were found elsewhere in the same cave [52, 53, 54, 56, 57]. These
remains exhibit features that suggest a Neanderthal similar to Palestinian forms, with
some even approaching sapient characteristics, possibly indicating a hybrid population
[13, 52, 14].

A Neanderthal first upper permanent molar was discovered in Mousterian layer
IT of Djruchula Cave, which is morphologically close to the finds from Sakazhia
[64, 12, 41, 69]. Other Neanderthal dental remains have been found in Bronze Cave
(Bronzovaya Peschera), Ortvala Cave [55], and Tstsukhvati Cave [50, 52].

Materials from the Upper Paleolithic and Mesolithic periods are also present.
A skull from Western Georgia, dated to the Meso-Neolithic period, carries a proto-
Australoid combination of features typically characteristic of the Upper Paleolithic era
[16]. The lower jaw of a young sapient woman was found in the Aurignacian layer of
Devis-Khvreli Cave [48, 1]. In 2012, a tooth belonging to Homo sapiens was discovered
in Bondi Cave, Georgia, in a layer dated to 24-21 thousand years ago, providing crucial
evidence for the timing of the first sapiens’ appearance in the region [73].

Human remains have also been discovered within the Caucasian Black Sea region.
Of particular interest are finds of anatomically modern human remains, albeit with
archaic features, from Mousterian layers 3a and 3 of Akhshtyr Cave [10, 26, 11, 67].
However, these are represented only by minor fragments, including individual teeth
and postcranial skeleton pieces. There is also a reported discovery of an anatomically
modern human skull in Navalishenskaya Cave in the Khosta River gorge, which
displays Euro-African traits [30].

! The geographical naming convention is widespread in paleoanthropology, with examples including
Neanderthal (Neander Valley, Germany), the Azokh anthrop (Azokh Cave, Azerbaijan), Peking Man
(China), and Java Man (Indonesia).
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In Abkhazia specifically, finds of individual teeth in the Mousterian layers of
Machagua Cave may belong to either the Neanderthal taxon or modern humans, though
a lack of detailed morphological data prevents a definitive taxonomic assignment [70].
Human remains were also found in the Upper Paleolithic layers of Okum I Cave [4].
Two lower jaws of Homo sapiens with archaic, pre-sapient features were recovered
from the presumably Late Paleolithic or Early Mesolithic layers of Kuab-Chara Cave,
likely belonging to late archaic sapiens or early anatomically modern humans [7].

The most intriguing finds from Abkhazia are the human remains from the Cold
Grotto (Grot Khuapinipshakhua), represented by an accumulation of eight skulls,
including two from adolescents. The skulls allegedly bear cut marks that may indicate
dismemberment. Published sources suggest the skulls exhibit proto-Australoid or non-
differentiated Euro-African characteristics, though a detailed paleoanthropological
study of these materials is still lacking.

This accumulation of skulls suggests the practice of a specific religious rite. They
resemble skull remains found in the Imeretian caves Devis-Khvreli and Sakazhia, as
well as more distant sites like Ofnet, indicating shared ritual practices across a wide
geographical area. This archaeological evidence curiously echoes the historical and
ethnographic literature documenting a cult of the skull among the Abkhazians [61, 62,
63, 65, 31].

Data from the North Caucasus are also highly significant. For instance, the remains
ofaNeanderthal with sapient features were discovered in Mezmaiskaya Cave, displaying
traits that align it with the Skhul type [68, 69]. Genetic studies by German researchers,
who sequenced the genome of the Mezmaiskaya individual, further established its
closer affinity to Western European forms [20, 54]%. A child’s lower jaw found in
Barakayevskaya Cave exhibits features of a transitional type between Paleoanthropes
and Neoanthropes [40]. However, several morphological characteristics suggest the
Barakay individual is closer to Western European Neanderthals than to Western Asian
types like those from Shanidar and Skhul [40, 67]. In the Satanay Grotto (Gubsky
Shelter No. 7), a Homo sapiens female skull was discovered, bearing similarities
to sapient skulls from Central and, to a lesser extent, Western Europe, particularly
specimens from Kostenki XIV, Kostenki II, Oberkassel, and Dolni Véstonice 111 [19,
60]. Additional human remains, including a skull fragment, have been found near
Podkumok, close to Pyatigorsk [21].

Our current knowledge is constrained by the limited and fragmentary nature of
these fossil finds, which significantly complicates a comprehensive understanding
of hominid settlement in Abkhazia. Several critical problems remain unresolved,
including:

* The chronology of the initial penetration of ancient hominids into the region.
* Their specific evolutionary lineages.

* The correlation of particular hominid types with specific archacological
industries.

2 In recent years, the so-called archacogenetic revolution has been underway, and there is a wealth of
data on Neanderthal archeogenetics, including for the Caucasus Neanderthals. However, a review and
synthesis of this literature could be the topic of a separate study [22].
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* The ultimate fate of these ancient populations in Abkhazia.
A problem of equal importance is determining the timing and migration routes
of Homo sapiens into the region.

The Caucasus has consistently served as a gateway to Eurasia for migrating
hominids [68]. Current evidence suggests the first humans appeared here in the late
Pliocene and early Pleistocene, most likely arriving via Eastern Anatolia and the
Western Asian highlands from Africa. Around 2 to 1.5 million years ago, hominids
of the species Homo ergaster emerged in Africa and began dispersing northward,
reaching the Caucasus. Unfortunately, despite advances in Paleolithic archaeology in
Abkhazia, sites from this early period remain undiscovered. Such early sites are rare
but have been identified in Georgia, the Taman Peninsula, and Dagestan, attributed
to Homo georgicus and Homo ergaster.

Some scholars argue that the absence of a continuous Oldowan and pre-Oldowan
tradition in the Caucasus indicates that the bearers of these earliest industries did not
undergo further evolutionary development in the region. Their presence may represent
brief episodes of migration, following animal herds and seeking high-quality raw
materials for tools. Conversely, other researchers posit that their appearance was part
of the first global migration of hominids, with the Caucasian representatives being
among the first humans on the Eurasian continent.

Abkhazia’s role in this initial phase is unclear, as no finds chronologically
associated with the Oldowan period (1.7-1.6 million years ago) have been found
there. However, the nearby Bogatyri / Sinaya Balka site on the Taman Peninsula, with
materials dating to 1.2-1.6 million years ago, and the slightly later site of Amiranic-
Gora (c. 800,000 years ago), suggest that the earliest sites near Abkhazia fall within
the 1.7-0.8 million years ago range. These sites represent the earliest, rare episodes of
hominid presence in the Caucasus. The populations that left these traces likely did not
establish a permanent presence and may have migrated southward, a theory supported
by paleoclimatological data indicating a trend toward aridity and cooling around 1.75
million years ago. A subsequent thermal optimum may have facilitated a new wave of
hominids, followed by a sharp cooling coinciding with the Giinz glaciation (oxygen-
isotope stage 22), which may have led to the departure or local extinction of Homo
georgicus and Homo ergaster populations.

The next major settlement phase in the Caucasus and Abkhazia occurred during
the Early Acheulean era®. The chronological gap between the Acheulean and the
preceding industries is likely due to unfavorable climatic conditions. Critically, the
Acheulean industries of the Caucasus show no direct technological continuity with
the local Oldowan, indicating they were not the result of in-situ evolution but were
introduced by a new wave of hominids from the south, likely late Homo erectus. The
closest analogues to these Caucasian industries are found in the Levant.

The general chronological range for the Caucasian Acheulean is 600-300 thousand
years ago, spanning from oxygen-isotope stage 15 to stage 9. Absolute dates from sites

3 Since the archaeological attribution of Paleolithic sites will be addressed in subsequent sections, the
present analysis deliberately bypasses this aspect of the problem to focus exclusively on the paleoan-
thropological and migratory evidence.
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near Abkhazia, such as Triangular Cave (583 + 25 kya) and Kudaro III Cave (560 £ 112
kya), fall within this range. The appearance of Acheulean toolmakers coincides with
warm interglacial stages, which created favorable conditions for northward migration
from southern regions.

In Abkhazia, the Yashtukha site provides key evidence for this process, reflecting
multiple settlement episodes during the Giinz-Mindel and Mindel-Riss interglacials.
The earliest settlers were likely Homo erectus during the Gilinz-Mindel interglacial,
with later stages dated to 358-330 kya (Mindel-Riss). During these warm periods,
hominids penetrated the Caucasus and Black Sea region, likely migrating along open
foothill zones to avoid the swampy Colchis Lowland. The primary route probably
ran from the Armenian Highlands through Eastern and Western Transcaucasia,
then westward towards the Abkhazian Black Sea region and into the Trans-Kuban
area [42]. This is supported by later sites in the Northern Black Sea region, which
imply significant population infiltration from the south [5, 62]. Geological factors,
such as lower elevation profiles of the Caucasus ridges (1-1.5 km lower than today)
and asynchronous glaciation patterns compared to Europe, further facilitated these
movements and led to periods of cultural isolation.

A later Acheulean stage in the Caucasus may be associated with Homo
heidelbergensis, as suggested by the remains from Azokh Cave. This group likely
penetrated the region around 300-350 kya (late Mindel-Riss interglacial), and the late
Acheulean at Yashtukha may be attributed to them. Acheulean industries appear to
have persisted until the end of the Riss glaciation, when the first Mousterian tools mark
the beginning of the Middle Paleolithic.

Recent research indicates that the Middle Paleolithic (Mousterian) in the Caucasus
did not evolve from local Acheulean traditions but was introduced from outside. The
technological affinities of Caucasian Middle Paleolithic materials lie with sites in
Western Asia (the Levant and Zagros). This suggests that bearers of these Mousterian
technologies moved from the Zagros through the Western Asian highlands and from
the Levant through Eastern Anatolia into the Western Caucasus, including Abkhazia.

The lack of genetic continuity between Acheulean and Mousterian industries
supports the theory that these new technologies were brought by a new wave of
hominids: Homo neanderthalensis. Fossil evidence confirms Neanderthals were the
bearers of nearly all Mousterian sites in the Caucasus.

The timing of their appearance is linked to the earliest Mousterian sites. The oldest
dated Mousterian layer in the Caucasus is at Myshtulagty-Lagat (North Ossetia), around
250 kya, with the latest layers dating to approximately 70 kya. Transcaucasian sites
have slightly later dates; for example, Kudaro I Cave dates to 90-60 kya. In Abkhazia,
a date from Apiancha Cave of around 38 kya reflects a much later Mousterian stage.

Two distinct stages of Neanderthal penetration into the Caucasus are identified,
supported by technological disparities between early and late Mousterian industries.
The first stage, around 250 kya (Riss-Wiirm interglacial), is derived from early Middle
Paleolithic cultures of the Levant. The second stage occurred during a significant
climatic deterioration in the “Mousterian Wiirm” (oxygen-isotope stage 4, 75-71 and
60-57 kya), which may have reduced or extirpated the “first wave” Neanderthals.
In this second phase, settlement included populations from the south of the Russian
Plain and Crimea, with North Caucasian sites showing Central and Western European
affinities, while Transcaucasian sites gravitated towards Zagros cultures [39, 43].
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The cultural differences observed in the Mousterian could result from different
technological traditions, diverse genetic origins of populations, or even early ethnic
formations [39]. Climatic fluctuations likely caused population movements between
highland and lowland areas, leading to concentration, increased cultural contact,
and the formation of distinct archaecological cultures like the Kudar, Tskhinvali, and
Gub groups. The so-called Khosta culture and the somewhat isolated position of the
Abkhazian Mousterian further highlight this regional diversity [34].

The subsequent Upper Paleolithic era in the Caucasus, while diverse, shares
commonalities with cultures of the Near East, forming a distinct West Asian cultural
region separate from North Africa, Central Asia, and the South Russian steppes. Within
the Caucasus, the Imeretian and Gub cultures can be identified. Cultural differences
became more pronounced by the end of the Upper Paleolithic, suggesting independent
development after an initial common origin. A cultural divide between the North
Caucasus and Transcaucasia is also evident, likely due to the glacial barriers presented
by the Caucasian ridge. In contrast, sites on the Black Sea coast show evidence of
constant movement and cultural connections.

The Imereti sites are closest to the Baradostian and Zarzian cultures of the Zagros
and differ from those in the Levant [3], suggesting a possible ethnic unity within this
interaction zone.

The origins of early Homo sapiens in the region should be sought in the Near East,
as evidenced by the material culture similarities between Imereti, Zagros, and Luristan
[3]. This indicates that Homo sapiens in the Caucasus are not of local autochthonous
origin [8].

The timing of their arrival is discernible from the Upper Paleolithic archacological
record. It is well-established that Mousterian cultures are predominantly associated
with Neanderthals, while Upper Paleolithic industries are genetically unrelated to
the Mousterian. Any apparent connections likely reflect cultural contact between
Neanderthals and sapiens, not local evolution.

The Caucasus was part of the vast Neanderthal range, which bordered the habitat
of Homo sapiens in the southern regions of Western Asia. The Upper Paleolithic
appeared in the Caucasus relatively late. The first traces of Upper Paleolithic industries,
and thus the first representatives of Homo sapiens, appear during a period of relative
warming at the onset of the powerful Wiirm II glaciation (oxygen-isotope stage 3),
dated to 36-38 thousand years ago. This period marks the replacement of Neanderthals
by anatomically modern humans in the Caucasus.*

Today, the processes of coexistence between different hominid lineages in
the Caucasus remain elusive. It is even more challenging to determine whether the
region, including Abkhazia, constituted a formative center for anatomically modern
humans. A more plausible scenario is that the Caucasus lay on the periphery of a
primary sapientation zone, receiving slow but successive waves of migrants at various
evolutionary stages.

4 Given the scope of this article, we will bypass a detailed discussion of theories concerning the origin
of anatomically modern humans, such as the monocentric (Out-of-Africa) and polycentric (Multire-
gional) hypotheses.

165



This interpretation is supported by the morphological evidence. Paleoanthropes
from Georgian sites such as Sakazhia, Djruchula, and Tstsukhvati exhibit features
that place them on a trajectory toward sapientation, sharing affinities with Western
Asian finds of the Skhul type. This aligns with the scholarly consensus that the early
Caucasian Mousterian originated from the Levant, the very region that produced the
Skhul groups.

These migrations inevitably led to multiple cultural and genetic contacts between
hominids of different evolutionary levels. For instance, the first paleoanthropes
entering the Caucasus likely encountered residual groups of Acheulean culture
bearers, possibly Homo heidelbergensis. Subsequently, during a second wave of
paleoanthrope settlement, local groups may have mixed with migrants from the
Zagros. Furthermore, when conditions allowed, populations from Crimea could have
penetrated Transcaucasia via the Black Sea coast, introducing another demographic
layer. This complex chronology means that earlier migrants, such as Skhul-type groups
from the Levant, could have been more progressive than later arrivals, indicating that
the process of sapientation, though perhaps attenuated, was already underway in the
region.

Against this backdrop, it is conceivable that even during the Mousterian, there were
early, episodic incursions of fully sapient groups. If so, the first modern humans arriving
in the Caucasus may have encountered not “classical” Neanderthals but populations of
paleoanthropes with intermediate morphological traits. This supports the hypothesis
of the Caucasus as a zone of hybridization, fostering erectoid-Neanderthaloid and
Neanderthaloid-sapient groups.

Consequently, the appearance of modern humans in Abkhazia and adjacent re-
gions likely occurred through multiple mechanisms. On one hand, there may have
been a degree of in-situ sapientation within local populations. On the other, there was
undoubtedly migration of already fully formed anatomically modern humans.

The archaeological record confirms that migration pulses from the Near East
northward into the Caucasus persisted throughout the Upper Paleolithic and continued
into the Mesolithic. The significant presence of early Homo sapiens remains, mor-
phologically represented by undifferentiated proto-Australoid and Euro-African types,
suggests their penetration into the region long before the definitive onset of the Upper
Paleolithic era. This evidence paints a picture of the Caucasus not as an isolated cul-
de-sac, but as a dynamic periphery - a complex corridor of migration, interaction, and
potential hybridization over millennia.
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