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Altered Hemispheric Lateralization of Heschl’s Gyrus in
Schizophrenia with Auditory Verbal Hallucinations: A
Resting-State fMRI Study

Wara Zaykova'', Ferihan Popova', Sevdalina Kandilarova?, Drozdstoy
Stoyanov’

!Department of Anatomy, Histology and Embryology, Faculty of Medicine, Medical University
of Plovdiv, Plovdiv, Bulgaria
’Department of Psychiatry and Medical Psychology, Research Institute and SRIPD-MUP,
Translational and Computation Neuroscience Group, Faculty of Medicine, Medical University
of Plovdiv, Plovdiv, Bulgaria

* Corresponding author e-mail: vyara.zaykova@mu-plovdiv.bg

Hemispheric lateralization plays a crucial role in language and auditory processing,
typically showing left-hemispheric dominance. Alterations in this organization have been
implicated in schizophrenia, particularly in relation to auditory verbal hallucinations. This study
examined hemispheric lateralization of resting-state functional activity in Heschl’s gyrus in
schizophrenia patients with auditory verbal hallucinations. The sample included 105 participants
(42 patients and 63 healthy controls). Resting-state fMRI data were acquired on a 3T scanner
and analyzed using the CONN toolbox and SPM12. Seed-based connectivity analyses were
conducted for bilateral Heschl’s gyrus. Compared with controls, patients showed increased
resting-state functional connectivity between the right Heschl’s gyrus and the right postcentral
gyrus, and between the left Heschl’s gyrus and the right lateral occipital gyrus. These results
suggest altered intrinsic connectivity of auditory cortical regions in schizophrenia, potentially
reflecting disrupted functional lateralization associated with hallucinatory experiences.

Key words: schizophrenia, auditory verbal hallucinations, resting-state, functional
magnetic resonance imaging, Heschl’s gyrus



Introduction

Hemispheric lateralization is a fundamental organizational principle of the human
brain that enables specialized cognitive and perceptual functions to be preferentially
processed within one cerebral hemisphere. In healthy individuals, language and auditory
processing typically show left-hemispheric dominance, reflecting the asymmetric
organization of cortical networks involved in speech perception and production.
Disruptions in hemispheric specialization have been proposed as a neurobiological
feature of psychiatric disorders and may contribute to disturbances in language and
auditory processing [1]. Early theoretical models suggested that abnormal cerebral
lateralization may contribute to core cognitive and perceptual disturbances observed
in schizophrenia, particularly those involving language and auditory processing [5].
Subsequent neuroimaging studies have supported this view, demonstrating altered
structural and functional asymmetries in several cortical regions associated with
language and auditory perception [14, 17].

Heschl’s gyrus (HG), located on the superior temporal plane of the temporal lobe,
contains the primary auditory cortex and represents the first cortical stage of auditory
processing. It plays a key role in the analysis of fundamental acoustic properties such
as frequency, intensity, and temporal structure that are necessary for the perception of
complex sounds, including speech. In healthy populations, HG often shows structural
asymmetry with a tendency toward leftward dominance. The region also demonstrates
considerable anatomical variability, particularly in gyrification and duplication
patterns, which may influence auditory cortical organization. Neuroimaging evidence
suggests that atypical gyrification and duplication of HG may be associated with altered
auditory processing and may occur more frequently in neuropsychiatric conditions
such as schizophrenia [8].

Schizophrenia has been linked to structural and functional abnormalities within
temporal lobe regions involved in auditory and language processing. These alterations
may contribute to the frequently observed deficits in auditory perception and speech
processing. Auditory verbal hallucinations (AVH) are among the most common
symptoms of schizophrenia, affecting approximately 60—-80% of patients during the
course of the illness. AVH involve the perception of voices or speech in the absence
of external auditory stimuli and are often experienced as intrusive and distressing.
Neuroimaging studies have demonstrated increased activation in auditory cortical
regions, including HG and the superior temporal cortex, during hallucinatory episodes
[9], supporting the hypothesis that hallucinations may arise from abnormal activity
within auditory processing networks.

Resting-state functional magnetic resonance imaging (rs-fMRI) provides an
important method for examining intrinsic brain activity and functional connectivity
by measuring spontaneous low-frequency fluctuations in the blood-oxygen-level-
dependent (BOLD) signal. This approach is particularly useful in clinical populations
because it minimizes confounding effects related to task performance. Studies using
rs-fMRI have reported widespread connectivity disruptions in schizophrenia [20],



particularly within networks involving frontal and temporal regions [22]. Altered
resting-state connectivity between auditory cortex and language-related regions has been
associated with the presence and severity of AVH [13]. Additional work has reported
disturbances in large-scale brain networks related to hallucinatory states [11] as well
as abnormal connectivity involving thalamocortical and auditory cortical pathways in
schizophrenia [19]. Structural and functional alterations in temporal cortical regions
have also been linked to variations in hallucination severity and phenomenology [4, 7].

Despite increasing interest in the neural mechanisms of AVH, relatively few
studies have specifically examined hemispheric lateralization of intrinsic functional
activity within HG using resting-state fMRI. Investigating the functional organization
of HG in schizophrenia patients experiencing AVH may therefore provide further
insight into the neural mechanisms underlying hallucinatory experiences.

The present study aimed to examine hemispheric lateralization of resting-state
functional activity in HG in schizophrenia patients experiencing AVH compared with
healthy controls (HC) by analyzing intrinsic BOLD signal patterns within bilateral HG.

Material and Methods

Participants

The study included 105 participants (42 schizophrenia patients with auditory verbal
hallucinations (AVH) and 63 age- and sex-matched HC), aged 1861, after excluding
five individuals due to poor-quality MRI data. Patients met DSM-5 criteria for
schizophrenia and had severe AVH (Positive and negative syndrome scale (PANSS) P3
item > 3). Controls were recruited from the local community and screened to exclude
neurological, psychiatric, or cognitive impairments. Additional exclusion criteria for
all participants included metallic implants or MRI contraindications. All procedures
were approved by the Ethics Committee of Medical University of Plovdiv (Protocol
Nel/11.01.2024), and written informed consent was obtained in accordance with the
Helsinki Declaration.

MRI Acquisition

Imaging was performed on a 3T GE Discovery 750w scanner. High-resolution
structural images were acquired using a sagittal 3D T1-weighted sequence (1 mm
isotropic voxels, TR = 7.2 ms, TE = 2.3 ms, flip angle = 12°). Resting-state functional
images were collected using a 2D EPI sequence (TR = 2s, TE = 30ms, 36 slices, voxel
size = 3.44 x 3.44 x 3.5mm?3, 160 volumes). Participants were instructed to keep their
eyes closed, remain still, and avoid focused thoughts.

Image Processing and Statistical Analysis

Functional data were preprocessed and analyzed using CONN toolbox 21.a with
SPM12 in MATLAB R2024a. Standard preprocessing included motion correction,
slice-timing correction, normalization to MNI space, outlier detection, and 8-mm
FWHM smoothing. Denoising included regression of white matter and cerebrospinal
fluid signals. Seed-based connectivity analyses were conducted for the right and left



HG. Group-level analyses were thresholded at p<0.05, FWE-corrected. Demographic
and clinical variables were analyzed using IBM SPSS Version 28.0 (NY: IBM Corp).
Student’s t-test and chi-square test were used for the statistical analysis. The level of
statistical significance was set at p<0.05 for all tests.

Results

Socio-demographic and clinical characteristics

The study revealed that there were no statistically significant differences between
the patients with schizophrenia and the healthy controls with regard to age or sex.
Expectedly, due to the early clinical onset of the condition, statistically significant
disparities were identified between the two groups with respect to education. As
anticipated, the PANSS scores were found to be significantly higher for the patient
group than for the control group (Table 1).

Table 1. Socio-demographic and clinical characteristics.

P(n=42) HC (n=63) P
Age (mean, SD) 353+124  36.0x12.5 0.770*
Sex (M/F) 26/16 31/32 0.234"
“Education (primary/ secondary/higher) 8/26/6 1/33/29 *0.000°

PANSSP3 score 51406  1.0+£00  *0.000°
(mean, SD)

P — patients, HC — Healthy controls, SD — Standard Deviation, *Student’s t-test, ®y2 — test,
*p<0.05, **Two of the patients were excluded from the analysis due to missing data on
education, ***PANSSP3 score — AVH (Auditory Verbal Hallucinations)

Functional connectivity of the Heschl’s gyrus

The comparison between the patients with schizophrenia and the HC revealed increased
FC between the right HG and a cluster encompassing the right postcentral gyrus in the
patient group as compared to the control group (Table 2, Figure 1).

Table 2. Between group differences of functional connectivity of the Right Heschl’s Gyrus
seed.

Between-group coorg/illll\iiltes <. Cluster-size Cluster-threshold Regions within

contrast v, 7 ’ (p<0.05, FWE) the cluster
Right

P>HC +34 -32 +48 211 0.001 Postcentral
Gyrus



Fig. 1. Functional connectivity of the right Heschl’s gyrus seed in schizophrenia compared
to the HC group and effect sizes for each significant cluster with a cluster threshold p<0.05
cluster-level FWE correction. Increased rsFC between the right Heschl’s gyrus and the right
postcentral gyrus (cluster coordinates +34 -32 +48) in the patient group in comparison with HC
was observed.

Hyperconnectivity was detected also between the left HG and the right lateral
occipital gyrus, superior division in schizophrenia in contrast to the HC (Table 3,
Figure 2).

Table 3. Between group differences of functional connectivity of the Left Heschl’s Gyrus
seed.

Between-group coorg/illll\illtes <. Cluster-size Cluster-threshold Regions within
contrast Y.z ’ (p<0.05, FWE) the cluster
9
Right Lateral
P>HC 36 -62 +38 177 0.002 Occipital |
Cortex, Superior
Division



Fig. 2. Functional connectivity of the left Heschl’s gyrus seed in schizophrenia compared to the
HC group and effect sizes for each significant cluster with a cluster threshold p<0.05 cluster-
level FWE correction. Increased rsFC between the left Heschl’s gyrus and the right lateral
occipital cortex, superior division (cluster coordinates +36 -62 +38) in the patient group in
comparison with HC was observed.

Furthermore, we repeated the analyses, incorporating the level of education as
a covariate of no interest. The results remained consistent in terms of the number of
significant clusters, the regions within them, and the peak coordinates. A non-significant
change in the size of the clusters was observed, with a reduction amounting to a couple
of voxels.

Discussion

The current study identified several significant differences in the rsFC of the HG in
patients with AVH as compared to HC. First, an enhanced rsFC was identified between
the right HG and the right postcentral gyrus in the patient group in comparison to
the control group. Next, we identified hyperconnectivity between the left HG and the
superior division of the right lateral occipital cortex in schizophrenia, as opposed to
the control group.
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The present findings are consistent with the mounting evidence from neuroimaging
studies that suggests altered FC in the temporal region. The current analysis revealed
increased rsFC between the right HG and the postcentral gyrus in the AVH group. The
primary somatosensory cortex is known to be located in the postcentral gyrus. This
region has been implicated in the pivotal role of integrating information regarding
mouth movements into the process of speech perception [15]. Multiple studies have
reported abnormal rsFC between this region and the temporal cortex in schizophrenia
[10, 16]. Defective monitoring of inner speech has been identified as a contributing
factor to the onset of AVH, and has been linked to the disruption of integration of
sensorimotor processing and the processing of auditory information. The elevated
risk of experiencing AVH has been demonstrated to be positively correlated with such
language-related disturbances [2, 6].

Our findings also identified increased rsFC between the left HG and the right
lateral occipital cortex in the patient group. The occipital lobe is known to be involved
in phonological and semantic modulation. It has been hypothesized that disturbances
in such functions may be indicative of the pathophysiology of schizophrenia. In
consideration of the potential relationship between abnormal semantic processing and
the development of AVH, the existence of any anomalies in the FC between the occipital
lobe and the primary auditory cortex might also serve as a contributing factor to the
observed impairments in auditory perception [18]. As postulated by Xue et al., the
underlying mechanisms of AVH occurrence in schizophrenia may be associated with
aberrant dynamic FC between occipital and temporal regions [21]. The findings of the
present study are consistent with those reported in the extant literature, suggesting that
aberrant occipito-temporal connectivity may potentially contribute to the development
of AVH.

One notable finding of the current study was that the pattern of dysconnectivity in
HG was limited to regions of the right hemisphere, thereby indicating a predominant
right-hemisphere involvement in AVH. As indicated by previous studies, diminished
functional lateralization has been found to demonstrate a negative correlation with
the severity of positive symptoms, as measured by the PANSS. Furthermore, reduced
left>right language asymmetry has been shown to correlate negatively with the onset
of AVH, thus indicating that the reduced lateralization is implicated in the development
of AVH [3, 12].

Conclusion

The present study elucidated lateralized impairment in the FC of the right and left HG.
Aberrant connections were identified between the explored temporal regions and right
postcentral gyrus and right lateral occipital cortex. The observed dysconnectivity lends
support to the hypothesis of reduced functional L > R asymmetry in AVH, indicating
the reduced functional lateralization as an underlying pathophysiological mechanism
in schizophrenia.
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Malignant Paraganglioma in the Left Parotid Region

Alexander Ivanov *%°, Iliya Bivolarski', Mariya Popivanova'?3

!Department of General and Clinical Pathology, Medical University, Plovdiv, Bulgaria
’Department of Clinical Pathology, UMHAT “St. George”, Plovdiv, Bulgaria
SRegular PhD students in Medical University, Plovdiv, Bulgaria

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

Paragangliomas are rare tumors arising from paraganglionic tissue derived from neural crest
cells. In the head and neck region, these tumors most commonly originate from the carotid
body, vagal paraganglia or the jugulotympanic area, whereas involvement of the parotid
gland is extremely uncommon. We report a case of a 54-year-old male patient presenting
with a large infiltrative tumor involving the left parotid region. Computed tomography
revealed a heterogenous soft tissue mass extending from the skull base to the level of the fifth
cervical vertebra, with invasion of surrounding structures and regional lymphadenopathy.
Histopathological examination demonstrated tumor cell nests arranged in a characteristic
pattern. Immunohistochemical analysis was also performed for confirmation. The findings
determined the diagnosis of malignant paraganglioma. Following surgical treatment, the
patient was referred to for postoperative radiotherapy. This case highlights the rarity, aggressive
behavior and diagnostic challenges associated with parotid paragangliomas, with only isolated
cases described in the literature.

Key words: malignant paraganglioma, parotid, head and neck tumor

Introduction

Paragangliomas (also called extra-adrenal or sympathetic paragangliomas) are rare
neuroendocrine tumors originating from paraganglionic cells derived from the neural
crest [6, 10]. They are closely related to pheochromocytomas, with a histological
similarity as well [5]. Paragangliomas can develop in various anatomical locations
along the autonomic nervous system.

Within the head and neck region, paragangliomas most commonly arise from the
carotid body, jugulotympanic region, and vagal paraganglia [2, 7]. Involvement of

14



the parotid gland is exceptionally rare and only a limited number of cases have been
described in the literature [2, 8]. Although categorization into benign and malignant is
discouraged because all paragangliomas have a metastatic potential [4, 9], depending
on the tumor presentation, we can predict its behavior to help determine the treatment
and prognosis.

Because of their rarity and nonspecific clinical presentation, malignant
paragangliomas may pose a significant diagnostic challenge. Imaging tests combined
with histopathological and immunohistochemical examination are essential for
establishing the correct diagnosis [5, 9]. Our report describes a rare case of malignant
paraganglioma involving the left parotid region.

Case Report

We present a case of a case of a 54-year-old male patient with a massive soft
tissue tumor formation detected during computed tomography (CT) examination. The
lesion had an irregular shape and was located predominantly in the left parotid region.
Radiological evaluation demonstrated that the tumor originated from the skull base
on the left side and extended caudally to the level of the fifth cervical vertebra (C5).
The lesion showed invasive growth with involvement of the surrounding structures,
including the pharynx and larynx, which were displaced to the right. The tumor caused
lysis of the skull base and infiltration of the left sternocleidomastoid muscle and the
left parotid gland. Extension toward the left cerebellar hemisphere was also observed.
The mass had an axial dimension of 5.6 x 8.9 cm and a coronal dimensional of 7.9
cm. The lesion demonstrated a native density of approximately 48 HU (Hounsfield
units), increasing to 65-130 HU in the arterial phase and 68-104 HU in the venous
phase following contrast administration. Additionally, diffuse packages of cervical and
submandibular lymph nodes of varying size were detected bilaterally, with maximal
diameters up to 1.5 cm. The patient had previously undergone long-term treatment for
benign paraganglioma. Following the recurrence of the tumor and subsequent surgical
intervention, the histopathological examination revealed a malignant transformation
of the lesion.

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 — Synaptophysin, Chromogranin, S-100 protein. All the antibodies
are supplied by Dako and are ready-to-use (pre-diluted). The staining protocols are
validated by Dako.

Hematoxylin and eosin (H&E) staining revealed: Tumor tissue composed of nests
and trabeculae of atypical cells arranged within a richly vascularized stroma, consistent
with the characteristics of paraganglioma. The tumor cells are invading the capsule and
surrounding tissues (Figs. 1 and 2).

Immunohistochemical analysis supported this diagnosis: Synaptophysin: diffuse
positive staining (++) in tumor cells, Chromogranin: weak diffuse positivity (+) in
tumor cells, S-100 protein: positive staining in sustentacular cells surrounding tumor
nests (Fig. 3).
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The extensive imaging tests combined with the information of the tumor
behavior, histological and immunohistochemical panel confirmed the final diagnosis
of malignant paraganglioma as supported by the images below:

Fig. 1. Both pictures show nests of tumor cells arranged in typical zellballen pattern separated
by delicate fibrovascular septa. The cells are polygonal, with eosinophilic cytoplasm and round
to oval nuclei. A. Vast necrotic areas. (H-E x100). B. Lots of hemorrhages (H-E x200).

Fig. 2. A. Higher magnification of the same area demonstrates the classic tumor cell pattern, as
well as the expressed atypia and mitoses. Necrosis is also seen. (H-E x200). B. Emphasis on the
vascularized stroma of the tumor. (H-E x400)
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Fig. 3. A. Chromogranin showing diffuse cytoplasmic positivity in tumor cells. B. Diffuse
cytoplasmic expression of Synaptophysin in tumor cells. C. S-100 highlighting sustentacular
cells surrounding tumor nests.

Discussion

Paragangliomas of the head and neck represent approximately 0.5% of all tumors in
this area [2, 7]. They arise most frequently from the carotid body, jugulotympanic
region, and vagal paraganglia [2, 7, 10]. To our knowledge, this is the first reported
case of malignant paraganglioma in the parotid region.

Although the majority of paragangliomas exhibit benign biological behavior,
malignant transformation can occur in a small percentage of cases [3, 4]. The diagnosis
is usually based on imaging, the presence of regional or distant metastases, local
invasion, recurrence and histological features.

Radiological imaging plays a crucial role in evaluating tumor extension and its
relationship to surrounding structures. Computed tomography and magnetic resonance
imaging are particularly useful in assessing the vascularity and extent of the lesions
[3,4].

Histopathological examination is vital for a definitive diagnosis. The typical
“zellballen” pattern, consisting of nests of tumor cells separated by fibrovascular
septa, is characteristic of paragangliomas [5, 9]. Immunohistochemical markers such
as Synaptophysin and Chromogranin confirm neuroendocrine differentiation, while
S-100 protein highlights sustentacular cells surrounding tumor nests [5, 9].

Treatment of malignant paraganglioma usually involves surgical resection
followed by radiotherapy [4, 8], particularly in cases with incomplete resection
or aggressive tumor behavior. Despite treatment, these tumors may demonstrate a
tendency for recurrence and metastasis [3, 4].

The differential diagnosis of malignant paraganglioma in the parotid region
includes several tumors and tumor-like lesions:

e Vagal schwannoma
e (Carotid body paraganglioma
e Metastatic lymphadenopathy
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e Medullary thyroid carcinoma
e Hemangioblastoma

Because of the overlapping clinical and radiological features, histopathological
examination together with immunohistochemical analysis is essential for establishing
the correct diagnosis [7, 8, 10].

The reported 5-year survival of malignant paraganglioma varies depending on
the presence of regional or distant metastases, with poorer prognosis in cases with the
latter [3, 8].

Conclusion

Malignant paraganglioma of the parotid gland is an extremely rare neoplasm that
may present diagnostic and therapeutic challenges. Imaging studies combined with
histopathological and immunohistochemical evaluation are essential for establishing
the diagnosis. Early detection and appropriate management are crucial due to the
potential aggressive behavior, local invasion and recurrence. Reporting rare cases such
as this contributes to a better understanding of the biological behavior and clinical
management of these tumors, especially in unusual areas like the parotid region.

Patient consent

The authors certify 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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Lumbar disc herniation is a prevalent spinal disorder associated with low back pain, radiculopathy,
and functional impairment. This report describes a 36-year-old patient presenting with low
back pain and tibial paresis who underwent a 4-month, protocol-based rehabilitation program.
Morphological assessment of degenerative changes in lumbar spine by MRI was applied for
development of novel therapeutic approach integrated biopuncture (Traumeel SR, Lyphomiosot,
Discus Compositum), myofascial release therapy, analytical gymnastics and electrotherapeutic
modalities including magnetotherapy and transcutaneous electrical nerve stimulation (TENS).
Clinical outcomes were evaluated using the Visual Analog Scale (VAS), manual muscle
testing(MMT), the Timed Up and Go test, and the Roland—Morris Disability Questionnaire.
The patient demonstrated substantial reductions in pain and muscle hypertonicity, improved
gait control, and enhanced overall functional status. This case underscores the potential value
of multimodal rehabilitation strategies based on patho-morphological assessment using MRI in
the management of lumbar disc—related low back pain.

Key words: biopuncture, MRI scan, lumbar disc herniation, myofascial release therapy

Introduction

Approximately 80% of individuals experience low back pain over their lifetime,
generating more than $100 billion in annual healthcare expenditures in the United States.
The condition affects 1-3% of the population each year, with peak prevalence among
adults aged 30-50 [8]. Lumbar disc herniation constitutes a major contributor to this
burden, leading to substantial reductions in functional capacity and quality of life. Low
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back pain is further associated with psychological comorbidities such as depression and
anxiety, both of which may adversely influence clinical outcomes [2]. We performed
morphological assessment of degenerative changes in lumbar spine by MRI for
development of novel strategy for treatment and rehabilitation of lumbar hernia.

Case report

A 36-year-old woman with obesity presented with severe low back pain, right ankle
pain, numbness along the right lower limb, and progressive gait impairment. She
had completed a 6-day course of NSAIDs (nonsteroidal anti-inflammatory drugs),
mannitol, dexamethasone, and B-complex vitamins in a Neurology department prior
to admission.

On examination, she was alert, cooperative, and fully oriented, with intact cranial
nerve function. Gait was cautious with a mild right-sided limp, and pain intensified
with exertion and transitions from sitting to standing. The straight-leg-raise test was
positive on the right at 30—40°, eliciting radiating pain along the sciatic nerve to the
lateral foot.

Sensory assessment demonstrated pain, paresthesias, and hypoesthesia in the right
S1 dermatome, with a Visual Analog Scale (VAS) score of 9. Motor testing revealed
mild weakness of right plantar flexion (m. triceps surae), graded 3/5 on manual
muscle testing, and reduced performance on toe-walking, while dorsiflexion remained
preserved. The deficit pattern was consistent with tibial nerve involvement secondary
to S1 root compression. The right Achilles reflex was diminished; patellar reflexes
were symmetric. No pathological reflexes were present, and sphincter control was
intact. The clinical findings were indicative of right-sided S1 radiculopathy with mild
tibial paresis.

Morphological observations by MRI of the lumbosacral spine demonstrated
degenerative changes of the L5-S1 intervertebral disc, characterized by reduced
T2 signal intensity and decreased disc height. A right-sided paramedian disc
herniation with a broad base was identified, extending into the right lateral recess and
compressing the right S1 nerve root, accompanied by deformation of the adjacent
dural sac (Figs. 1, 2).

The patient completed two rehabilitation courses, the first lasting 7 days and the
second 10 days, separated by an interval of approximately 15 days. The rehabilitation
program consisted of transcutaneous electrical nerve stimulation (TENS),
magnetotherapy, biopuncture (Lymphomiosot, Discus Compositum, Traumeel SR),
and kinesitherapy with emphasis on myofascial release techniques. During the initial
course, the patient additionally received dexamethasone according to a structured
regimen. Following completion of the first rehabilitation phase, pregabalin 75 mg
was prescribed for one month, alongside ibuprofen as needed and a proton pump
inhibitor.

Clinical evaluation demonstrated a significant reduction in pain intensity,
accompanied by improved lower-limb muscle strength, mobility, and gait performance.
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Fig. 1. Axial MRI at L5—-S1 showing a right paramedian disc herniation with mass effect on the
S1 nerve root.

Fig. 2. Sagittal T2weighted MRI of the lumbar spine showing degenerative changes and a
rightsided paramedian L5—-S1 disc herniation with mass effect on the S1 nerve root.
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These functional gains were associated with a measurable enhancement in overall
quality of life. The outcomes are summarized in Table 1.

Tablel. Clinical Measures at Beginning and End of treatment

Measure Beginning of the treatment End of the treatment
VAS 9 3
MMT 3 5
TUG 40 sec. 15 sec.
Roland—Morris Disability
) . 19 4
Questionnaire
Discussion

The presented clinical case is particularly valuable, as it demonstrates a situation in
which the severity of clinical symptoms and patho-morphological imaging findings
would suggest surgical treatment, yet significant improvement is achieved through
a multimodal conservative approach. The patient presents with pronounced pain
syndrome, radicular symptoms along the course of S1, and the presence of a motor
deficit — a combination that in clinical practice is often interpreted as a relative
indication for surgical decompression.

A key aspect of the case is the discrepancy between the patho-morphological
imaging findings and the clinical outcome. The presence of nerve root compression
and dural sac deformation on MRI does not lead to progression; on the contrary, it
leads to clinical improvement following conservative therapy. This corresponds
to contemporary data showing that morphological changes do not always correlate
with symptoms and prognosis, which limit their value as an independent predictor for
therapeutic decisions [1, 3].

Modern pathophysiological concepts consider lumbar disc herniation as a
multifactorial condition. In addition to mechanical compression, inflammatory and
biochemical mechanisms play a key role. The herniated disc material induces the
release of pro-inflammatory cytokines, such as TNF-a, IL-1f, and IL-6, which lead to
sensitization of neural structures and sustain the pain syndrome [6]. This explains the
clinically observed discrepancy between the degree of compression and the severity of
symptoms. Additionally, there is evidence that the inflammatory process is also involved
in the spontaneous resorption of disc material, observed in a significant percentage of
patients (up to 60-90%), which accounts for the potential for a favorable outcome with
conservative treatment [9]. This emphasizes the need for careful individualization of
the therapeutic approach.

In this context, the choice of therapy targeting the inflammatory component can
be pathophysiologically justified. Biopuncture, although with a limited high-quality
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evidence base, can be considered as a method for local modulation of inflammation
and pain. Some experimental and clinical data indicate that the used preparations
have the potential to influence pro-inflammatory mediators and support regulatory
processes [4]. The myofascial component is also of essential importance. Secondary
musculoskeletal-fascial disorders, including increased muscle tone and the formation
of trigger points, can maintain the pain syndrome independent of the primary disc
pathology. Contemporary systematic reviews show that myofascial release can lead
to a statistically significant reduction in pain and improvement in function in patients
with lumbar pain [7].

From the perspective of clinical behavior, the presented case supports the
recommendation that indications for surgical treatment should be based primarily on
clinical dynamics. Contemporary guidelines emphasize that surgery is indicated in the
presence of progressive neurological deficit or persistent, therapy-resistant pain [3, 5].
In this case, the absence of deterioration and the reported improvement indicate that
the mechanical compressive factor is not dominant and does not necessitate surgical
intervention.

Conclusion

In conclusion, the case illustrates how morphological assessment by MRI can help for
contemporary understanding of lumbar disc herniation as a multifactorial condition in
which mechanical, inflammatory, and myofascial factors interact. It emphasizes the
importance of an integrated therapeutic approach and demonstrates that conservative
treatment can be effective even in the presence of a neurological deficit.
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Endometrial carcinoma is a heterogeneous malignancy driven by diverse molecular alterations.
Immunohistochemical and molecular biomarkers have increasingly been incorporated into
diagnostic algorithms, linking histopathology with genomic profiling and facilitating precision
oncology. This systematic searching approach followed PRISMA 2020 guidelines and was
registered in PROSPERO (CRD420251184261). A comprehensive search of PubMed, Scopus,
Web of Science, ScienceDirect, and Google Scholar (January 2000—March 2025) identified
studies evaluating immunohistochemical and/or molecular biomarkers in atypical endometrial
hyperplasia/endometrioid intraepithelial neoplasia or endometrial carcinoma. Fifty-nine
studies met the inclusion criteria. Investigated biomarkers included PTEN, PAX2, B-catenin,
p53, mismatch repair proteins, HER2, ER, PR, Ki67, and PD-L1. These markers delineate the
molecular continuum from precursor lesions to invasive carcinoma and correspond closely
to The Cancer Genome Atlas molecular subtypes. MMR deficiency and PD-L1 expression
predict response to immune checkpoint inhibitors, whereas HER2 amplification characterizes
aggressive serous carcinoma. PTEN and PAX2 loss characterized AEH/EIN, while p53
abnormalities identify copy-number-high tumors associated with adverse prognosis.
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Introduction

Endometrial carcinoma (EC) is the most common malignancy of the uterine corpus and
remains a major global health burden, with incidence continuing to rise due to increasing
life expectancy, obesity, metabolic syndrome, and hormonal factors [36,41]. Although
many cases are diagnosed at an early stage and associated with favorable outcomes, a
substantial proportion exhibit biologically aggressive behavior characterized by high-
grade histology, deep myometrial invasion, lymphovascular space involvement, and
metastatic potential. Improving diagnostic accuracy and refining risk stratification are
therefore essential for optimizing management and outcomes.

Historically, EC has been categorized according to the dualistic Bokhman
model, dividing tumors into estrogen-dependent endometrioid (Type I) and estrogen-
independent non-endometrioid (Type II) groups [5]. While this framework provided
important clinical distinctions, accumulating evidence demonstrates that EC represents
a heterogeneous disease continuum rather than two discrete entities. The advent of
molecular profiling—particularly the landmark genomic classification proposed by
The Cancer Genome Atlas (TCGA)—has fundamentally reshaped our understanding of
EC biology. TCGA delineates four molecular subtypes: POLE-ultramutated, mismatch
repair-deficient/microsatellite instability-high (IMMR/MSI-H), p53-abnormal (copy-
number high), and no specific molecular profile (NSMP), each associated with distinct
clinical behavior, treatment response, and prognosis [12, 23, 39, 44].

Immunohistochemistry (IHC) has emerged as a practical surrogate for genomic
testing, offering a cost-effective and clinically accessible means of implementing
molecular classification. Markers such as PTEN, PAX2, B-catenin, p53, MMR
proteins, ER, PR, HER2, Ki67, and PD-L1 provide insights into the pathways driving
carcinogenesis and enable clearer distinction between precursor lesions and invasive
carcinoma. Atypical endometrial hyperplasia/endometrioid intraepithelial neoplasia
(AEH/EIN), the precursor of most endometrioid carcinomas, is frequently associated
with PTEN and PAX2 loss, as well as activation of PI3K/AKT and Wnt/B-catenin
signaling pathways [30,40,46]. In contrast, endometrial glandular dysplasia (EmGD),
a precursor of serous carcinoma, is characterized by aberrant p53 overexpression and
HER?2 amplification [1, 21].

Given the molecular diversity of EC and the increasing emphasis on precision
oncology, integrating immunohistochemical and molecular biomarkers into diagnostic
and therapeutic decision-making has become essential. This systematic review
synthesizes current evidence on key biomarkers involved in endometrial carcinogenesis,
evaluates their diagnostic, prognostic, and predictive roles, and contextualizes them
within the modern molecular classification framework.

This systematic searching approach was conducted in accordance with PRISMA
2020 guidelines and was prospectively registered in PROSPERO (CRD420251184261).
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1. PRISMA-Based Systematic Review Approach

1.1. Study design

This study was conducted as a systematic review following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) guidelines. The
review protocol was prospectively registered in the International Prospective Register
of Systematic Reviews (PROSPERO; Registration ID: CRD420251184261).

1.2. Eligibility criteria
Studies were included if they met the following criteria:

1. Population: Human subjects with atypical endometrial hyperplasia/
endometrioid intraepithelial neoplasia (AEH/EIN) or endometrial carcinoma.

2. Concept: Evaluation of immunohistochemical and/or molecular biomarkers.

3. Context: Original studies involving diagnostic, prognostic, predictive, or
translational biomarker assessment.

4. Study type: Clinical, translational, molecular, or systematic research.

5. Language: Published in English.

6. Availability: Full-text accessible.

Exclusion criteria:

e Animal or in vitro studies;

Case reports, editorials, commentaries, letters, conference abstracts;
Studies lacking clear methodology or biomarker assessment;

e Non-original articles unless containing pooled biomarker data.

1.3. Information sources
A comprehensive search was conducted across the following databases:

PubMed
Scopus

Web of Science
ScienceDirect
Google Scholar

The search covered the period January 2000 to March 2025. Additionally,
reference lists of all eligible studies and recent reviews were manually screened to
identify further relevant articles.

1.4. Search strategy

The search strategy combined controlled vocabulary (MeSH terms) and free-text
keywords. The full PubMed search string (as required by PRISMA) was: (“endometrial
carcinoma” or “endometrial cancer”) and (“biomarker” or “immunohistochemistry” or
“molecular classification”) and (“atypical endometrial hyperplasia” or “endometrioid
intraepithelial neoplasia”). Reference lists of included studies and relevant reviews
were also screened manually to identify additional eligible sources. Equivalent search
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terms were adapted for Scopus, Web of Science, ScienceDirect, and Google Scholar.
The complete set of search strategies for all databases will be included in Appendix 1.

1.5. Selection process

Two independent reviewers (Reviewer A and Reviewer B) screened titles and
abstracts for potential eligibility. Full texts were retrieved when eligibility could not
be determined from abstracts alone. Disagreements were resolved through discussion
and consensus. A PRISMA flow diagram illustrates the selection process, the number
of records identified, screened, included, and excluded.

1.6. Data extraction
Data were extracted using a standardized form and included:

e authors and publication year;

e study design and sample size;

e population characteristics;

e biomarker type (IHC, molecular, or combined);

e methodology details;

e molecular classification when available;

e diagnostic, prognostic, and predictive implications.

Extraction was performed independently by two reviewers; discrepancies were
resolved by consensus

1.7. Risk of bias assessment
Given the scope and purpose of this review - synthesizing mechanistic and translational
biomarker evidence - standardized risk-of-bias tools (ROBINS-I, QUADAS-2,
Cochrane RoB) were deemed not applicable. This is consistent with PRISMA
2020 guidelines for reviews that analyze heterogeneous biomarker studies without
comparative clinical outcomes.

A narrative appraisal of study quality was performed where applicable.

1.8. Synthesis methods

Due to heterogeneity in study designs, biomarkers evaluated, laboratory
methods, antibody clones, and scoring systems, meta-analysis was not feasible.
Therefore, a narrative synthesis was conducted, organized by:

e biomarker function (diagnostic, prognostic, predictive);

e molecular subtype (POLE-mutated, AIMMR/MSI-H, p53-abnormal, NSMP);
¢ relevance to precursor lesions (AEH/EIN, EmGD).

Quantitative summaries were provided where possible.

1.9. Certainty of evidence

The GRADE framework was not applicable because no pooled effect estimates or meta-
analytic comparisons were performed. Instead, certainty of evidence was addressed
descriptively based on study quality, methodological consistency, and reproducibility
of biomarker findings.
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Fig. 1. PRISMA flow diagram summarizing search, screening, inclusion, and exclusion steps.
The literature search identified 205 records; after removing duplicates and screening for
relevance, 49 studies met inclusion criteria.

2. Data from systematic review

2.1. Study selection
The database search yielded 205 records. After removing duplicates and screening
titles and abstracts, 78 articles were retrieved for full-text assessment. Of these, 49
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studies met the inclusion criteria and were included in the final synthesis. A PRISMA
flow diagram (Fig. 1) provides a detailed summary of the identification, screening,
eligibility assessment, and inclusion process.

2.2. Study characteristics

The 49 included studies comprised clinical investigations, molecular analyses,
immunohistochemical evaluations, and combined IHC—genomic assessments. The most
frequently investigated biomarkers included PTEN, PAX2, B-catenin, p53, mismatch
repair (MMR) proteins (MLH1, MSH2, MSH6, PMS2), HER2, ER, PR, Ki67, PD-L1,
and POLE mutations. The studies covered a wide spectrum of precursor lesions (AEH/
EIN, EmGD) and endometrial carcinoma subtypes (endometrioid, serous, mixed, and
molecularly annotated EC). Tables 2 and 3 summarize the principal biomarkers, their
clinical applications, key findings, and representative studies.

2.3. Risk of bias in included studies

As detailed in the Methods section, formal risk-of-bias tools (e.g., QUADAS-2,
ROBINS-I) were not applicable due to the mechanistic and heterogeneous nature of
biomarker studies. Nevertheless, variability across studies was observed in:

IHC antibody clones and staining protocols, scoring thresholds for biomarker
positivity, availability of molecular confirmation (e.g., sequencing for POLE, TP53,
CTNNBI1), reporting completeness.These factors were considered during narrative
synthesis.

2.4. Individual study results

2.4.1. Diagnostic biomarkers in precursor lesions (AEH/EIN and EmGD)

PTEN and PAX2 loss were consistently associated with AEH/EIN and early
neoplastic transformation. B-catenin nuclear localization was linked to progression risk
in EIN. In contrast, EmGD lesions demonstrated aberrant p53 expression and HER2
amplification, mirroring serous carcinoma profiles.

2.4.2. Biomarker distribution across molecular subtypes

The biomarkers aligned with the TCGA classification:

POLE-ultramutated tumors: high TILs, elevated PD-L1, excellent prognosis.

dMMR/MSI-H tumors: loss of MMR proteins, hypermutation, increased
immunogenicity.

p53-abnormal tumors: TP53 mutations, HER2 amplification, high-grade serous
morphology.

NSMP tumors: PTEN, PIK3CA, and CTNNBI1 alterations, often low-grade
endometrioid morphology.

2.4.3. Prognostic biomarkers

p53 abnormalities strongly correlated with poor outcomes.

ER/PR loss was associated with dedifferentiation and reduced hormonal
responsiveness.
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Ki67 index correlated with proliferative activity and tumor aggressiveness.
POLE mutations predicted excellent survival independent of traditional risk
factors.

2.4.4. Predictive biomarkers

MMR deficiency and PD-L1 expression predicted response to immune checkpoint
inhibitors.

HER?2 amplification supported the use of anti-HER2 targeted therapy in serous
EC.

AMH/AMHRII remained experimental without sufficient clinical validation.

2.4.5. Quantitative summary

Among the included studies, diagnostic biomarkers were the most freguently
investigatedq followed by prognostic and predictive biomarkers, 10 (18%) on predictive
markers. Across predictive studies. PD-L1, MMR status, and HER2 amplification
demonstrated the strongest correlation with therapeutic responsiveness.

2.5. Synthesis of results

The combined evidence highlights a clear molecular continuum linking AEH/EIN
to endometrioid carcinoma and EmGD to serous carcinoma. Immunohistochemical
surrogates offer a practical and cost-effective alternative to genomic sequencing for
molecular classification. Integration of biomarker expression with TCGA subtypes
enhances diagnostic reproducibility, refines risk stratification, and informs tailored
therapeutic approaches. Tables 2,3 and 4 provide a consolidated overview of biomarker
functions, molecular associations, and clinical implications across included studies.

Table 2. Overview of principal immunohistochemical and molecular biomarkers in endometrial
carcinoma and their translational relevance across early detection, personalized therapy, and
prognostic stratification.

Key benefit / .. .. Representative References
A f appl fi
ok rea of application / Significance rEed mnheTing)
Earl lcac?:rlc}a,l;fi(;(;ginnltl22c?1r;:0};1;:1c§)a;1;2}?ngifal Talhouk A et al. [42];
y . . P! and prect McConechy MK et al. [26];
detection and | disease; screening and risk-reducing Mutter GL [29]; Bagaria M et
diagnosis management; identification of atypical ) S

racsait IR al. [3]; Cabrera S et al. [9]

Genomic reclassification of EC and
Personalized |identification of actionable alterations;
treatment integration of molecular and IHC markers
plans for post-surgical adjuvant treatment and
predictive modelling.

TCGA / Getz G et al. [14];
Stelloo E et al. [39]; Mitric C,
Bernardini MQ [27]; Le Gallo
Metal. [21]
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Key benefit / .. .. Representative References
ok Area of application / Significance (rEteT moheri)
Enhanced prognostic assessment through
e molec.ular ma.lrkers; favorable outcomes | Raffone A et al. [33];
R associated with POLE exonuclease McConechy MK et al. [26];
mutations; validation of grading systems | Leon-Castillo A et al. [23]
within molecular subtypes.
Development and repurposing of
TP hormqnal, .HER.Z—targeted anq immune Rogs DS et al. [3.4]; Buza N,
Tmyots therapies; identification of actionable Hui P [7,8]; Aoki D et al. [2];
genomic profiles enabling therapy Getz G et al. [14]
selection and trials.
Integration of MSI/MMR, PI3K-AKT, Stelloo E et al. [39]; Zighelboim
Better risk Whnt/B-catenin and TP53 pathways for I/ McConechy MK context
stratification |risk assessment; PTEN alterations as [26]; Hecht JL, Mutter GL
early markers for high-risk lesions. [16,30]
Optimized management of endometrial
Prevention hyp erplas1a.to prevent mghgnant . Gallos ID et al. [13]; Restaino
. transformation; comparative evaluation o ,
of disease oy . S et al. [33]; Mufioz Sanchez R
T of gu14el1nes and long-term surveillance et al. [28]
strategies.

The results demonstrate a clear molecular continuum from precursor lesions
to invasive carcinoma. Early alterations such as PTEN and PAX2 loss, frequently
observed in AEH/EIN, represent some of the earliest molecular events in endometrioid
carcinogenesis and align with previous reports describing their diagnostic utility [25,
30, 46]. Activation of the Wnt/B-catenin pathway, driven by CTNNB1 mutations,
was also implicated in the transition from EIN to carcinoma, consistent with earlier
molecular and immunohistochemical studies [18, 35, 48].

In contrast, lesions along the serous pathway exhibited aberrant p53 expression
and HER2 amplification, consistent with their established roles in serous EC and its
precursor, endometrial glandular dysplasia (EmGD) [1, 21, 47]. These biomarker
patterns strongly correspond to the four TCGA molecular subtypes—POLE-
ultramutated, MMR-deficient/MSI-H, p53-abnormal, and NSMP—each characterized
by distinct genetic drivers, immunohistochemical profiles, and prognostic implications
[12 ,42, 44].
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2.6. Diagnostic and translational implications
The integration of immunohistochemical markers with molecular classification
frameworks greatly enhances diagnostic accuracy:

p53 IHC remains the most reliable surrogate for identifying copy-number—high
tumors, with strong prognostic significance [11, 19]. MMR protein loss allows rapid
identification of dAMMR/MSI-H tumors, which possess high immunogenicity and
sensitivity to immune checkpoint blockade [2, 22, 27]. POLE mutations, though less
frequent, distinguish tumors with ultramutated profiles and exceptionally favorable
prognosis [16, 23]. HER2 amplification in serous carcinoma provides a targetable
alteration with increasing therapeutic relevance [8, 47].

Collectively, these biomarkers form the basis of a practical, cost-effective molecular
classification system that can be readily implemented in pathology laboratories and
aligned with TCGA-guided clinical algorithms [33, 39 ,49].

2.7. Strengths of the evidence
This review demonstrates consistent evidence supporting:

The reproducibility of IHC surrogate markers for molecular subtyping, particularly
for p53 and MMR proteins [11, 27, 39].

The strong correlation between PTEN/PAX2 loss and early endometrioid
neoplasia, providing robust diagnostic value in distinguishing AEH/EIN from benign
hyperplasia [13, 25].

The emerging predictive significance of PD-L1 expression and MMR deficiency
in immunotherapy response [2, 43].

The established clinical impact of HER2-targeted therapy in serous carcinoma
[8, 47].

2.8. Limitations
Several limitations were identified across included studies:

Methodological heterogeneity was common, including variable IHC protocols,
antibody clones, scoring systems, and cut-off thresholds, consistent with prior reviews
of biomarker performance [10, 39]. Limited sequencing validation in many studies may
affect the accuracy of molecular subtype assignment [22, 26]. Population variability,
including geographic and ethnic differences in p53-abnormal and MSI-H frequencies,
remains insufficiently explored [43, 48, 49]. Meta-analysis was not feasible due to
the substantial heterogeneity in biomarker assessment, study design, and reporting
patterns.

2.9. Implications for research
Future studies should focus on:

Standardizing IHC interpretation criteria, particularly for p53, MMR proteins,
and PB-catenin, to reduce interobserver variability [11 ,18].

Expanding genomic sequencing in diverse populations to clarify suspected ethnic
variations in EC molecular profiles [24, 43 49].
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Implementing Al-assisted digital pathology for quantitative biomarker
assessment [6].

Designing biomarker-driven clinical trials to evaluate tailored therapies, including
HER2-targeted and immunotherapy regimens [2, 8].

2.10. Implications for clinical practice
The clinical utility of these biomarkers is substantial:

Incorporating IHC surrogates (p53, MMR, ER/PR, HER?) into routine diagnostics
supports rapid and accurate molecular classification aligned with TCGA [33, 39].

MMR and PD-L1 testing enhances identification of candidates for immunotherapy,
now a standard component in the management of MMR-deficient EC [2, 22].

HER?2 testing is increasingly crucial in high-grade serous carcinoma, enabling
targeted treatment strategies with demonstrated benefit [8, 47].

Identification of POLE mutations supports therapy de-escalation in selected
patients with excellent prognosis [16, 23].

2.11. Conclusions

The integration of immunohistochemical and molecular biomarkers into contemporary
EC diagnostics represents a paradigm shift in gynecologic oncology. By linking
traditional morphology with genomic insights, these biomarkers refine diagnosis,
enhance reproducibility, guide tailored therapy, and ultimately improve patient
outcomes. Continued refinement of biomarker assessment and adoption of standardized
molecular classification systems are essential for advancing precision medicine in
endometrial carcinoma.

Conclusions from the systematic review

Immunohistochemical and molecular biomarkers provide essential insights into the
pathogenesis, diagnostic stratification, prognostic assessment, and therapeutic guidance
of endometrial carcinoma. Early alterations such as PTEN and PAX2 loss delineate
the development of atypical endometrial hyperplasia/endometrioid intraepithelial
neoplasia (AEH/EIN), while aberrant p53 expression and HER2 amplification
characterize serous carcinoma and its precursors. The integration of these biomarker
profiles with the TCGA molecular classification enables more precise characterization
of tumor biology, allowing clinicians to tailor management strategies to individual
patient risk.

Predictive biomarkers—including mismatch repair (MMR) deficiency, PD-
L1 expression, and HER2 amplification—have emerged as key determinants of
response to immunotherapy and targeted therapies, marking a significant shift toward
personalized treatment approaches. Although predictive biomarker availability
remains limited, their incorporation into routine practice represents a critical
advancement in precision oncology.
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Despite variability in methodologies across studies, the collective evidence
demonstrates that standardized biomarker assessment improves diagnostic
reproducibility and refines risk stratification. Continued advancements in molecular
diagnostics, integration of genomic data with immunohistochemical surrogates, and
the development of biomarker-driven treatment pathways are essential for further
improving outcomes in endometrial carcinoma.
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Simvastatin, a widely used HMG-CoA reductase inhibitor, has pleiotropic effects on bone
tissue beyond lipid lowering. It promotes osteoblast proliferation and differentiation through
upregulation of BMP-2 and activation of Ras/Smad/Erk signaling, while inhibiting osteoclast
activity via MAPK/AKT and Src modulation. Simultaneously, simvastatin enhances
angiogenesis by increasing VEGF and VEGFR-2 expression, stimulating endothelial
proliferation, migration, tube formation, and pro-angiogenic cytokine release from macrophages.
The combined osteogenic and angiogenic effects facilitate coordinated bone regeneration and
accelerate healing of skeletal defects. These findings highlight the potential of simvastatin as
a pharmacological agent for promoting bone repair and provide a mechanistic framework for
developing therapeutic strategies targeting healing of bone defects.

Key words: Simvastatin, Osteogenesis, Angiogenesis, Bone Regeneration, VEGF, BMP-2

Angiogenesis in bone

One of the fundamental principles underlying each layer of tissue regeneration is the
physiological mechanism that supplies oxygen and nutrients to the tissue and facilitates the
removal of waste products during the process of tissue repair or regeneration. Angiogenesis
is a complex process that is driven by a number of mechanisms. It is a process that is subject
to a number of factors, including factors that are extrinsic to the organism and factors that
are intrinsic to the organism. These factors can be categorised into two groups: promoting
the process of angiogenesis and promoting the formation of new vessels (vasculogenesis).
In the study by Risau et al., the author presents a pioneering analysis of the formation of the
vascular systems during the process of embryogenesis as a dual-stage process [19]. In the
initial phase, the formation of angioblastic cells occurs, which subsequently differentiate
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into endodermal cells. The second stage is the formation of primitive vascular structures
from the angiogenic cells in the vicinity of the site of origin of the tissue. As demonstrated
in the preceding section, the process that leads to vascularisation is characterised by
the formation of new blood vessels. [20-21]. In adults, the process of vasculogenesis is
initiated during the process of wound healing or tumour growth. As stated by Rouwkema
et al., endothelium-specific progenitor cells (EPCs) located on the vessel wall undergo a
process of differentiation, resulting in the formation of primitive endothelial cells (PEC),
which subsequently develop into primitive vascular smooth muscle cells (PVSMC) [22].
Angiogenesis, from another perspective, is the formation of blood vessels in a subject of
advanced age. This process is distinct from the formation of blood vessels in a subject
of younger age, which are typically characterised by the presence of pathological factors.
The process of angiogenesis is driven by various intrinsic and extrinsic factors, including
vascular endothelial growth factor (VEGF), an extracellular matrix-derived growth factor,
and additional growth factors, as well as cytokines, pre-fibroblast cells, stellate cells, and
platelet-derived factors. These factors, in turn, regulate the migration of cells and the
formation of new blood vessels, contributing to the development of neoplastic lesions [2,
3, 4]. Specific cell adhesion molecules and transcription factors, as well as mechanical
forces and vascular regression and remodeling are involved in the subsequent events of
endothelial cell differentiation, apoptosis, and angiogenesis [5, 18].

Alternatively, new blood vessels are formed through a process called
vasculogenesis, without a pre-existing vascular component. Vasculogenesis is
initiated by local differentiation of endothelial progenitor cells, or alternatively, by
the involvement of circulating endothelial progenitor cells (EPCs) in the process [28].
Angiogenesis is maintained and regulated by a variety of growth factors, essentialy
vascular endothelial growth factor (VEGF) group, which are products of inflammatory
cells and stromal cells to induce blood vessel in-growth. It is the primary process of
tissue growth and one of the first processes to occur in tissue repair [9].

Angiogenesis during osteogenesis

There is a indissoluble bond between osteogenesis and angiogenesis during the
process of bone repair. Neovascularization within the bone defects not only provides
nutrients, oxygen, calcium and phosphate but also transports mesenchymal stem
cells to facilitate bone regeneration [27]. Therefore, the development of biomaterials
and pharmacological substances coupling the enhancement of osteogenesis and
angiogenesis has attracted increasing attention in recent years.

Angiogenesis plays a critical role in bone development and regeneration and
is closely coordinated with osteogenesis through complex interactions within the
bone microenvironment [11]. During skeletal development and fracture healing, the
formation of new blood vessels provides both structural support and biochemical signals
that facilitate the recruitment, proliferation, and differentiation of osteoblast precursors
[10]. Among the principal molecular regulators of this process is vascular endothelial
growth factor (VEGF), which promotes endothelial cell proliferation, migration, and
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vascular sprouting, while also influencing the osteogenic differentiation of mesenchymal
stem cells [29]. Hypoxia-inducible factors, particularly HIF-la, represent another
key regulatory mechanism by enhancing VEGF expression under hypoxic conditions
commonly present in developing or healing bone tissue [13]. In addition, endothelial
cells actively contribute to bone formation by releasing angiocrine signals, including
bone morphogenetic proteins (BMPs), which stimulate osteoblast differentiation
and extracellular matrix deposition [16]. This bidirectional communication between
vascular endothelial cells and osteogenic cells establishes a coordinated signaling
network that ensures the synchronization of vascular development and bone formation
during skeletal growth, repair, and regeneration [10].

Angiogenesis and osteogenesis provided by Simvastatin

In recent years, increasing attention has been directed toward the biological effects of
statins beyond their well-established role in lowering serum cholesterol levels. Among
these additional effects, their potential influence on bone metabolism has attracted
particular interest. Early work by Gregory R. Mundy and colleagues demonstrated that
statins stimulate bone formation in vivo in rodent models and increase the volume of
newly formed bone in cultures derived from mouse calvaria. Subsequent studies have
further confirmed the beneficial effects of statins on bone tissue in both in vitro and
in vivo experimental settings [15]. The present study investigates the biphasic, dose-
dependent effect of HMG-CoA reductase inhibition on angiogenesis. The findings
demonstrate that this effect is lipid independent and associated with alterations in
endothelial apoptosis and vascular endothelial growth factor signalling. Statins have
been observed to exert proangiogenic effects at low therapeutic concentrations, while at
higher concentrations, they demonstrate angiostatic properties, which can be reversed
by geranylgeranyl pyrophosphate. At clinically relevant doses, statins have been
observed to modulate angiogenesis in humans via effects on geranylated proteins [29].

Specifically, investigations examining the effects of simvastatin on osteoblastic
differentiation have shown that this statin exerts an anabolic effect on bone, primarily
through the promotion of osteoblast differentiation [32].

Statins, inhibitors ofthe competitive 3-hydroxy-3-methyl coenzyme A(HMG-CoA)
reductase, have been widely used to treat hyperlipidemia and hypercholesterolemia.
It has been demonstrated that statins, including simvastatin, can induce osteoblastic
differentiation of bone marrow mesenchymal stem cells and improve the osteogenesis
of human or animal osteoblastic cell lines [11-13, 23-26]. Moreover, statins have been
demonstrated to enhance angiogenesis through up-regulation of gene expression of
vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (FGF-2)
[33]. Statins stimulate VEGF expression in osteoblasts via reduced protein prenylation
and the phosphatidylinositide-3 kinase pathway, promoting osteoblastic differentiation
[13]. Both VEGF and FGF-2 have been shown to induce BMP-2 expression and
stimulate osteoblast differentiation indirectly. Same study reported that locally
applied simvastatin promoted critical-sized calvarial defects healing by recruitment of
autogenous osteogenic stem cells and endothelial progenitor cells [7].
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Statins act on the mevalonate pathway in osteoblasts and enhance the expression
of the bone morphogenic protein-2 (BMP-2), which is an important growth factor for
osteoblast differentiation. It is believed that BMP-2 upregulation mediates the bone
forming effect of statins. Additionally, statins act on the same pathway upstream of
the bisphosphonates in osteoclasts via the inhibition of 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase, leading to decreased protein prenylation which is
essential for a normal osteoclast function [1].

Over the last decade, increasing attention has been directed toward the local
application of simvastatin due to its pleiotropic effects that extend beyond lipid lowering.
Locally administered simvastatin demonstrates pronounced anti-inflammatory,
osteogenic, angiogenic, and regenerative properties, making it particularly attractive
for applications in tissue engineering, periodontology, bone regeneration, and wound
healing. One of the major advantages of local simvastatin delivery over systemic
administration is the ability to achieve high drug concentrations directly at the target
tissue while minimizing systemic exposure and associated adverse effects. Systemic
simvastatin therapy is associated with dose-dependent risks such as hepatotoxicity,
elevatedliverenzymes, myopathy,andrhabdomyolysis, primarily duetoextensivehepatic
metabolism and systemic circulation. In contrast, local administration substantially
reduces these risks by limiting systemic absorption. Experimental and clinical studies
have demonstrated that locally applied simvastatin stimulates bone formation through
upregulation of bone morphogenetic protein-2 (BMP-2), vascular endothelial growth
factor (VEGF), and osteoblastic differentiation markers. Additionally, simvastatin
suppresses inflammatory cytokines and promotes angiogenesis, thereby accelerating
tissue repair and regeneration. These effects are particularly beneficial in periodontal
defects, extraction sockets, implant osseointegration, and bone healing models.
Another important advantage of local delivery is the possibility of controlled and
sustained release using biomaterials such as hydrogels, scaffolds, nanoparticles, or
collagen membranes. Such systems improve drug retention at the application site
and enhance therapeutic efficacy while avoiding first-pass hepatic metabolism [30-33].

Therefore, local simvastatin administration represents a promising therapeutic strategy
that preserves the beneficial regenerative and anti-inflammatory effects of the drug while
minimizing the systemic adverse reactions commonly associated with oral statin therapy.

It has been demonstrated by Yamashita M et al. that simvastatin exerts its inhibitory
effect on the mRNA expression of the key markers for osteoclastic differentiation,
including TRAP, RANK and cathepsin-K. A novel inhibitory mechanism of simvastatin
on the expression of osteoclast differentiation markers was demonstrated in two
different cell lines. The first cell line was osteoclast-like MLC 6 cells, and the second
was human osteoclast precursor cells. Both of these cell lines expressed BMP receptors
and Smad signalling machinery. The study demonstrated that simvastatin activated
MAPK/AKT pathways and inactivated Src phosphorylation in human osteoclasts
differentiated by M-CSF and RANKL treatments. Bioassays demonstrated that the
inhibition of TRAP and RANK expression by simvastatin was reversed by MAPK/
AKT inhibition, whereas Src inhibitor enhanced simvastatin-induced suppression of
osteoclast markers [30].
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Simvastatin can promote osteoblast viability and differentiation via membrane-
bound Ras/Smad/Erk/BMP-2 pathway. In study by Ho et al. Simvastatin promotes
osteoblast viability and differentiation via Ras/Smad/Erk/bone morphogenic protein
(BMP)-2 signaling pathway. The results of this study demonstrate that simvastatin
stimulation promotes membrane localization and GTP loading of Ras, indicating
activation of small GTPase signaling molecules involved in Ras regulation [8].
Simvastatin treatment was also associated with increased levels of membrane-bound
active phospho-RasGRF1, suggesting that Ras activation may contribute to the
regulation of BMP-2 transcription. Furthermore, the activation of Ras signaling was
supported by the observed up-regulation of downstream signaling molecules, including
phosphorylated Smad (phospho-Smad) and phosphorylated extracellular signal-
regulated kinase (phospho-Erk). Together, these findings indicate that simvastatin
activates Ras-dependent signaling pathways that may regulate BMP-2 expression and
promote osteoblastic activity (Fig.1) [6].

Fig. 1. Immunohistochemistry for BMP-2 and VEGF. Increased BMP-2 and VEGF expression
was observed in the simvastatin-treated groups compared with the control group [28].

Simvastatin has been shown to support BMP-induced osteoblast differentiation
by antagonizing the cytokine-to-MAPK signaling pathway while simultaneously
enhancing BMP—Smad signaling. These mechanisms suggest that simvastatin exerts
dual biological functions in bone metabolism, including anti-resorptive effects on
osteoclasts as well as stimulatory and anabolic effects on osteoblasts. Consequently,
statins with a high affinity for bone tissue may represent promising therapeutic
agents for the prevention or treatment of osteoporosis associated with inflammatory
cytokines [31].

Recent research has elucidated that simvastatin modulates angiogenic processes
that are intrinsically linked to bone regeneration, extending its pleiotropic effects beyond
lipid lowering to the vascular compartment of bone healing. Local administration of
simvastatin has been shown to significantly enhance neovascularization in osteoporotic
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bone, as evidenced by increases in vascular number, volume, and expression of
key angiogenic markers such as vascular endothelial growth factor (VEGF) and its
receptor VEGFR2 in ovariectomized rat models, concomitant with improvements in
bone formation and implant fixation [28]. Moreover, simvastatin’s influence on the
immune microenvironment has been shown to promote proregenerative cytokine
expression, including VEGEF, in macrophages, thereby enhancing angiogenic gene
expression in endothelial cells and suggesting an immunomodulatory mechanism that
supports coordinated angiogenesis and osteogenesis [17]. These proangiogenic effects
are consistent with observations in nonskeletal tissues, where simvastatin increases
endothelial proliferation and tube formation through activation of signaling pathways
such as VEGFR2/Akt/endothelial nitric oxide synthase [14]. Collectively, these
findings support a model wherein simvastatin facilitates bone regeneration not only by
stimulating osteoblastic differentiation but also by enhancing vascular ingrowth through
upregulation of angiogenic signals, thus reinforcing the functional coupling between
angiogenesis and osteogenesis that is critical for effective skeletal repair (Fig.2).

Simvastatin

| |
Osteogenesis Pathway Angiogenesis Pathway

| |
1 BMP-2 expression — Osteoblast differentiation 1 VEGF & VEGFR-2 expression
1 Osteoblast proliferation & viability 1 Endothelial cell proliferation
(Ras/Smad/Erk/BMP-2 signaling) T Migration & tube formation
| Osteoclast activity (TRAP, RANK, Cathepsin-K) 1 Pro-angiogenic cytokines
(MAPK/AKT & Src signaling) (via macrophage modulation)
A\ /
A\ /
--------------- Enhanced Bone Regeneration ---------------
Fig. 2. Simvastatin promotes bone regeneration via dual pathways. On the osteogenic side,
it enhances BMP-2 expression, osteoblast proliferation, and inhibits osteoclast activity. On
the angiogenic side, it stimulates VEGF/VEGFR-2 signaling, endothelial proliferation and

migration, and pro-angiogenic cytokine expression, resulting in coupled angiogenesis and
osteogenesis.
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Conclusion

Simvastatin exerts dual modulatory effects on bone metabolism by simultaneously
promoting osteogenesis and angiogenesis, thereby enhancing bone regeneration.
Mechanistically, simvastatin stimulates osteoblast differentiation and proliferation
through BMP-2 upregulation and activation of the Ras/Smad/Erk signaling pathway,
while inhibiting osteoclast activity via MAPK/AKT and Src signaling modulation.
Concurrently, it enhances angiogenic processes by upregulating VEGF/VEGFR-2
signaling, stimulating endothelial proliferation, migration, tube formation, and pro-
angiogenic cytokine expression. These interconnected pathways underscore the
functional coupling between osteogenesis and angiogenesis, highlighting simvastatin as
a promising pharmacological agent for bone healing and regeneration. The integration
of osteogenic and angiogenic responses provides a robust biological framework for the
development of therapeutic strategies targeting skeletal defects and osteoporosis.
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Metabolic syndrome is a combination of related disorders, such as insulin resistance,
hyperglycemia, dyslipidemia, high blood pressure and abdominal obesity, which significantly
increase the risk of cardiovascular disease and type 2 diabetes. The development of this syndrome
involves the interaction of genetic factors, diet and environment. Physical activity and nutrition
are no less important than pharmacological therapy. Green tea is prepared from leaves which
are subjected to minimal oxidation during processing. It contains bioactive compounds such as
polyphenols, the amino acid L-theanine, caffeine, alkaloids, B vitamins. In the present study,
we summarize the literature data on the role of different components of green tea in the low-
grade chronic inflammation of the intestinal tract, found in metabolic syndrome. The inclusion
of appropriate foods and nutritional supplements, such as green tea and its extract, in the dietary
regimen would inhibit endotoxin-mediated inflammatory reactions, which are the basis of the
metabolic syndrome symptoms.

Key words: Green tea, metabolic syndrome, low-grade chronic inflammation, intestines,
intestinal microbiota

Introduction

Metabolic syndrome is a growing problem in modern healthcare, which also carries
a huge economic burden. It represents a complex of physiological, biochemical,
clinical, and metabolic factors that increase the risk of cardiovascular disease, type
2 diabetes mellitus, etc. It includes a combination of central obesity (abdominal
fat accumulation), hyperglycemia, reduced glucose tolerance, insulin resistance,
hypertension, dyslipidemia (high triglyceride levels, low HDL cholesterol levels)
[16]. The development of this syndrome is determined by the interaction between
genetic factors, diet, and the environment. Although effective clinical, surgical, and
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pharmacological methods have been developed to treat symptoms associated with
metabolic syndrome, these treatments can be expensive and have potential adverse
effects [6, 7, 24]. The development of dietary agents for the prevention or treatment
of one or more of the symptoms of metabolic syndrome, alone or in combination with
lifestyle changes and pharmaceutical agents, could represent a cost-effective and safe
approach to the problem [25].

Green tea is made from the leaves of Camellia sinensis, which undergo minimal
oxidation during processing. It contains bioactive compounds such as polyphenols,
the amino acid L-theanine, caffeine, alkaloids (such as theobromine and theophylline),
and B vitamins. The preventive effects of green tea and its ingredients on metabolic
syndrome are being studied in both animal models and humans.

Effects of green tea on risk factors for metabolic syndrome

With regard to the various risk factors for metabolic syndrome, the ingredients
of green tea have both an independent effect as dietary supplements and a synergistic
effect when green tea is consumed (as a beverage or dietary supplement).

¢ Intestinal microbiota

Metabolic syndrome is a combination of related disorders, such as insulin
resistance, hyperglycemia, dyslipidemia, high blood pressure, and abdominal obesity,
which significantly increase the risk of cardiovascular disease and type 2 diabetes [16].
The development of this syndrome involves an interaction between genetic factors,
diet, and the environment.

One of the key factors in the pathogenesis of metabolic syndrome is low-grade
chronic inflammation induced by the intestinal microbiota.

By altering the composition of the gut microbiota, including an increase in
Akkermansia, green tea reduces inflammatory markers and improves metabolic
parameters [22]. The Firmicutes/Bacteroidetes (F/B) ratio is a measure of the balance
between two dominant types of bacteria in the human gut microbiome. A high ratio
(more Firmicutes) is associated with obesity [29]. L-theanine modulates the gut
microbiota by reducing the Firmicutes/Bacteroidetes ratio, which is associated with
obesity, and increases the concentration of short-chain fatty acids (SCFA), which
support energy metabolism and regulate inflammatory processes in the intestine, as
well as improve insulin sensitivity [13] (Fig. 1).

Changes in bacterial composition and intestinal lumen can induce metabolic
disorders, regardless of caloric intake and body weight [2]. The transfer of microbiota
from obese humans to germ-free mice shows that gut bacteria alone can cause glucose
intolerance, insulin resistance, and vascular dysfunction without changing the body
weight of the animals [33].
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Fig. 1. Changes in the Firmicutes/Bacteroidetes (F/B) ratio

Stojanov, S., Berlec, A., & Strukelj, B. (2020). https://doi.org/10.3390/
microorganisms8111715

* Diet, obesity, and metabolic syndrome

The type of diet, composition, and proportions of the main components of food:
proteins, carbohydrates, and lipids are of great importance for the pathogenesis of
metabolic syndrome.

Green tea has a beneficial effect on metabolic syndrome induced by a high-
calorie diet in mice, as the addition of 2% and 4% significantly reduces weight gain
and lipid mass, as well as reducing inflammatory changes compared to the group fed
only with high-fat diet (HFD). By altering the composition of the gut microbiota,
including an increase in Akkermansia, green tea reduces inflammatory markers and
improves metabolic parameters [22]. The HFD complicates the picture of metabolic
syndrome by activating TLR4-dependent inflammatory pathways and leading to
systemic inflammation, which is associated with visceral hypersensitivity and
changes in metabolism [32]. HFD causes intestinal inflammation, which precedes
and correlates with the development of obesity and insulin resistance, showing that
the interaction between diet and bacteria plays a critical role in metabolic syndrome.
Changes in bacterial composition lead to the activation of inflammatory signals and
changes in the local immune response, which promotes the disruption of glucose
and lipid metabolism [5]. Even short-term exposure to HFD affects immune function
by disrupting macrophage activity, maintaining local inflammation, and enhancing
systemic metabolic effects. Acute dietary changes and associated dysbiosis can rapidly
induce metabolic disturbances and inflammatory responses that undermine normal
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glucose and vascular homeostasis [ 14]. Dysbiosis in a high-fat diet is also characterized
by reduced bacterial diversity, an increased Firmicutes/Bacteroidetes ratio, and an
increase in LPS-producing taxa [5] (Fig. 2).

Fig. 2. Obesity and metabolic syndrome.

Saetang, J., & Sangkhathat, S. (2017). https://doi.org/10.3892/0r.2017.5385

* Catechins and metabolic syndrome

Catechins are monomeric polyphenols characteristic of green tea. They
constitute 25-40% of its dry weight [4, 11]. The most common catechin in green
tea is epigallocatechin-3-gallate (EGCG), which has been found to perform various
biological functions, including antioxidant and anti-inflammatory effects [12]. EGCG
is one of the most potent polyphenolic compounds in green tea due to its effects on
glucose and lipid metabolism and insulin resistance [35]. Li et al. showed that EGCG
alleviates peripheral insulin resistance caused by free fatty acids (FFA) through insulin
signaling and AMPK activation [19]. Many studies have focused on the effects of
purified tea catechin preparations or pure EGCG. It has been found that supplements
of high-fat-fed C57BL/6J mice fed 0.2 and 0.5% tea catechin reduce body weight
gain, visceral fat mass (44—87% reduction), and liver triglycerides (53—75% reduction)
[23, 31]. Treatment with tea catechin also reduced total plasma cholesterol and plasma
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glucose under fasting conditions [23]. Treatment of C57BL/6J mice fed a high-fat diet
with 0.32% EGCG for 16 weeks reduced body weight gain by 33—41% compared to
control groups fed a high-fat diet [3] (Fig. 3).
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Fig. 3. EGCG and metabolic syndrome.

James, A., Wang, K., & Wang, Y. (2023). https://doi.org/10.3390/nu15133022

e (affeine and metabolic syndrome

The best-known molecule in the fruit of coffee plant is alkaloid methylxanthine
caffeine (1,3,7 trimethylxantin) which is a toxin protecting the plant from herbivores
[28]. Caffeine is also found in the leaves of Camellia sinensis, with an average content
of 3.8%, but this can vary depending on the time of harvest, storage, fermentation, and
method of preparation [8].

Caffeine acts as an adenosine antagonist, thereby reducing norepinephrine levels.
At the same time, it inhibits phosphodiesterase and increases protein kinase activity.
The mixture of catechins and caffeine in green tea activates a signaling cascade that
stimulates the sympathetic nervous system, along with hormone-sensitive lipase and
upregulation of uncoupling protein, leading to increased energy expenditure and
fat oxidation [15]. It was shown that caffeine decreased food intake and increased
thermogenesis and this thermogenic effect leads to weight loss. Furthermore, it has been
found that caffeine-induced thermogenesis is synergistically enhanced by catechins in
the adipose tissue of rats [38].

e L-Theanine and metabolic syndrome

L-theanine is an amino acid found in green tea. L-theanine (L-gamma-glutamyl
ethyl amide or N5-ethyl-L-glutamine) is a non-proteinogenic amino acid similar to
L-glutamate and L-glutamine. It is produced by certain plants, such as Camellia sinensis
(the tea plant), as well as by some fungi. As an important component of green tea,
L-theanine has attracted the attention of scientists due to its positive role in metabolic
syndrome.
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L-theanine also modulates the gut microbiota by reducing the Firmicutes/
Bacteroidetes ratio, which is associated with obesity, and increases the concentration
of short-chain fatty acids (SCFAs), which support energy metabolism, regulate
inflammatory processes in the gut, and improve insulin sensitivity [13].

L-theanine exhibits antioxidant and anti-inflammatory properties that can
counteract the low-grade inflammation observed in metabolic syndrome, as well as
in functional bowel disorders [20]. In the gastrointestinal tract, L-theanine enhances
the antioxidant capacity of the intestine via the Nrf2 signaling pathway, which plays
a crucial role in cellular antioxidant defenses. As a regulator of antioxidant genes,
activation of the Nrf2 signaling pathway reduces oxidative stress in intestinal epithelial
cells exposed to the cytotoxic effects of hydrogen peroxide. [20, 26]. In a cellular
model of porcine intestinal enterocytes from the jejunum (IPEC-J2 cells) exposed to
hydrogen peroxide, L-theanine increases the expression of antioxidant enzymes such
as superoxide dismutase and glutathione peroxidase, thereby reducing oxidative stress.

Green tea and its components, including L-theanine, have a direct antibacterial
effect on the gut microbiota by destroying the exopolysaccharides and membranes of
a number of pathogenic anaerobic and Gram-negative gut bacteria: Staphylococcus
sp., Clostridium botulinum, Bacillus cereus, Escherichia coli, Klebsiella pneumoniae,
and Salmonella. [1, 36] Exosome-like nanoparticles derived from tea leaves (TELN),
which contain L-theanine, significantly improve the barrier function of the intestinal
epithelium. [10]. In an in vitro experiment, TELN protect the rat intestinal epithelium
from damage caused by lipopolysaccharides. In an in vivo experiment on stressed rats,
oral administration of TELN improved the barrier function of the intestinal epithelium
by preventing the translocation of bacteria from the intestinal lumen into the submucosa
of the intestinal mucosa. TELN improve the function of the intestinal immune barrier
through the mediation
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Fig. 4. L-theanine in the form of TELN exosomes—nanoparticles in green tea with a protective
effect on intestinal permeability. (Gong et al., 2024). https://doi.org/10.1111/jgh.16714.
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L-theanine affects not only intestinal permeability but also has a positive effect on
resorptive processes in the small intestine. An improved balance of ingested nutrients
is of great importance for metabolic syndrome.

Studies in a mouse model with L-theanine administration at doses of 300 and
400 mg/kg show that L-theanine is also involved in absorptive processes in the small
intestine. Through intercellular signaling mechanisms, it influences the synthesis
of transport proteins in the duodenum and jejunum. By activating the mTOR
(mechanistic target of rapamycin) signaling pathway and the phosphorylation of the
mTOR downstream proteins S6 and S6K1, L-theanine participates in the synthesis
and modulation of a large number of transporters for various amino acids. In this way,
L-theanine improves protein uptake and promotes protein metabolism by increasing
intestinal absorption of amino acids and nitrogen utilization. [21]. An experimental
rat model administered L-theanine at doses of 0, 50, 200, and 400 mg/kg per day for
two weeks also demonstrated its modulatory role in nutrient absorption in the small
intestine. In this experiment, the authors observed inhibition of the expression of
SGLT3 and GLUTS carbohydrate transporters, as well as GPR120 and FABP2 fatty
acid transporters, while the expression of SLC7al and SLC7a9 essential amino acid
transporters was increased. Serum glucose and high-density lipoprotein levels were
also reduced [34]. Fat accumulation in mice is suppressed by the administration of
green tea powder [27], and it is specifically L-theanine that is responsible for this
suppressive effect [38].

Metabolic syndrome is also associated with high levels of stress. Chronic stress
triggers persistent activation of the hypothalamic-pituitary-adrenocortical axis and the
sympathetic nervous system, leading to elevated cortisol levels. In this way, the key
components of metabolic syndrome—central obesity, insulin resistance, hypertension,
and low-grade chronic inflammation—can be triggered. Stress is also a cause of
unhealthy behaviors such as comfort eating and reduced physical activity [37, 38].

L-theanine has a proven calming effect on the nervous system, reducing stress
and anxiety while improving cognitive function and memory. As a dietary supplement,
this amino acid acts as a natural relaxant [18]. Experiments with oral administration of
L-theanine to rats demonstrate its good absorption in the small intestine, and 15 to 30
minutes after administration, between 0.23% and 0.39% of its blood level is detected in
the brain [30]. It has been found that in mice, L-theanine increases serotonin levels and
decreases levels of dopamine, norepinephrine, and corticotropin in the cerebral cortex,
striatum, and hippocampus [17].

Conclusion

Metabolic syndrome, as a borderline condition with various subclinical complications,
is largely influenced by lifestyle. Physical activity and nutrition are no less important
than pharmacological therapy. The inclusion of green tea in the diet would have a
positive effect on the prevention and development of metabolic syndrome due to the
various pathogenetic pathways of action of its components.
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This study presents a brief review of current molecular methodologies used to characterise
some of the most popular gastrointestinal and lung nematodes in various wildlife hosts. Data
from recent scientific developments were systematically compared, focusing on key parameters
such as parasite life stages, host range, DNA extraction protocols, and target genomic regions.
Attention is also given to primer selection and resulting amplicon sizes. Analysis of the compiled
data highlights a primary reliance on ribosomal DNA markers (partial 18S and 28S rRNA
genes, and ITS1-5.8S-ITS2 sequences), the MSP1 gene, and mitochondrial genes (e.g., COI,
12S) for species-level identification. Various PCR-based approaches and extraction techniques
optimised for both non-invasive faecal samples and lung tissue specimens are summarised.
These standardised molecular tools are essential for improving our understanding of nematode
diversity and transmission dynamics, providing a practical guide for wildlife parasitology
research.

Key words: Wildlife diseases, Molecular diagnostics, Gastrointestinal nematodes,
Lungworms, PCR primers

Introduction

Parasitism is a complex interspecific relationship in which one organism, the parasite,
lives on or within another, the host, typically at the host‘s expense [23]. Parasites
can impact their hosts to varying degrees, leading to clinical conditions known as
parasitoses.
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The spread of parasitic diseases, including helminthoses, among wildlife
populations carries significant ecological and economic implications. High parasite
burdens can lead to substantial morbidity and mortality [4, 17]. In subclinical or mild
infections, these diseases often remain asymptomatic or present with non-specific
symptoms such as decreased appetite, weight loss, growth retardation, and reproductive
failure [20, 21]. Collectively, these effects can trigger population declines, resulting
in the loss of biodiversity and negatively affecting the game breeding and hunting
industries. Furthermore, the shared use of habitats by wild and domestic animals
facilitates the interspecific exchange of pathogens [18]. Animal migrations and
translocations also serve as significant drivers for parasite dispersal and the emergence
of novel parasitoses in wild populations [5]. This exchange is particularly pronounced
in zoological gardens, where high animal density and close cohabitation between
diverse species create ideal conditions for transmission [11].

Timely and accurate diagnosis is a cornerstone of effective disease management.
Traditionally, the diagnosis of helminthoses has relied on the morphological
identification of adult specimens. However, diagnostic accuracy based solely on
the morphology of eggs and larvae is often limited and, in some cases, unreliable.
This challenge is further compounded by a frequent lack of morphological expertise
regarding the parasitofauna of exotic and endangered species. According to Gasser
[8], many parasites previously categorised as single species with broad host ranges
have been redefined as complexes of host-specific cryptic species. This distinction is
critical for disease control: a parasite strictly specific to a wild host may pose no risk
to livestock, and vice versa. In such contexts, molecular taxonomy has become an
indispensable tool for differential diagnosis and epidemiological surveillance.

In light of these considerations, the present study reviews molecular research
on some groups of selected nematodes in wildlife, aiming to provide a preliminary
overview that may assist in future investigations.

Relevant literature was retrieved from the Scopus, Web of Science, and Google
Scholar databases. The present study synthesizes data from the reviewed publications,
with key parameters—including sample sources, parasite life stages, and the specific
molecular tools used for identification— systematised and presented in comprehensive
tables.

Molecular studies on lung nematodes

Gajadhar et al. [7] developed the first reliable molecular diagnostic tool to differentiate
morphologically indistinguishable dorsal-spined first-stage larvae (L1) and other
developmental stages of the subfamily Elaphostrongylinae. A PCR assay was designed
to selectively amplify the rDNA ITS2 region. Based on the lengths of the resulting
fragments, the assay successfully differentiated between the genera Elaphostrongylus
and Parelaphostrongylus. While one primer set was capable of distinguishing all three
Parelaphostrongylus spp. in a single reaction, the authors recommended a second
set for routine diagnostic confirmation. Furthermore, two of the three primer sets
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successfully amplified DNA from all six elaphostrongyline species, allowing for the
specific identification of Elaphostrongylus alces and Parelaphostrongylus odocoilei.
However, while E. cervi and E. rangiferi produced distinct fragments, they could not
be differentiated from each other based on size alone. The study demonstrated the
reliability of these primers across all life stages, including L1, L3, and adult worms,
using various nematode, host, and faecal controls.

Lungworm infections are prevalent in North American bighorn sheep (Ovis
canadensis), with Protostrongylus stilesi and P. rushi being the predominant species.
Historically, Muellerius capillaris had only been documented in bighorns from South
Dakota, USA. However, at the National Bison Range (NBR) in Montana, Ezenwa et al.
[6] reported that 100% of surveyed sheep across six sampling periods shed first-stage
dorsal-spined larvae (DSL) morphologically consistent with M. capillaris. In contrast,
Protostrongylus larvae prevalence remained at or below 39%. Using molecular
techniques, the authors confirmed the DSL as M. capillaris, marking the first definitive
record of this parasite in a free-ranging bighorn sheep population outside South Dakota.

Dorsal-spined protostrongylid larvae (Nematoda: Protostrongylidae) were
recovered from the faeces of the endangered pampas deer (Ozoftocerus bezoarticus
celer) in the Campos del Tuya Wildlife Reserve, Argentina [3]. Partial sequences of
the 28S rRNA gene and the ITS2 rDNA region were amplified, cloned, and analyzed.
Phylogenetic analysis of the 28S rDNA sequences indicated a close relationship to
Parelaphostrongylus spp., while ITS2 analysis placed the nematode within a clade
containing both Parelaphostrongylus and Elaphostrongylus spp. Although these
sequences exhibited considerable divergence from known protostrongylids, they
remained most similar to these two genera. Consequently, the authors suggest that
this parasite represents an undescribed species, likely belonging to the subfamily
Elaphostrongylinae.

Lesage et al. [15] conducted pathological examinations of lungs from European
hares in Southeast France. Morphological characterisation of adult male worms was
confirmed via molecular analysis of the 28S (D2 domain) and ITS2 rDNA regions. Two
species were identified: Protostrongylus pulmonalis, which was identical to haplotypes
previously deposited in GenBank, and P. oryctolagi. The latter was identified based on
the morphology of the copulatory bursa, specifically spicule length and gubernaculum
structure. This study represents the first report of P. oryctolagi in both European hares
and rabbits in France.

Pyziel et al. [24] developed a multiplex PCR assay designed to detect and
differentiate Dictyocaulus species in cattle and wild ruminants using both adult and
larval DNA. The assay employed four novel primers targeting species-specific regions
of the ITS2 rDNA, designed from original and GenBank sequence data. Following
amplification of samples from European bison (Bison bonasus), cattle (Bos taurus),
moose (Alces alces), red deer (Cervus elaphus), and roe deer (Capreolus capreolus),
gel electrophoresis revealed three distinct, species-specific bands: approximately 560
bp for D. viviparus, 400 bp for D. capreolus, and 660 bp for Dictyocaulus sp. from
red deer and moose. Notably, D. eckerti (expected at 714 bp) was not observed. This
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multiplex method yielded consistent results across samples from Sweden and Poland,
overcoming the morphological limitations of traditional identification at various life
stages.

Saidi et al. [25] investigated the prevalence and abundance of gastrointestinal
parasites in three antelope species: the dorcas gazelle (Gazella dorcas), the scimitar-
horned oryx (Oryx dammah), and the addax (Addax nasomaculatus). A total of
180 faecal samples were analysed using the Baermann technique for morphological
examination, followed by molecular identification via PCR amplification and
sequencing of the rDNA second internal transcribed spacer (ITS2) region. Two
protostrongylid species, Muellerius capillaris and Neostrongylus linearis, were
identified across all three antelope populations.

Bangoura et al. [1] described a lung nematode infection in a Rocky Mountain
elk (Cervus canadensis nelsoni) from Wyoming, USA, which presented with severe
bronchitis and pneumonia. Numerous large nematodes were recovered from the bronchi
and trachea; female specimens were morphologically and molecularly identified as
Dictyocaulus spp. based on mitochondrial cox/ and 18S rRNA genes. Maximum
likelihood phylogenetic analysis revealed that these parasites formed a subclade with
D. cervi, nested within a larger clade including D. eckerti. Notably, both eggs and
free first-stage larvae were observed within the adult females — a feature previously
undescribed for Dictyocaulus spp. The authors concluded that the infection was caused
by a D. cervi-like lungworm, marking its first report in North America.

Kuchboev and Kriicken [13] characterised the diversity of Metastrongylus spp.
in wild boars and identified the earthworm intermediate hosts contributing to the
parasite‘s life cycle. Following parasitological necropsies, the authors identified three
lungworm species in wild boars—M. pudendotectus, M. salmi, and M. elongatus—which
were confirmed via ITS2 sequencing and phylogenetic analysis. Earthworms collected
from wild boar habitats were screened for larvae, with three of the six investigated
species testing positive for metastrongyloid larvae. While phylogenetic analysis clearly
resolved M. pudendotectus, it provided limited resolution for the other species. The
authors suggest that additional sequence data are required to resolve potential cryptic
species, while deep sequencing approaches could offer deeper insights into species-
specific epidemiology and pathology.

Karaer et al. [12] investigated helminth diversity in captive and free-ranging
mountain gazelles (Gazella gazella) in Hatay, Tiirkiye, while assessing potential
zoonotic risks. A total of 188 fresh faecal samples were analysed using DNA
metabarcoding to determine helminth composition and seasonal diversity. The study
identified eight taxa, two of them — lung nematodes. Significant seasonal variations in
helminth abundance and composition were observed. These findings underscore the
efficacy of advanced molecular techniques in characterising parasite diversity within
wild ungulate populations.

Dictyocaulus spp. recovered from red deer lungs in Spain were identified through
morphological examination and molecular barcoding [10]. The study confirmed the
presence of three distinct genetic groups, supported by significant @, values. While
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D. cervi and D. viviparus exhibited separate matrilineal ancestries, D. eckerti and D.
cervi showed evidence of matrilineal sharing. These findings highlight the necessity of
evaluating potential introgression between the latter two species.

Molecular studies on gastrointestinal nematodes

Despite their public health significance, few ascarid species from wild animals have been
characterised at the molecular level [16]. To address this gap, the authors investigated
the classification and phylogenetic relationships of roundworms from 21 captive wild
animal species by sequencing partial 18S and 28S rDNA, along with the mitochondrial
(mt) 12S gene. Phylogenies were inferred using Neighbor-Joining (NJ), Maximum
Parsimony (MP), and Maximum Likelihood (ML) methods based on both single-gene
and concatenated datasets. Sequence analysis indicated that the 18S region was highly
conserved across all 21 species, whereas the 28S gene exhibited significant interspecific
variability. Divergence levels in the 12S gene suggested both intra- and interspecific
variation. Phylogenetic reconstruction resolved the isolates into two families, four
genera, and seven species, with robust bootstrap support for each clade. Furthermore,
concatenated trees suggested that Baylisascaris ailuri is more closely related to B.
transfuga than to B. schroederi. This study identifies valuable molecular markers for the
classification, phylogenetics, and epidemiological surveillance of ascarids in wildlife.

It remains debatable whether Trichuris trichiura is a multi-host parasite with a
broad taxonomic range or a complex of host-specific species infecting closely related
hosts [9]. To address this, the authors investigated the phylogenetic structure of
whipworms within a multi-species community of non-human primates and humans
in Western Uganda. A novel nested PCR method, applied to non-invasively collected
faecal samples, demonstrated 100% sensitivity and 97% specificity compared
to traditional microscopy. Phylogenetic analysis of the ribosomal DNA internal
transcribed spacer regions (ITS1 and ITS2) revealed three co-circulating 7richuris
lineages. Notably, one group was restricted to humans, whereas another infected
all screened host species, indicating active transmission between wild primates and
humans. These findings suggest that the host range within the genus Trichuris varies,
with some lineages exhibiting strict host specificity and others showing host generality.
Specifically, the identification of a multi-host Trichuris taxon challenges previous
assumptions regarding helminth host-specificity and underscores significant concerns
for both wildlife conservation and public health.

Moudgil et al. [19] performed faecal screening of Asiatic lions (Panthera leo leo)
in an Indian zoo, identifying nematode eggs morphometrically and molecularly as
Toxascaris leonina. Molecular confirmation was achieved via PCR targeting the internal
transcribed spacer (ITS) sequences. Following identification, an anthelmintic treatment
was implemented involving the administration of fenbendazole and ivermectin. The
authors conclude that their study underscores the importance of molecular tools in
validating morphological diagnoses and demonstrates the successful management of
T. leonina in captive Asiatic lions.
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Uakhit et al. [26] investigated the helminth fauna of wolves in Kazakhstan using a
combination of classical parasitological and molecular techniques. The study identified
several taxa, including Echinococcus granulosus, Taenia krabbei, Dipylidium spp.,
Mesocestoides spp., Toxascaris leonina, Trichinella nativa, and Dirofilaria repens.
Prevalence and intensity of infection were evaluated, and helminth identification was
further confirmed through amplification and sequencing of the cytochrome oxidase
(cox1) marker gene.

To assess the prevalence of gastrointestinal parasites in a Chinese zoo, Cai et
al. [2] analysed faecal samples from birds, primates, and non-primate mammals.
Two ascarid species were molecularly characterized; sequence analysis of the ITS2
and cox! regions identified eggs from the African lion (Panthera leo) as Toxascaris
leonina and those from the brown bear (Ursus arctos) as Baylisascaris transfuga. The
authors emphasize that the zoonotic potential of these agents warrants increased public
health attention. Furthermore, these findings provide a theoretical framework for the
development of targeted prevention and control strategies for parasitic diseases in
captive wildlife populations in China.

Parasitic nematodes of the superfamily Ascaridoidea infect a wide range of
vertebrates, with certain taxa, particularly 7oxocara spp., posing significant zoonotic
risks. Kuchboev et al. [14] identified and characterised ascarids from wild and stray
canids and felids in Uzbekistan. Specimens recovered from stray dogs, jackals, and
stray cats were examined via light microscopy and molecular analysis of the partial
ITS1-5.8S-ITS2 rDNA region. Morphological findings identified 7oxocara canis and
Toxascaris leonina in dogs and jackals, while Toxocara cati was identified in cats.
BLAST analysis of the ITS sequences showed 99-100% identity with respective
reference sequences. Maximum likelihood phylogenetic analysis confirmed that 7
canis and T. cati clustered according to their known host families (Canidae and Felidae).
Notably, 7. leonina was partitioned into subclades based on host origin, suggesting a
species complex with distinct host-associated infectivity.

Vafaei et al. [27] investigated the role of wild herbivores as reservoirs for helminth
infections in western Iran, focusing on the goitred gazelle (Gazella subgutturosa, n =
36) and the wild goat (Capra aegagrus, n = 14). Faecal samples were microscopically
screened for gastrointestinal helminth eggs, followed by genomic DNA extraction and
PCR amplification of the ribosomal ITS2 region. Phylogenetic analysis of the resulting
nucleotide sequences confirmed the species identities. The most prevalent circulating
species were Teladorsagia circumcincta, Marshallagia spp., and Nematodirus
oiratianus, all of which were reported for the first time in wildlife from this region.
The authors concluded that these findings underscore the necessity of continuous
parasite surveillance in both wildlife and domestic environments to effectively detect
and manage potentially zoonotic parasitic agents.
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Methodological and genetic parameters

The primary methodological and genetic parameters from the reviewed studies are
synthesized and presented in Table 1 and Table 2. Organised in this manner, the data
may serve as a practical reference for researchers engaged in the molecular identification
of pulmonary and gastrointestinal nematodes in wildlife.

The analysis of the data from the Table 1 shows that recent studies on lung
nematodes cover various wild ungulates, such as deer and musk oxen [7], chamois
and bighorn sheep [1, 6], wild boar [13], and gazelles [14]. Many of these parasites,
especially from the family Protostrongylidae, have life cycles that include intermediate
hosts like snails [7] or earthworms [13]. This requires specific methods to collect and
identify the parasite larvae from the tissues of these invertebrates.

The data show that molecular diagnostics are used for various biological materials.
These include first-stage larvae (L1) from faecal samples [6, 14), third-stage larvae
(L3) from intermediate hosts [7, 13], and adult worms from lung tissue [1, 13]. The
use of L1 from faeces reflects a growing trend toward non-invasive monitoring of wild
animal populations.

DNA extraction protocols and sample preparations also differ depending on the
type of material. In some cases, enzymatic digestion is used, such as extracting L3
from snails using pepsin-HCI [7]. Other studies involve mechanically breaking down
adult worms with micropestles to improve DNA release [1]. The DNA extraction kits
vary as well. For faecal samples, kits for complex materials like GeneMatrix [14] are
used, while for larvae and adults, tissue kits like Nucleon HT [1] or standard Qiagen
kits are preferred [13].

Ribosomal DNA (rDNA) is the main diagnostic marker, with the ITS2 region
being most frequently used to differentiate species within the Protostrongylidae and
Metastrongylidae families [6, 7, 13]. More conservative genes, such as 18S and 28S,
help determine the phylogenetic position of new or unknown parasites [6, 14]. These
markers are also used in metabarcoding studies to analyse parasite communities [14].
Additionally, mitochondrial genes like cox/ and the MSP1 gene are used as markers to
better distinguish between closely related species [1].

The reviewed studies most often use universal primers, such as the NC1/NC2
combination for the ITS2 region, which is widely applied to identify different genera
[6,7,13]. To accurately distinguish species with similar amplicon sizes, specific primer
pairs have been developed. For example, ECP1 and PTP1 are used to differentiate small
lungworms of the family Protostrongylidae [7], while newly designed primers for the
cox] and MSPI genes help identify large lungworms of the family Dictyocaulidae [1].

The size of the amplified DNA fragments is important for diagnostic accuracy.
For example, the ITS2 region varies between species, ranging from 445 bp in
Umingmakstrongylus sp. to 597 bp in Elaphostrongylus sp. [7], which allows for
visual differentiation on a gel. In contrast, the 18S rRNA gene produces much longer
fragments (about 1750 bp) suitable for detailed phylogenetic analysis [1]. The MSP1
markers are shorter (328-393 bp) and are useful for rapid detection [1].
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Table 2 focuses on gastrointestinal nematodes and shows a wide range of hosts.
These include primates and humans [9], zoo animals like pandas and big cats [16],
and wild ruminants such as gazelles and chamois [27]. Of particular interest is the
identification of Trichuris spp. with zoonotic potential in monkeys and humans in
Uganda [9]. Additionally, there is a first report of a possible 7. ovis infection in long-
tailed macaques in Thailand [22]. These findings show how molecular diagnostics can
detect parasite transmission in areas where humans and wildlife live in close contact.

The primary sources of genetic material in these studies (Table 2) are eggs from
faecal samples [9, 22, 27] or adult worms collected after deworming [16]. When
analysing environmental samples like faeces, identifying nematodes from the order
Strongylida is difficult because their eggs look very similar. This makes molecular
markers necessary for accurate species differentiation [27]. In these studies, sample
preparation and DNA extraction are critical to break through the tough egg shells.
A highly efficient method for lysis involves freeze-thaw cycles using liquid nitrogen
and a hot bath [9, 27]. For DNA purification, specialised commercial kits like the ZR
Faecal DNA MiniPrep [9], GF-1 Tissue Kit [22], and QlAamp DNA Stool Mini Kit
[27] are widely used. For adult parasites, a modified phenol-chloroform extraction is
still used to obtain sufficient DNA from tissue [16].

Ribosomal DNA (rDNA) is the main marker for diagnosing gastrointestinal
nematodes. Internal transcribed spacers (ITS1 and ITS2) are preferred because they
vary significantly between species [9, 27]. For broader taxonomic studies, combined
analyses of 18S and 28S rDNA, as well as the mitochondrial 12S gene, are used
[16]. When the ITS2 region fails to amplify, 18S rRNA is a reliable alternative for
confirming the genus [22]. Nested PCR with outer and inner primers is used to increase
sensitivity when DNA concentrations are low [9]. Most authors rely on established
universal primers, such as NC1/NC2 for the ITS region [22, 27], or specific pairs like
18S965F/18S1573R for the genus Trichuris [22]. Using universal primers followed
by Sanger sequencing is a standard approach for distinguishing species that live in the
same area, such as Teladorsagia sp., Marshallagia sp., and Haemonchus sp. [27].

The sizes of the PCR products vary depending on the study ‘s goal. Short fragments
of about 320-330 bp are typical for ITS2 diagnostics [22, 27]. In contrast, nested PCR
protocols generate longer amplicons (between 895 bp and 1088 bp for ITS1), providing
more genetic information for phylogenetic analysis [9]. Variations in 18S rRNA length
(416 to 680 bp) are also used for precise clustering of isolates [22].

The final step in these studies is bioinformatic analysis. Software platforms
like MEGA 11 are used to build phylogenetic trees, often applying the Maximum
Likelihood [22] or Neighbor-Joining methods [27]. To ensure the statistical reliability
of the results, 1000 bootstrap replicates are typically used [22, 27].

Conclusions

The reviewed studies demonstrate that molecular diagnostics have become an essential
tool for identifying both pulmonary and gastrointestinal nematodes in wildlife. While
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traditional morphological methods often struggle with similar-looking eggs and larvae,
molecular markers—particularly the rtDNA (ITS1, ITS2, and 18S) and mitochondrial
genes—provide the precision needed for accurate species differentiation. Key
advancements, such as nested PCR and specialized DNA extraction protocols,
have successfully addressed the challenges of working with low-concentration
environmental samples and robust egg shells. Furthermore, the transition toward
Next-Generation Sequencing (NGS) and metabarcoding marks a significant shift from
studying individual species to analyzing entire parasite communities. These molecular
approaches not only improve diagnostic accuracy but also enhance our understanding
of interspecies transmission and zoonotic risks in regions where humans and wildlife
coexist.
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This study aims to evaluate the relationships between anthropometric parameters and
echocardiographic markers of left ventricular structure and geometry in Bulgarian men with
arterial hypertension. Anthropometric indices reflecting overall and central adiposity were
assessed, and transthoracic echocardiography was used to measure interventricular septal
thickness, posterior wall thickness and left ventricular internal diameter in diastole. Left
ventricular mass, left ventricular mass index, and relative wall thickness were calculated.
Correlation analysis demonstrated significant positive associations between most anthropometric
measurements: particularly body weight, body mass index, waist and hip circumference, and
body surface area as well as echocardiographic indices of left ventricular wall thickness, chamber
dimensions, and myocardial mass. Waist-to-height ratio and body roundness index were also
significantly associated with several echocardiographic parameters. These findings indicate that
anthropometric parameters, especially those reflecting overall and central adiposity, are closely
associated with left ventricular remodeling in men with arterial hypertension.

Key words: Bulgarians, arterial hypertension, cardiac measurements, anthropological
parameters, correlations
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Introduction

Arterial hypertension is one of the most prevalent cardiovascular disorders worldwide
and remains a leading risk factor for cardiovascular morbidity and mortality,
contributing substantially to the development of heart failure, ischemic heart disease,
and stroke [15]. Sustained elevation of arterial pressure imposes chronic hemodynamic
overload on the myocardium, leading to structural and geometric alterations of the left
ventricle collectively described as left ventricular remodeling [5]. These alterations
include increased myocardial wall thickness, left ventricular hypertrophy, chamber
dilatation, and changes in ventricular geometry, all of which have been known to have
independent prognostic significance [11].

Echocardiography is the preferred non-invasive imaging modality for the
assessment of left ventricular structure and geometry, allowing accurate quantification
of interventricular septal thickness, posterior wall thickness, left ventricular internal
diameter from which left ventricular mass, left ventricular mass index, and relative
wall thickness can be calculated [9]. Increased left ventricular mass and abnormal
ventricular geometry have been consistently associated with adverse cardiovascular
outcomes, independent of blood pressure levels and other common risk factors [4].

Anthropometric characteristics have been increasingly recognized as important
determinants of left ventricular remodeling in patients with arterial hypertension [14].
Traditional measures such as body weight, body mass index, waist circumference,
and hip circumference reflect overall and regional adiposity and have been shown
to correlate with left ventricular mass and myocardial wall thickness in hypertensive
populations [7]. Excess adiposity contributes to cardiac structural changes through
complex mechanisms involving increased circulating blood volume, neurohormonal
activation, insulin resistance, and chronic low-grade inflammation [10].

In recent years, novel anthropometric indices, including waist-to-height ratio,
body roundness index, body surface area, and a body shape index, have been proposed
as alternative markers of cardiometabolic risk that may better capture the effects of
body fat distribution than traditional indices [8]. However, the associations between
these newer anthropometric measures and echocardiographic markers of left ventricular
remodeling remain insufficiently studied, particularly in patients with established
arterial hypertension [1]. Moreover, available data comparing the relative predictive
value of classical and novel anthropometric indices for specific echocardiographic
parameters are limited and inconsistent [6].

Furthermore, sex-related differences influence the relationship between
anthropometry and cardiac remodeling. Men with arterial hypertension more frequently
exhibit increased left ventricular mass and larger chamber dimensions compared with
women at similar blood pressure levels [13]. These differences may be attributed
to variations in body composition, fat distribution, and hormonal milieu, as well as
differences in myocardial adaptive responses to pressure overload [12]. Considerable
number of hypertension-focused studies have demonstrated that left ventricular
hypertrophy is highly prevalent in hypertensive men and can be important prognostic
predictor [2].
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Identifying anthropometric parameters that are most strongly associated with left
ventricular wall thickness, chamber dimensions, mass, and geometry may improve
early risk stratification and facilitate the individualized management of patients with
arterial hypertension [3].

The present study aims to evaluate the relationship between anthropometric
parameters and echocardiographic markers of left ventricular structure and geometry
in Bulgarian men with arterial hypertension.

Materials and Methods

The study included 60 male patients with arterial hypertension. The research was
conducted at medical center “Tonus” in the city ot Pazardjik, Bulgaria. The inclusion
criteria for the patients were Bulgarian origin, age between 40 and 70 years, a history
of arterial hypertension (Systolic blood pressure > 140 mmHg and/or Diastolic blood
pressure > 90 mmHg measured on at least two separate occasions) of at least five years
duration, and good pharmacological blood pressure control. Patients with a previous
history of acute coronary syndrome (ACS) were excluded from the study. The study
was perfomed between May 2025 and December 2025.

All patients provided written informed consent following the principles of the
1964 Declaration of Helsinki.

The following four anthropometric parameters were measured: height, body
weight, waist circumference, and hip circumference. All measurements were performed
according to the Martin—Saller methodology. The following anthropometric indexes
— BMI (body mass index), Waist/Hip ratio, Waist/Height ratio, ABSI (a body shape
index), ABSI z-score, BRI (body roundness index) and BSA (body surface area) were
calculated using corresponding formulas, as follows- BMI=weight/height?, ABSI=waist
circumference/BMI?3x height'?, BRI= 364.2- 365.5x\[1-((waist circumfrence/2m)?/
(0.5xheight)?)], BSA=0.007184xHeight""*xWeight®4>.

In all examined patients, a standard transthoracic echocardiographic evaluation
was performed. For the purposes of the study, the following echocardiographic
parameters were optained: interventricular septum thickness in diastole (IVSd), left
ventricular posterior wall thickness in diastole (LVPWd), and left ventricular internal
diameter in end-diastole (LVIDd). In addition, left ventricular mass (LV mass), left
ventricular mass index (LVMI), and relative wall thickness (RWT) were calculated by
the corresponding formulas, as follows- LVM=0.8%[1.04( (IVSd+LVIDd+PWTd)*—
(LVIDA)*)]+ 0.6, LVMI=LVM/BSA, RWT=(2xLVPWd)/LVIDd.

Statistics. Pearson’s correlation was used to assess the correlations between the
variables, and Pearson’s correlation coefficient (PC) was calclated as well. The value
of the coefficient was used to estimate the correlation’s strength: low correlation 0.01—
0.30; moderate 0.30-0.50; strong 0.50—0.70; high 0.70-0.90, and very high correlation
>0.90. A level of statistical significance p < 0.05 was used. Data processing and
statistical analyses were performed using SPSS Statistics version 23.0.
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Results
The obtained results of the studied anthropometric and cardiological parameters are
presented in Tables 1 and 2.

Table 1. Anthropometric parameters in male Bulgarian patients with arterial
hypertension

Parameters N Mean SE SD
WC (cm) 60 109.74 2.19 13.85
HC (cm) 60 107.32 1.63 10.29

Weight (kg) 60 90.45 2.92 18.44

Height (cm) 60 171.42 1.11 7.03

BMI (kg/m?) 60 30.82 0.88 5.56

WHR 60 1.02 0.01 0.08
WHtR 60 0.64 0.01 0.08
ABSI 60 0.10 0.01 0.07
ABSI-z score 60 0.38 0.18 1.13
BRI 60 6.54 0.32 2.04
BSA (m?) 60 2.07 0.03 0.22

WC-waist circumference; HC- hip circumference; BMI- body mass index; WHR ratio-
waist to hip ratio; WHtR waist to height ratio; ABSI- a body shape index,; BRI- body roundness
index; BSA-body surface area.

Table 2. Cardiac parameters in male Bulgarian patients with arterial hypertension

Parameters N Mean SE SD
IVSd (mm) 60 13.75 0.27 1.70
LVPWd (mm) 60 12.60 0.22 1.41
LVIDd (mm) 60 48.87 1.03 6.52
LVmass (g) 60 261.02 12.85 81.28
LVMI (g/m?) 60 125.52 3.88 24.53
RWT 60 0.52 0.01 0.08

1VSd-intraventricular septum in diatole; LVPWd- left ventricle posterior wall in diastole;
LVIDd- left ventricle internal diameter in diastole; LV mass- left ventricle mass; LVMI- left
ventricle mass index; RWT- relative wall thickness

Correlations between Interventricular septum thickness in diastole (IVSd) and some
anthropometric parameters.

Strong positive significant correlations were detected between IVSd on one hand and
body weight (PC 0.517; p < 0.001), WC (PC 0.599; p < 0.001), BMI (PC 0.662; p <
0.001), Waist/Height ratio (PC 0.645; p < 0.01) and BRI (PC 0.662; p < 0.001) on the
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other hand. Moderate positive significant correlations were discovered between [VSd
and HC (PC 0.492; p < 0.001), waist/ hip ratio (PC 0.398; p < 0.001) and BSA (PC
0.455; p <0.001).

Correlations between Left ventricular posterior wall thickness in diastole (LVPWd)
and some anthropometric parameters.

Strong positive significant correlations were observed between LVPWd and body
weight (PC 0.582; p < 0.001), WC (PC 0.605; p <0.001), HC (PC 0.513; p <0.001)
BMI (PC 0.662; p < 0.001), Waist/Height ratio (PC 0.619; p < 0.001) and BRI (PC
0.631; p < 0.001) and BSA (PC 0.527; p < 0.001). A moderate positive significant
correlation was discovered between LVPWd and waist/ hip ratio (PC 0.371; p <0.01).

Correlations between left ventricular internal diameter in diastole (LVIDd) and some
anthropometric parameters

Left ventricular internal diameter in diastole (LVIDd) demonstrated high positive
significant correlations with body weight (PC 0.777; p<0.001) and BSA (PC 0.811;
p<0.001), strong positive significant correlatins with height (PC 0.507; p<0.001),
WC (PC 0.630; p<0.001), HC (PC 0.690; p<0.001), BMI (PC 0.579; p<0.001), and
moderately positive once with waist-to-height ratio (PC 0.428; p<0.01), BRI (PC
0.448; p<0.01) (Table 3).

Table 3. Correlations between some cardiac and anthropometric parameters in Bulgarian
male patients with arterial hypertension.

Anthropometric IVSd LVPWd LVIDd
parameter
r (PC) P r (PC) P r (PC) P
Height -.176 0,278 -.105 0,519 507 0,001
Weight 517 0,001 582 0,001 77 0,001
WC 599 0,001 .605 0,001 .630 0,001
HC 492 0,001 513 0,001 .690 0,001
BMI 662 0,001 .662 0,001 579 0,001
WHR 398 0,01 371 0,02 .146 0,370
WHtR 645 0,000 619 0,001 428 0,001
ABSI -.197 0,222 -.207 0,201 .068 0,676
ABSI z-score .073 0,656 .046 0,779 .046 0,779
BRI 662 0,001 631 0,001 448 0,001
BSA 455 0,003 527 0,001 811 0,001

Correlations between left ventricular mass (LV mass) and some anthropometric
parameters

High positive significant correlations were detected between Left ventricular mass
and weight (PC 0.893; p<0.001), WC (PC 0.782; p<0.001), HC (PC 0.802; p<0.001),
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BMI (PC 0.794; p<0.001) and BSA (PC 0.882 p<0.001). Strong positive significant
correlations were detected with waist to height ratio (PC 0.639; p<0.001) and BRI
(PC 0.663; p<0.001). A moderate positive significant correlation was detected with the
height (PC 0.318; p<0.05) (Table 4).

Correlations between left ventricular mass index (LVMI) and some anthropometric
parameters

High positive significant correlations were detected between Left ventricular mass
index and weight (PC 0.786; p<0.001), WC (PC 0.755; p<0.001), HC (PC 0.709;
p<0.001), BMI (PC 0.770; p<0.001) and BSA (PC 0.763; p<0.001). Strong positive
significant correlations were discovered with waist to height ratio (PC 0.670; p<0.05)
and BRI (PC 0.689; p<0.001). A moderate positive correlation was revealed between
LVMI and W/H ratio (PC 0.359; p<0.05) (Table 4).

Correlations between RWT (relative wall thickness) and some anthropometric
parameters

The relative wall thickness showed a moderate negative significant correlation with
heigh (PC -0.488; p<0.001) only (Table 4).

Table 4. Correlations between LV mass, LVMI, RWT cardiac parameters and some
anthropometric parameters in Bulgarian male patients with arterial hypertension

Anthropometric LV mass LVMI RWT
parameter
r (PC) P r (PC) P r (PC) P
Height 318 0,05 165 0,308 -488 0,001
Weight .893 0,001 .786 0,001 -.161 0,321
WC 782 0,001 755 0,001 -.017 0,919
HC 802 0,001 709 0,001 -.155 0,340
BMI 794 0,001 770 0,001 .073 0,655
WHR 272 0,089 359 0,04 197 0,223
WHtR .639 0,001 670 0,001 156 0,336
ABSI -.074 0,648 -.134 0,410 -.206 0,203
ABSI z-score .043 0,791 .078 0,633 .028 0,866
BRI .663 0,001 .689 0,001 .148 0,362
BSA .882 0,001 763 0,001 -.233 0,147
Discussion

The present study demonstrates significant and clinically relevant associations between
anthropometric parameters and echocardiographic markers of left ventricular structure
and geometry in men with arterial hypertension. These findings highlight the important
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role of body size and adiposity in modulating hypertensive cardiac remodeling and
support the concept that anthropometric characteristics contribute substantially to
myocardial structural adaptation beyond the effects of elevated blood pressure alone.

A consistent positive relationship was observed between traditional anthropometric
measures, including body weight, body mass index, waist circumference, and hip
circumference, and echocardiographic indices of left ventricular wall thickness, such
as interventricular septal thickness and posterior wall thickness in diastole. These
findings align with previous evidence demonstrating that excess body mass is a
major determinant of myocardial hypertrophy in hypertensive patients [7, 14]. The
observed correlations likely reflect the combined impact of increased hemodynamic
load, augmented circulating volume, and obesity-related metabolic and inflammatory
pathways that promote myocardial growth and fibrosis [10].

Left ventricular internal diameter in diastole showed strong correlations with
body weight and body surface area and moderate associations with indices reflecting
central adiposity. This pattern suggests that increased body size in hypertensive men is
associated not only with concentric wall thickening but also with chamber enlargement,
indicative of eccentric remodeling. Such remodeling patterns have been linked to a
higher risk of progression to heart failure and adverse cardiovascular outcomes [5,
11]. The particularly strong correlation between body surface area and left ventricular
internal diameter emphasizes the importance of accounting for body size when
interpreting echocardiographic dimensions [3].

Left ventricular mass and left ventricular mass index demonstrated the strongest
correlations with anthropometric parameters, particularly body weight, body mass
index, waist circumference, hip circumference, and body surface area. These findings
are consistent with prior studies indicating that obesity is a powerful independent
determinant of left ventricular mass in hypertensive individuals [4, 14]. The magnitude
of these associations in the present male cohort suggests that excess body mass may
substantially amplify the structural cardiac effects of arterial hypertension.

In contrast, relative wall thickness showed limited associations with anthropometric
indices, with a significant inverse relationship observed only with height. These findings
suggest that relative wall thickness may be less sensitive to adiposity-related influences
and more reflective of intrinsic ventricular geometry and pressure-loading conditions.
Previous research has indicated that relative wall thickness and left ventricular mass
may vary independently, particularly in individuals with larger body size, which may
explain the weaker correlations observed [5, 9].

The examined anthropological indices waist-to-height ratio and body roundness
index demonstrate significant correlations with several echocardiographic parameters,
whereas a body shape index and its z-score were not significantly related to left
ventricular structure. These findings suggest that not all emerging anthropometric
indices are equally informative in the context of hypertensive cardiac remodeling.
Indices incorporating both body size and central adiposity may better reflect the
hemodynamic and metabolic burden imposed on the myocardium, whereas a body
shape index appears to have limited applicability in this clinical setting [1, 8, 6].
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Hypertensive men are more likely to develop increased left ventricular mass
and altered ventricular geometry compared with women, even at comparable blood
pressure levels [13, 12]. Major hypertension-focused studies have further demonstrated
that left ventricular hypertrophy is highly prevalent in men and represents a strong
predictor of adverse cardiovascular outcomes [2]. The findings of the present study
therefore provide clinically relevant insight into a population at particularly high risk
of hypertensive heart disease.

The results suggest that simple anthropometric measures obtained during
routine examination may provide valuable information regarding the likelihood of
adverse left ventricular remodeling in men with arterial hypertension as a clinical
perspective. Patients with increased body mass and central obesity may benefit from
closer echocardiographic surveillance and more aggressive lifestyle and therapeutic
interventions aimed at weight reduction and cardiovascular risk modification.

The cross-sectional design precludes causal inference, and additional longitudinal
studies are required to determine whether changes in anthropometric parameters directly
influence the progression or regression of left ventricular remodeling. Additionally,
potential confounding factors such as duration of hypertension, type of antihypertensive
therapy, and metabolic variables were not accounted for and may have influenced the
observed relationships. Nevertheless, the consistency and biological plausibility of the
observed associations support the validity of the findings.

Conclusion

Anthropometric parameters are closely related to echocardiographic markers of left
ventricular structure and remodeling in men with arterial hypertension. Measures
reflecting overall and central adiposity, including body weight, body mass index, waist
and hip circumference, waist-to-height ratio, body roundness index, and body surface
area, demonstrated consistent associations with left ventricular wall thickness, chamber
dimensions, and myocardial mass. In contrast, a body shape index showed limited
utility in characterizing hypertensive cardiac remodeling. Relative wall thickness
was largely independent of adiposity-related measures, with height being the only
significant determinant. These findings highlight the importance of comprehensive
anthropometric assessment in the evaluation of hypertensive patients and suggest that
simple, routinely obtained body measurements may facilitate identifying individuals at
increased risk of adverse left ventricular remodeling.
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The human foot is designed for multi-functional performance, providing essential stability
while standing, seamless adaptability to varied terrain, and the mechanical leverage necessary
for movement. Foot characteristics show significant regional and ethnic differences. The
characteristics of the foot change throughout the ontogenetic development. This determines
the different frequency of high and low arch cases in different age groups. Within the Bulgarian
population, the prevalence of low-arched feet (pes planus) is significantly higher in individuals
under the age of 40 compared to those over 40. Furthermore, the incidence of the Greek
foot (Morton’s toe) is lower in the cohort under 40 years of age. Our study shows that foot
morphology in Bulgaria is changing over time. This shift is most evident in men, where younger
generations are more likely to have low arches, significantly changing the balance between
high-arched and low-arched foot types in the population.

Key words: foot, plantograms, foot arch

Introduction

The human foot is designed for multi-functional performance, providing essential
stability while standing, seamless adaptability to varied terrain, and the mechanical
leverage necessary for movement. There is a broad consensus that morphological
variations in anatomical structures directly impact biomechanical function, thereby
predisposing individuals to an increased risk of musculoskeletal pathologies and injury
[14, 17].

Plantograms or foot prints, obtained by inking the plantar surface of the foot or by
using digital plantogrphs, reflect the shape and orientation of this surface of the lower
limb during standing or locomotion. Measurements of various distances, angles, and
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areas on plantograms are considered a simple and objective method for foot typing.

Because foot characteristics are heavily influenced by regional and ethnic factors,
using external population data for local clinical assessments can be problematic [9,
12]. Our study addresses this gap by characterizing the Bulgarian population, where we
observed distinct morphological trends - specifically, a high frequency of the ‘Greek
foot’ variant and a relatively high incidence of high arch foot [2, 6].

The Greek foot, or Morton’s toe, is a morphological variation where the second
digit surpasses the hallux in length. This condition - described by American surgeon
Dudley Morton—is primarily attributed to an abnormally short first metatarsal
(brachymetatarsia) [8].

The characteristics of the foot change throughout the ontogenetic development.
This determines the different frequency of high and low arch cases in different age
groups [13, 15], and such differences have been reported in many populations. Using
these literature data, we also examined the distribution of foot types in different age
groups in Bulgarian population.

Material and Methods

Footprints (plantograms) of randomly selected 210 Bulgarian men and women, without
malformations, surgery or traumas of the foot, aged 18 to 60 years were collected
after their written consent. The female participants were 115, and the male ones —
95. According to their age the participants under 40-years were 125, and these over
40-years age were 85. The study was approved by the Research Ethics Committee at
the Medical University “Prof. Dr. P. Stoyanov” with protocol Ne140/01.07.2021. All
participants filled out a survey in which they also noted their height and weight. The
Body Mass Index (BMI) was calculated based on this data. Each plantogram was
studied using different measurements - Clarke angle (CA), the Chippaux-Smirak Index
(CSI) and the Arch Index (AI).

CA is the angle between the tangent line connecting the most medial points of
the forefoot (1st metatarsal head) and the hindfoot (heel), and the line connecting that
same forefoot point to the deepest part of the arch curve. If the CA value is between
42° and 54° the foot is normal. High-arched foot presents with CA more than 54° and
the low-arched one with CA value less than 41°.

CSI is calculated as the ratio between the minimum midfoot width and the
maximum forefoot width. First, a line is drawn across the widest part of the metatarsals.
A second, parallel line is then measured at the narrowest point of the arch. The index
is defined as the ratio of the arch width to the metatarsal width. In the cases with CSI
between 25% and 45% the foot was considered as normal. If the CSI was more than
45% the foot was described as flat or low-arched foot (pes planus) and when the index
was less than 25% - as high arched foot.

Al represents the ratio of the middle third of the footprint to the total footprint arca
(excluding the toes). To determine this, a longitudinal axis is drawn from the center of
the heel to the base of the second toe. The footprint is then segmented into three equal
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sections by lines perpendicular to this axis. The area of the middle part and the area
of the entire footprint were measure with ImageJ software and Al was calculated The
normal foot was defined by Al scores between 0,21 and 0,28. The high-arched foot had
Al value less than 0,21, and the low-arched foot — more than 0,28.

Cases with a longer second toe and a difference of at least 2 mm with the first toe
on the plantogram were defined as Greek foot or Morton’s toe.

The study participants were first divided by age into two groups: under and over
the age of 40. The average age of each group was respectively 26,5 and 48,8 years.
Each of these groups was subdivided by gender into women and men. The t-test and
chi-square test were used to analyze the data.

Results

We compared the frequency of Greek foot in people under and over 40 years of age,
and we found a significant difference. In the group under 40 years the incidence of
Morton‘s toe was 37.7% but in the group over 40 years it was 49.4%. Statistical
significance was confirmed by chi-square test (p<0.0001).

When analyzing the prevalence of the Greek foot (Morton’s toe) across both age
and gender, our data revealed a significant higher frequency among older cohorts.
Specifically, women over 40 demonstrated a higher prevalence of Morton’s toe compared
to those under 40 (p <0.001). A similar age-related trend was confirmed in men, with the
Greek foot being significantly more common in the over-40 demographic (p < 0.001).
While no gender-based differences were observed in participants under 40, a notable

disparity emerged in
the older group: the
frequency of Greek
foot in women over
40 was significantly
higher than in their
male  counterparts—
exceeding 50%
compared to 32%,
respectively (p <
0.001) (Fig. 1).

We analized the
values of CA, CSI and
Al in both described
age groups. According
to the values of each

Fig. 1. Number of participants by gender and age group, with (M+)
and without (M-) Morton’s toe. <40 — under 40 years of age; >40 -
over 40 years of age. * - statistically confirmed difference
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of the anthropometric indices, the plantograms were divided into three groups: 1)
with normal values, 2) with high foot arch 3) with low foot arch. Statistical analysis
confirmed the difference in the distribution of foot types in the two groups with p<
0.001 in both the t-test and the chi-square test. We found a different ratio of cases of
high and low arch in the two age groups. In the group under 40 years of age, more cases
of flatfoot are observed, and this difference is reported in all three indices (CA, CSI and
Al) with p<0.001 (Fig. 2).

Fig. 2. Number of participants with different foot types (high-arched foot, normal-arched foot,
low-arched foot) in the groups under and over 40 years of age according to used anthropometric
indices (CA, CSI, Al)

We studied the distribution of foot types according to the values of each
anthropometric index by gender in both age groups. Statistical analysis using the chi-
square test confirmed significant differences in the distribution of foot types across age
groups for both sexes. While this age-related variation was evident in both cohorts, it
was more pronounced in men (p < 0.001) than in women (p < 0.01) (Fig. 3).

We analyzed the constitutional characteristics of the participants using height,
weight, and BMI data. Independent t-tests revealed no statistically significant
differences (p > 0.5) between the male and female cohorts across these metrics.

Discussion

Our data show that the anthropometric indicators characterizing the foot in the
Bulgarian population are not static. The shifting distribution of foot types across
different age groups highlights a distinct morphological trend, particularly among men.
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Fig. 3. Number of participants with different foot types according to used anthropometric
indices (high-arched foot, normal-arched foot, low-arched foot), grouped by age and gender.
* - statistically confirmed difference with p<0,01; ** - statistically confirmed difference with
p<0,001.

Notably, younger male participants show a higher prevalence of low arches, resulting
in a significant shift in the ratio between high-arched and low-arched individuals
compared to older cohorts. The data should also be interpreted with the knowledge that
in general the arches of the foot decrease with age within the framework of individual
lifespan. This decrease according to literature data is particularly pronounced in the
female gender, where it is associated with pregnancy and hormonal changes during the
woman'‘s life, as well as with socio-economic factors, such as the type of shoes [7, 10
11]. However, in the Bulgarian women population over 40 years of age, the frequency
of flat feet is not higher compared to the group under 40 years of age.

The formation of the arches of the feet occurs during the first years of life, and
is completed around 9-10 years of the age (slightly later for boys) [15]. A number
of studies have attempted to answer the question of which factors have the greatest
influence. Most of them assume that barefoot walking is essential in this early childhood
[3]. Furthermore, research comparing orthopedic and regular shoes has reported no
significant impact of either footwear type on the eventual height of the foots arch [16].

Undoubtedly, socio-economic factors, such as living in the city or in the
countryside, such as walking style and shoes worn in early childhood, such as the
terrain on which one walks, have their importance in the formation of different foot
types and the frequency of high and low arches in the population. These factors
complement hereditary and genetic ones. The latter are unclear, and it is assumed that
they act through a complex inheritance mechanism [5].

Our data clearly show that the hereditary factors act and modify the frequency of
foot types in the Bulgarian population. If the cases of high and low arch are the result
of a combination of external and internal factors, then the frequency of Greek foot
depends only on genetic ones [1].

Data on the distribution of foot types in a population are important for sports
medicine, physiotherapy, orthopedic practice and for industries such as footwear
manufacturing [4]. Due to the complex set of social, economic and genetic factors that
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determine the formation of the arches of the feet, significant regional, geographical,
ethnic and racial characteristics are observed. This does not allow the free use of data
obtained in the study of one population to characterize another and determines the need
for local studies as ours.

Conclusions

1. Within the Bulgarian population, the prevalence of low-arched feet (pes planus) is
significantly higher in individuals under the age of 40 compared to those over 40.

2. The incidence of the Greek foot (Morton’s toe) is lower in the cohort under 40 years
of age

3. Bulgarian males exhibit more pronounced shifts in anthropometric foot indices
when comparing age groups under and over 40 years.
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Existing classifications of the different variations of the celiac trunk confirm that its absence
is the rarest of them, occurring in a very small percentage according to different authors. A
cadaver examination of a 71-year-old male revealed the independent separation of three arteries
from the abdominal aorta: the left gastric artery (LGA), which gave rise to the replaced left
hepatic artery (rLHA), the splenic artery (SA), and the hepatomesenteric trunk (HMT), which
split into the superior mesenteric artery (SMA) and the replaced right hepatic artery (rRHA).
The dissected cadaver was donated to the Department of Anatomy, Histology and Embryology
for educational purposes. Understanding variations in the celiac trunk is of significant clinical
importance when performing surgical procedures in the field of abdominal vascular surgery.

Key words: absent celiac trunk, variations, cadavers

Introduction

The classical anatomy of the celiac trunk (CT) is typically described as a trifurcation into
the left gastric (LGA), splenic (SA), and common hepatic (CHA) arteries [13]. However,
the complete absence of a typical celiac trunk is an exceptionally rare vascular variation.
Current literature reports a very low incidence of this variation, with documented values
ranging from 0.24% to 0.76% [5, 8, 12]. Triantafyllou et al. [14] noted an incidence
of 0.43%, observing that this condition is significantly more prevalent in radiological
imaging studies compared to cadaveric dissections. According to Bergman [16], the
incidence of a missing celiac trunk varies between 0.1% and 4%. In such cases, the
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arterial origins shift significantly: the CHA may arise from the superior mesenteric artery
(SMA), while the LGA and SA originate independently from the aorta; alternatively,
the SA may arise from the SMA. To further categorize these branching patterns, Mao et
al. [6] proposed a classification into five distinct types based on the origin of the three
main branches and the SMA. According to this framework, a celiac trunk is considered
absent when no single trunk contains at least two of its primary branches. The types are
defined as follows: Type I: Independent origin of LGA, CHA, SA, and SMA from the
aorta; Type II: Presence of a hepatomesenteric trunk (HMT) with independent LGA and
SA; Type III: A splenomesenteric trunk (SMT) with independent LGA and CHA; Type
IV: A gastromesenteric trunk (GMT) with independent CHA and SA; Type V: Any other
variation meeting the criteria for CT absence.

Case Report

During routine anatomical dissection of a 71-year-old male cadaver, a rare vascular
configuration was identified, characterized by the complete agenesis of the celiac trunk.
The left gastric artery (LGA) and the splenic artery (SA) arose independently from
the abdominal aorta. The common hepatic artery was absent. Instead, a split hepatic
supply was observed: a replaced left hepatic artery (rLHA) arising from the LGA
and a replaced right hepatic artery (rRHA) originating from the superior mesenteric
artery at the level of the middle colic artery. The LGA, measuring 7 mm in diameter,
originated directly from the abdominal aorta at the level of Th12, subsequently giving
rise to the replaced left hepatic
artery (rLHA), and then coursed to
the lesser curvature of the stomach.
The SA, with a diameter of 9 mm,
arose from the abdominal aorta at
10 mm from the LGA. The HMT is
8.5 mm in diameter and originated
from the abdominal aorta 5 mm

Fig. 1. Anatomical dissection of the
supracolic compartment demonstrating
the absence of a common celiac
trunk. AA: abdominal aorta; LGA:
left gastric artery; rLHA: replaced
left hepatic artery; SA: splenic artery;
HMT: hepatomesenteric trunk; rRHA:
replaced right hepatic artery; CA: cystic
artery; SMA: superior mesenteric
artery; MCA: middle colic artery; IA:
intestinal artery; L: liver; LC: left crus
of diaphragm; TC: transverse colon.
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Fig. 2. Schematic representation of the
dissected cadaver showing the celiac trunk
variation. AA: abdominal aorta; LGA:
left gastric artery; rLHA: replaced left
hepatic artery; SA: splenic artery; HMT:
hepatomesenteric trunk; rRHA: replaced
right hepatic artery; CA: cystic artery; SMA:
superior mesenteric artery; MCA: middle
colic artery; IA: intestinal artery.

inferior to the origin of the SA. At 11
mm from its origin, the HMT gave off
the replaced right hepatic artery (rRHA,
7.5 mm) and continued as the SMA. In
summary, the absence of the celiac trunk
was represented by the following vessels:
rLGA+LHA; SA; HMT, which gave rise
to the rRHA and SMA (Fig. 1, Fig. 2).

Discussion

The vitelline arteries, which are pairs of vessels responsible for supplying the yolk sac,
gradually merge and form the arteries located in the dorsal mesentery of the intestine.
In adults, these are the unpaired branches of the abdominal aorta - the celiac trunk, the
superior mesenteric artery, and the inferior mesenteric artery. These vessels supply the
anterior, middle, and posterior parts of the intestine, respectively. During embryological
development, various anatomical variations of these vessels may occur [10].

This specific configuration, characterized by a hepatomesenteric trunk alongside
independent aortic origins of the left gastric and splenic arteries, is exceptionally rare.
Mao et al. reported a prevalence of only 0.36% (9 cases) in their extensive study [6]
Although rare, this configuration of the celiac trunk was also reported by Ramanand et
al. [9] and Hemalini et al. [2]. Ye etal. [18] described the same type of variation — LGA,
SA, and HMT, with the difference that they identified an accessory left hepatic artery
(aLHA) branching from the LGA. Unlike the authors mentioned above, in our case
there was agenesis of the celiac trunk and an absent common hepatic artery (CHA).
Replacement branches separating from the LGA and the SMA take over its function.

A similar variation was described by Zhang et al. [19], in which the LGA, SA,
and gastroduodenal artery (GDA) originated directly from the abdominal aorta (AA)
in the absence of the CHA. In their report, the replacement left hepatic artery (rLHA)
branched from the LGA, and the replacement right hepatic artery (rRHA) originated
from the SMA, which is completely consistent with our findings. Sheta [11] also
identified cases with altered configuration of the celiac trunk and variable pattern of
the hepatic arteries. In his first case, the SA arose directly from the AA, while the
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RHA and SMA branched from a common trunk. In the second case, the SA originated
from the AA, and the CHA and SMA emerged from a common hepatomesenteric trunk
(HMT), with the CHA branching into four segments: RHA, LHA, MHA, and GDA.
Although Michels and Hiatt’s classifications described hepatic variations in detail, they
did not include cases of complete agenesis of the celiac trunk. Our case corresponded
to Type IV (double replacement hepatic supply), but with atypical direct separation of
the LGA, SA, and SMA from the aorta [7, 3]. Tiirky1lmaz et al. [17] reported a double
replacement blood supply combined with an additional left hepatic artery (a LHA)
from the aorta and GDA from the splenic artery —a configuration present in only 0.21%
of cases and classified by them as type IV a.

A similar rare clinical case of the celiac trunk and common hepatic artery was
published by Bulgarian authors, with the difference that there was a common hepatic
artery that gave rise to the left hepatic artery (LHA), middle hepatic (MHA), right
hepatic (RHA), cystic (CA), right gastric (RGA), and gastroduodenal arteries (GDA).
The celiac trunk is also subject to variation [15]. Notably, despite the documented cases
in neighboring regions like Romania and Moldova [4, 1], to the best of our knowledge,
this is the first reported case of a absent celiac trunk within the Bulgarian population.

These rare cases reveal the great variety of arterial patterns in celiac trunk absence,
highlighting the need for detailed morphological analysis.

Conclusion

Understanding the variations in the celiac trunk is of great clinical importance in
abdominal surgical procedures such as liver transplantation, acute mesenteric occlusion,
laparoscopic surgery, and in radiological procedures (interventional angiography and
computed tomography) in the upper abdomen.
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The study aimed to analyze acute injuries and their localizations amongst people practicing
CrossFit and provide some guidelines and possibilities for prevention. The research included
54 participants practicing CrossFit in Bulgaria. The participants filled out a questionnaire,
which included open and closed questions about type, severity, location, and the reasons for the
appearance of injuries. The results showed 61 acute injuries among the participants. The most
prevalent injuries for both sexes were the lumbar spine (24.6%), knee (16.4%) and shoulder
(14.8%). Slight injuries (29.5%) and minimal injuries (27.9%) were the most frequently
reported. The main reasons for the injuries were overtraining (42.9 %) and fatigue (36.4 %).
Most participants (74.1%) had not trained with a licensed CrossFit instructor, and 66.7% had
not taken precautions. The distribution of the injuries according to their number and location
was similar to the one described in the scientific literature.

Key words: CrossFit, musculoskeletal injuries, acute injuries, anatomical locations

Introduction

Approximately 74% of all athletes who practice some sport (even unprofessionally)
suffer a moderate or severe injury yearly [8]. CrossFit is often associated with a risk
of musculoskeletal injuries as a result of the high intensity of the training load [15]
and the complexity of execution of the training sets of exercises in combination with
little or no breaks between the sets [18]. Weisenthal [22] provides the following
definition of musculoskeletal injuries in CrossFit: “any muscle, tendon, bone, joint,
or ligament injury sustained while doing CrossFit that resulted in your consultation
with a physician, or health care provider, and that caused you to stop or reduce your
usual physical activity, your typical participation in CrossFit, or caused you to have
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surgery.” In sports practice, to prevent injuries, warm-up and stretching exercises are
done before the main load [13] which aims to increase the range of motion, activate
blood circulation, and prepare the muscles and joints for the forthcoming load [9]. The
specialists in CrossFit emphasize instructors’ competence and their personal work with
athletes in injury prevention [12, 20].

This study aimed to analyze acute injuries and their localizations amongst people
practicing CrossFit and provide some guidelines and possibilities for prevention.

Material and Methods

In order to assess the level of injuries in the previous year (12 months), we had the
participants fill out a online questionnaire, which included open and closed questions
about severity, location, and the reasons for the appearance of injuries in the following
anatomical locations: head, neck, shoulder, upper arm, elbow, forearm, wrist and hand,
chest, abdomen, thoracic spine, lumbar spine, pelvis and buttock (bones), hip and groin
(muscles), thigh, knee, lower leg, ankle, foot. Participants could point to more than one
injured location [17, 24, 25]. According to the severity of injuries and the time needed
for recovery, the injuries were divided into slight (1/2 days), minimal (1-3 days),
mild (4-7 days), moderate (8-28 days), and severe (over 28 days) [6]. The study was
conducted in accordance with the principles set forth in the Declaration of Helsinki for
research on humans [23].

For the purposes of the analysis, we used Chi-square and Z-test to determine the
differences in the distribution of injuries, their incidence, location, and severity. We
used frequency analysis as well. The statistical processing of the data was done with
the software package SPSS V.25. The accepted statistical significance level was p <
0.05. In the tables and in the text, the values are presented as numbers and percentages
of total injuries or cases.

Results

The survey was conducted among 54 participants practicing CrossFit in Bulgaria.
Injuries for the study period have been reported by 27 people practicing CrossFit
in their free time - 15 men (mean age 30.8 + 3.53 years), with an average training
experience of 3.6 £ 2.05 years, with an average of 3.7 £ (.75 training sessions per week
and 12 women (mean age 32.9 + 2.03 years), with an average training experience of 3.7
+ 1.12 years, with an average of 3.6 + 0.71 training sessions a week.

The total number of injuries reported by the participants was 61 (Table 1). The
men reported 33, and the women reported 28 acute injuries over a year, without
significant differences between them (p > 0.05). Since we found no significant sex-
related differences in injuries across anatomical locations, we analyzed the data for the
combined group. The distribution of the injuries was relatively equal for both genders.
The men reported injuries in another two anatomical locations - thigh and the forearm.
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The most frequently injured anatomical locations of the whole researched group
were the lumbar spine with 15 injuries (24.6%), the knee with 10 injuries (16.4%),
the shoulder with 9 injuries (14.8%), and the ankle with 6 injuries (9.8%) (Table 1).
The total number of injuries in the anatomical location lumbar spine was significantly
higher than the ones reported in the anatomical locations ankle (p < 0.05), elbow (p
< 0.05), lower leg (p < 0.05), neck (p < 0.05), foot (p < 0.01), thigh (p < 0.05), and
forearm (p < 0.05). Regarding the anatomical location of the knee, we found significant
differences between the injuries reported in this anatomical location and the forearm
(p <0.05).

The slight injuries were the most frequent for the whole researched group -18,
which were significant more than the eight moderate injuries (p < 0.05) and the five
severe injuries (p < 0,01). The women reported 11 slight injuries, significant more than

the eight slight injuries reported by the men (p < 0.05) (Table 1).

Table 1. Most often injured anatomical locations and severity of injuries

Total Men Women
(n=61) (n=33) Z test (n=28)
Anatomical locations N (%) of N (%) of N (%) of
injuries injuries injuries
lumbar spine 15 (24.6%) 8 (13.1%) p>0.05 7 (11.5%)
knee 10 (16.4%) 6 (9.8%) p>0.05 4 (6.6%)
shoulder 9 (14.8%) 5(8.2%) p>0.05 4 (6.6%)
ankle 6 (9.8%) 3 (4.9%) p>0.05 3 (4.9%)
elbow 5 (8.2%) 2 (3.3%) p > 0.05 3 (4.9%)
lower leg 5 (8.2%) 2 (3.3%) p>0.05 3 (4.9%)
neck 3 (4.9%) 1 (1.6%) p>0.05 2 (3.3%)
foot 3 (4.9%) 1 (1.6%) p>0.05 2 (3.3%)
thigh 3 (4.9%) 3 (4.9%)
forearm 2 (3.3%) 2 (3.3%)
Severity of injuries N (%) of N (%) of N (%) of
injuries injuries injuries
slight 18 (29.5%) 7 (11.5%) p <0.05 11 (18%)
minimal 17 (27.9%) 7 (11.5%) p>0.05 10 (16.4%)
mild 13 (21.3%) 9 (14.8%) p>0.05 4 (6.6%)
moderate 8 (13.1%) 6 (9.8%) p>0.05 2 (3.3%)
severe 5 (8.2%) 4 (6.6%) p>0.05 1 (1.6%)

Both genders reported severe injuries (over 28 days) in the anatomical locations
of the lumbar spine. The men also reported injuries in the knee and shoulder. Men
reported moderate injuries (8-28 days) in the anatomical locations of the lumbar spine
(2) and knee (2) and one injury in the anatomical locations of the shoulder and thigh.
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The women reported two moderate injuries in the anatomical locations of the lumbar
spine and knee over the research period. The distribution of the injuries regarding the
other severity types was relatively the same for both genders (Table 2).

Table 2. Injury distribution according to severity and anatomical location

Injured anatomical locations

= g © & E
CrossFit 2 £ 5t = = g T 5 3 5o =
o E 2 £ ] = 2 5 & 2 = &
participants 5 S 2 = < = z = Z £ s
=) 7 = =
1°,3¢,24 28 1¢ 1°, 2¢ b b b I
Male (n=15) 5 TR TIT Iae 1 11> 20 101 lld, 11
a Db 1c b e a b a
Female 22, 2°,1¢, 1b,2¢, 12 2% o0 e 2

(n=12) 19, 1¢ 1 I¢ 10

Legend: slight 2 days symptoms — a; minimal 1-3 days symptoms — b; mild 4-7 days
symptoms — ¢; moderate 8-28 days symptoms — d; severe over 28 days symptoms — e

The leading reason for injuries was overtraining, which differs significantly from
a skipping a warm-up (p < 0.05) and the technical fault (p < 0.01). The accumulation
of fatigue was the next most frequently reported, which similarly differs significantly
from a warm-up (p <0.05) and the technical fault (p <0.05). The researched individuals
were able to give more than one correct answer (Table 3).

Table 3. Reasons for injuries

Reasons Total Men Women
n (%) n (%) n (%)
Overtraining 33 (42.9 %) 18 (54.6%) 15 (45.5%)
Fatigue 28 (36.4 %) 12 (42.9%) 16 (57.1%)
Skipping a warm-up 10 (13 %) 7 (70%) 3 (30%)
Technical fault 6 (7.8 %) 4 (66.7%) 2 (33.3%)

Most of the participants in the research reported they had not used safety measures
(a belt, knee pads, wrist braces, swath) in CrossFit training sessions. Their number was
significantly higher than that of the participants who used safety measures occasionally
(p < 0.05) and that of the participants who used safety measures in each training
session (p < 0.05). (Table 4). Twenty of the researched athletes had not used a licensed
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CrossFit instructor’s services. Their number was significantly higher than those who
trained with a CrossFit instructor (p < 0.05) (Table 4).

Table 4. Safety measures and training sessions with an instructor

Safety Measures :(();21) Ii\/;f/:) ‘ZO(I:/I:)H
Do not use 18 (66.7%) 8 (44.4%) 10 (55.6%)
Occasionally 4 (14.8%) 2 (50%) 2 (50%)
Use 5 (18.5%) 5 (100%)
Training session with an instructor Total Men Women
n (%) n (%) n (%)
No 20 (74.1%) 13 (65%) 7 (35%)
Yes 7 (25.9%) 2 (28.6%) 5(71.4%)

Discussion

The summary analysis of traumatism in power sports is 1-2 injuries per athlete a year
or 2-4 injuries per 1000 training hours [14]. The average number of injuries among the
participatnts in our survey was 1.1 annually.

The most common acute injuries in both sexes were those in the lumbar spine
(24.6%), knee (16.4%) and shoulder (14.8%) (Table 1), similar to the injuries found in
other CrossFit athletes [5, 15, 22]. The injuries in the anatomical location of the shoulder
most often appear as a result of gymnastics exercises, and those in the anatomical
locations of the lumbar spine and knees — as a result of the strength exercises [7, 10, 15].

Pain in the lumbar spine is one of the major injuries reported by 32% of active
athletes [1]. It could be provoked by insufficiently developed muscles, an impaired
technique of execution of the movements, overtraining, abrupt or twisting movements,
weight lifting, and holding a static, strenuous posture for a more extended period [11].
Some of the exercises used in CrossFit training sessions that could lead to injuries in
the area of the waist are deadlifts, squats, medicine ball throws, and variations in the
execution of abdominal crunches.

The knee is another very often injured location in sports because knees take part in
executing many multi-joint movements and functional loads. A survey on traumatism in
sports [ 12] found that injuries in the anatomical location of the knee were approximately
15% of all CrossFit injuries. Knee injuries due to CrossFit training sessions can often
be provoked by the execution of various squats, step-ups, leg extensions, box jumps,
and running.
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The shoulder was the third most often traumatized anatomical location in our
study (Table 1). Shoulders play a crucial role in executing various complex multijoint
exercises performed with a significant amplitude and rotation, holding the weight or
achieving stability in a particular phase of the execution of the exercise [4]. Exercises
such as snatch and muscle-ups increase the risk of injury due to the high compression
the movements exert on the supporting shoulder joint [16]. Almost all CrossFit
exercises include those with shoulder strain. Combined with the longer duration of
the training and shorter rest and recovery periods, CrossFit increases the risk of injury
[5]. Although the training of elite athletes in CrossFit includes up to 7 workouts per
week lasting up to 2-3 hours, the injury to the shoulder joints is no different from that
of other sports [22]. Other CrossFit exercises that can provoke pain in the shoulders
and the rotation cuff are throwing exercises, shoulder fly’s, rope slams, pullups, bench
presses, and shoulder presses.

The ankle injuries (9.8%) were the next most frequent among the groups we
researched (Table 1). Many sets of CrossFit exercises are related to landing after a
jump, a subsequent rotation, and a twist in the ankle joint when performing gymnastics
exercises [3]. The fast and frequent change of direction requires strength, stability,
and mobility of the ankles. Improper technique, overtraining, and insufficient balance
when running various distances, box jumps, lateral agility drills, and others may also
provoke ankle injuries.

The injuries in the anatomic location of the elbow take from 3™ to 5" place (up
to 12% of the total injuries) in frequency in CrossFit [19]. They took the 4™ place
in the group we researched, with a total of 8.2% of the injuries (Table 1). During
CrossFit training sessions, elbows usually perform repetitive movements, which can
be dynamic when flexing the elbow joint or static when holding and carrying weights.
The injuries in this anatomical location appear due to overtraining, hyperextension,
or because of another injury (a hit, for example). They are often provoked when
performing gymnastics exercises and movements from Olympic weight lifting [19].

The researched men and women reported 61 injuries over the research period.
Regarding the severity of injuries, slight injuries (29.5%) and minimal injuries (27.9%),
requiring shorter recovery periods, were the dominant ones (Table 1).

The primary reasons for the injuries were overtraining (42.9%) and fatigue in
36.4% ofthe cases of traumatism (Table 3). One ofthe leading causes of musculoskeletal
injuries in CrossFit is the extensive training loads that exceed the athlete‘s capacity [2].

Most of the CrossFit athletes we researched did not use safety measures (66.7%)
and did not train with a licensed CrossFit instructor (74.1%) (Table 4). The role of
CrossFit instructors is to observe the adequate and dosed load during training [12, 20,
21], especially for beginners practicing CrossFit less than a year and less than three
workouts per week, to prevent injuries [12].

We recommend that CrossFit training sessions emphasize the gradual development
of the motor qualities of strength and endurance, which will ensure the optimal time for
the organism to get ready for the continuous increase in the intensity of the workload.
That requires the stricter observation of the principle of progressive overload, which
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enables the organism to adapt adequately to the increasing load requirements. The
pain appearing in some anatomic locations should not be neglected but be perceived
as a limiting factor. When it is impossible to work with a particular daily intensity,
training should be reduced to the state adequate to the momentary functional state of
the organism, especially in group training sessions.

Conclusions

The number and location of injuries among athletes in this study is similar to that
described in the scientific literature for CrossFit athletes. The severity of injuries
in our study group was low. Further research among CrossFit practitioners is highly
recommended to prevent musculoskeletal injuries regarding using protective equipment
(such as belts, knee pads, shoulder protectors, etc.), proper warm-up and stretching,
and training sessions with a licensed instructor.

Limitations

The limitations of this study include the small sample size and the study’s
retrospective nature based on self-reported data. In its current form, this questionnaire
study provides indicative data on injuries in this sport. Further standardized and more
extensive studies are needed to provide sufficient data on injuries suffered by CrossFit
practitioners to take adequate measures to reduce them.

References

1. Alekseyev, K., A. John, A. Malek, M. Lakdawala, N. Verma, C. Southall, A. Nikolaidis, S.
Akella, S. Erosa, R. Islam, E. Perez-Bravo, M. Ross. Identifying the most common CrossFit
injuries in a variety of athletes. — Rehabil Process Outcome. 9, 2020, eCollection 2020

2. Bergeron, M. F., B. C, Nindl, P.A. Deuster, N. Baumgartner, S.F. Kane, W. J. Kraemer,
L. R. Sexauer, W. R. Thompson, F. G. O’Connor. Consortium for health and military
performance and American College of Sports Medicine consensus paper on extreme
conditioning programs in military personnel. - Curr Sports Med Rep., 10 (6), 2011, 383-9.

3. Caine, D., M. L. Harringe. Epidemiology of Injury in Gymnastics. - In: Gymnastics (eds D.J.
Caine, K. Russell and L. Lim), Lausanne, International Olympic Committee, 2013, 109-124.

4. Campos, Y.A.C., J. M. Vianna, M. P. Guimaries, J. L. D. Oliveira, C. Hernandez-
Mosqueira, S. F. da Silva, P. H. Marchetti. Different shoulder exercises affect the activation
of deltoid portions in resistance-trained individuals. - J Hum Kinet., 75, 2020, 5-14.

5. Carbone, S., V. Candela, S. Gumina, S. High rate of return to CrossFit training after
arthroscopic management of rotator cuff tear. — Orthop J Sports Med, 8 (4), 2020,
eCollection 2020 Apr.

6. Clarsen, B., O. Rensen, G. Myklebust, T. W. Flerenes, R. Bahr. The Oslo Sports Trauma
Research Center questionnaire on health problems: a new approach to prospective
monitoring of illness and injury in elite athletes. - Br J Sports Med., 48 (9), 2014, 754-760.

106



7. Claudino, J., T. Gabbett, F. Bourgeois, H. Souza, R. Miranda, B. Mezéncio, R. Soncin, C.
Filho, M. Bottaro, A. Hernandez, A. Amadio, J. Serrao. CrossFit overview: Systematic
review and meta-analysis. - Sports Med Open., 4 (1), 2018, 11.

8. Daoud, A. 1., G. J. Geissler, F. Wang, J. Saretsky, Y. A. Daoud, D. E. Lieberman. Foot
strike and injury rates in endurance runners: A retrospective study. - Medicine & Science
in Sports & Exercise, 44,2012, 1325-1334.

9. Decoster, L. C., J. Cleland, C. Altieri, P. Russell. The effects of hamstring stretching on range
of motion: a systematic literature review. —J Orthop Sports Phys Ther., 35 (6), 2005, 377-87.

10. Dominski, F., T. Siqueira, T. Serafim, A. Andrade. Injury profile in CrossFit practitioners:
systematic review. - Fisioter Pesqui., 25 (2), 2018, 229-239.

11. Fares, M.Y., J. Fares, H. A. Salhab, H. H. Khachfe, A. Bdeir, Y. Fares. Low back pain
among weightlifting adolescents and young adults. - Cureus., 12 (7), 2020, €9127.

12. Feito, Y., E. K. Burrows, L. P. Tabb. A 4-Year analysis of the incidence of injuries among
CrossFit-trained participants. - Orthop J Sports Med., 6 (10), 2018, eCollection 2018 Oct.

13. Fradkin, A., B. Gabbe, P. Cameron. Does warming up prevent injury in sports?. - Journal
of Science and Medicine in Sport, 9 (3), 2006, 214-220.

14. Keogh, J., P. Winwood, The epidemiology of injuries across the weight-training sports. -
Sports Med. , 47 (3), 2017, 479-501.

15. Klimek, C., C. Ashbeck, A. J. Brook, C. Durall. Are injuries more common with CrossFit
Training than other forms of exercise? - J Sport Rehabil., 27 (3), 2018, 295-299.

16. Kolber, M.J., K. S. Beekhuizen, M. S. Cheng, et al. Shoulder injuries attributed to
resistance training: a brief review. - J Strength Cond Res, 24 (6), 2010, 1696—1704.

17. Konchev, M., D. Zaykova. Epidemiology of injuries of the Bulgarian national team
of Olympic weightlifting. — Journal of Environmental Protection and Ecology, 24 (1),
2023, 17-26.

18. Kozub, F. M. Using the snatch and CrossFit principles to facilitate fitness. - JOPERD, 84,
2013, 13-16.

19. Nicolay, R. W., L. K., Moore, T. D. DeSena, J. S. Dines. Upper extremity injuries in
CrossFit athletes - a review of the current literature. - Curr Rev Musculoskelet Med., 15
(5), 2022, 402-410.

20. Tibana, R. A, N. M. F. de Sousa. Are extreme conditioning programmes effective and safe?
A narrative review of high-intensity functional training methods research paradigms and
findings. - BMJ Open Sport Exerc. Med., 4 (1), 2018, e000435.

21. Waryasz, G., V. Suric, A. Daniels, J. Gil, C. Eberson. CrossFit® instructor demographics
and practice trends. - Orthop Rev (Pavia), 8 (4), 2016, 6571.

22. Weisenthal, B. M., C. A. Beck, M. D. Maloney, K. E. DeHaven, B. D. Giordano. Injury rate
and patterns among CrossFit athletes. - Orthop J Sports Med., 2 (4),2014, eCollection 2014 Apr.

23. World Medical Association, Declaration of Helsinki - Ethical principles for medical
research involving human subjects. — WMJ, 54 (4), 2008, 122-125.

24. Zaykova, D., M. Konchev. Injury profile of Bulgarian male Olympic weightlifters. - Series
on Biomechanics, 37 (1), 2023, 25-30.

25. Zaykova, D., M. Koncheyv, L. Yanev, L. Dimitrova. Epidemiology profile of injuries of elite
and sub-elite male artistic gymnasts in Sofia, Bulgaria. — Proceedings of the International
Scientific Congress ,, Applied Sports Sciences “, 2, 2022, 23-30.

107



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

Acta Morphologica et Anthropologica, 33 (1-2)
Sofia @ 2026

Relationships between Body Proportions and Maximal
and Relative Strength in Strength Sports

Valentin Panayotov'”, Krassimir Petkov’, Rasho Makaveev’

'Department Weightlifting, boxing, fencing and sports for all, National Sports Academy, Sofia,
Bulgaria

’Department Weightlifting, boxing, fencing and sports for all, National Sports Academy, Sofia,
Bulgaria

3Department Wrestling and judo, National Sports Academy, Sofia, Bulgaria

*Corresponding author e-mail: v.panayotov(@nsa.bg

This study explores the relationships between some specific body proportions and maximal and
relative strength of lower extremities, measured by 1 repetition maximum (RM) in a classic
resistance exercise — the back squat. 42 athletes in total participate in the study. They were
competitors at the national level in bodybuilding, powerlifting and Olympic weightlifting.
Linear regression equations were estimated between three relative body measures (Height
seated/Height, Length of lower extremity/Height and Height/Thigh circumference) and maximal
and relative strength in the back squat. All studied variables reached statistical significance in
the models except for height/thigh circumference as a predictor of relative squat strength. The
studied relative body measures proved to be reliable predictors of strength and relative strength
abilities of lower extremities. These results can find practical application in the process of sports
selection and specialization in strength sports.

Key words: maximal strength, strength sports, bodybuilders, powerlifters, Olympic
weightlifters

Introduction

Bodybuilding, powerlifting and Olympic weightlifting are popular under the common
name of strength sports. Resistance training is one of the oldest sports disciplines.
Ancient Egyptians, Greeks and Romans exercised with heavy objects to develop their
strength. Many artefacts prove that ancient warriors regularly performed strength
exercises and participated in strength tournaments. Athletes in the early Olympic
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Games in Ancient Greece also used resistance movements. Weights were used not only
for strength demonstrations but also in some track and field disciplines — for example,
long jumps were performed while athletes held a weight, which had to be thrown back
an instance before landing [21]. All strength sports use similar training means: different
types of resistance exercises [ 14, 15]. However, their training goals and methodologies
are quite different. Bodybuilders aim at achieving muscle hypertrophy, decreasing
subcutaneous fat and modelling symmetric bodies [27]. Olympic weightlifters and
powerlifters use resistance exercises to develop maximal and/or explosive strength and
lift heavier weights [31]. Despite these two sports having similar goals, their training
methodologies differ in many aspects. Powerlifting encompasses muscle efforts that are
positioned on the upper part of the force-velocity curve [1, 34], close to the region of
isometric contractions. On the other hand, Olympic weightlifting competitive exercises
are technically complex and dynamic and require the development of the so-called
strength-speed abilities [30, 35]. Differences in training methodologies of strength
sports are the reason for variations in strength abilities and physical development of
strength athletes [25, 33]. Powerlifters and Olympic weightlifters aim to increase their
strength abilities without gaining excessive body weight [7, 12]. On the other hand,
in bodybuilding, the purpose is to maximize muscle hypertrophy irrespective of the
development of motor abilities [28]. Nevertheless, generally, muscle strength increases
in parallel with muscle size [2, 17]. For these reasons, the three sports are considered
similar not only in training means (resistance exercises) but also in outcomes.

We studied one of the most popular strength training exercise — barbell back
squat. We should mention that Olympic weightlifters and bodybuilders generally use
slightly different technique in the back squat compared to some powerlifters — the
so-called high-bar squat [7, 29. 31]. While back squat is a competitive movement
only in powerlifting, it is strongly correlated to the results in the snatch and clean-
and-jerk and is widely used as an auxiliary exercise in Olympic weightlifting [7, 22].
Results in the squat may seem unimportant for bodybuilders at first glance, as judges
assess them based on their visual appearance rather than motor abilities. However, this
exercise is one of the most potent means for building muscle size and is widely used
in many bodybuilding training routines. As all experienced athletes in strength sports
are proficient in the different versions of squat, in this experiment, we standardized the
technique for all participants — we used “high bar” squat [26].

The aim of this study was to determine whether some specific relative body
proportions give advantages in low extremities strength in competitive athletes in the
three strength sports. We studied the relationships between some body proportions
and maximal and relative strength measured by the heaviest weight lifted in one of the
most popular strength exercises — the back squat. We expect that our findings will be of
practical use for coaches, especially in the sports selection process.
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Materials and Methods

Participants

The contingent of the study consisted of 42 strength athletes with a competitive
experience at National level. Among them: 14 bodybuilders aged 24.7 + 4.97 years and
sports age (duration of practice in sport) of 7.5 + 4.47 years; 11 powerlifters aged 23.6
+ 3.14 years and sports age of 6.05 £+ 25.37 years; and 17 Olympic weightlifters aged
21.29 + 2.97 years and sports age of 6.56 + 3.92 years. The studies were approved by
the Ethics Commission of the National Sports Academy, Sofia, Bulgaria. The study was
conducted in accordance with the local legislation and institutional requirements. All
subjects gave written informed consent in accordance with the Declaration of Helsinki.

Procedure
We measured 4 anthropometric parameters, all of them body segment lengths. The
measurements were conducted by a standard methodology [24]:

Lengths and circumferences of the body and body segments measured by a
standard anthropometer of Martin type [3] with an accuracy of 0.1 cm:

Height — the distance between the floor and the vertex (the highest point on the
sagital line of the skull) while the participant is barefoot and standing upright.

Height seated — the distance between surface of seating and the vertex.

Length of the lower extremity — the distance between the floor and spina iliaca
anterior superior.

Thigh circumference — the circumference of the right thigh on the level of the
sulcus glutaeus in shoulder-width stance.

All measurements were taken by the same investigator who was assisted by a
colleague as instructions were given verbally to the participants.

As length of body segments is strongly correlated with body mass, and thus,
indirectly, with maximal strength we only used relative variables based on these
measurements. Four indices that describe the length of different body parts relative to
body height were calculated:

(HSH) — we used this index to calculate the relative length of the torso

(LEH) — this index measures the relative length of the
lower extremity
(HT) — with this index we measured the muscularity
of lower extremity. We corrected for height to obtain
auniversal measure independent of body dimensions.

Additionally, we calculated an index to estimate the relative strength. As the
standard approach of evaluating it as maximal strength per kilogram of body mass
suffers from significant inaccuracies, we corrected the data in accordance to the
equation suggested by Zatsiorsky & Kraemer [34]:

2
Max.strength = a. (Body mass)3
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We used an arbitrary value of 1 for the constant a. Despite this approach not being
exactly accurate, it captures the essence of the formula — to correct the power of body
mass in order to eliminate the inaccuracy due to the positive relationship between
maximal strength and body mass. As the constant @ only changes proportionally the
slope of the curve (its first derivative) but not its type, we consider this index as an
appropriate proxy with relative strength. In both powerlifting and Olympic weightlifting
similar approaches (based on variations of this formula) are used to determine the best
lifter in a competition [13, 16]. Accordingly, relative strength is an important parameter
of training and preparation in strength sports.

The index was calculated as:

Squat > (Relative squat),

Body mass3
and measures the relative strength in the squat.

Test protocol
We used the following test to measure the maximal strength:

Barbell back squat: The bar is placed behind the neck on the top of the back. The
grip is wider than shoulder-width. The stance is shoulder-wide. The participant squats
to the point when the hip joint is below knee joint.

We modified the Comfort [4] protocol for measuring maximal strength (estimating
1 repetition maximum/RM) [4]. It is relatively easy to perform, has high statistical
reliability and is suitable for experienced athletes:

Participants warmed up by performing the exercises with submaximal loads that
they were accustomed to from their normal training. Participants were permitted a
maximum of 6 progressively increasing loads, for each exercise, although all participants
completed the testing within 4-5 attempts. Weight was increased in increments of
between 5 and 20 kg starting with larger increments and gradually decreasing them
until the maximum was reached.

We specifically chose this exercise because it is widely used in training routines of
all strength sports and accordingly, all subjects were well acquainted with the technique
of execution. Maximal strength is defined as one’s ability to exert maximal force
against an external resistance and requires a maximal voluntary contraction [32]. All
participants used lifting belts and shoes. No other accessory equipment was allowed.

Statistical analysis

We used the following statistical methods to interpret the results of the study:
* Jariation analysis. The following parameters were calculated: mean value,
standard deviation, minimum value and maximum value.
» Correlation analysis. We studied the relationships between the measured
variables by calculating Pearson correlation coefficients at a level of significance of
p<0.05. We tested our data set for normality by the Kolmogorov-Smirnov test [10].
o Stepwise regression analysis. A stepwise regression analysis was performed
with a forward multiple linear regression approach to estimate the value of the
studied variables as predictors of each of the maximal strength tests [11, 23].
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All statistical analyses were conducted on the IBM SPSS Statistics for Windows
software package (version 21).

Results

The variation analysis of the data is presented and the results of Kolmogorov-Smirnov
test for normality of each variable are presented in Table 1. Pearson linear correlation
coefficients of the studied variables are shown in Table 2. We found statistically
significant correlations between both squat and relative squat and all studied variables
with the exception of only this between relative squat and HT. These results (although
expected) set the basis for the search for quantifying these relationships by regression
models. The correlation coefficient between HSH and LEH is also statistically
significant. No statistically significant correlations were calculated between HT and
HSH or LEH. Accordingly, the regression models derived for HSH and LEH may
provide overlapping information to some extend (due to the correlation between them)
while LH carries independent predictive value.

Table 1. Variation analysis of obtained data

Minimum | Maximum Mean Std. Deviation K-S test

Height 1580 1.855 1.729 0.061 0.747
Height seated 0.840 1.010 0.920 0.040 0.129
Upper extremity

length 65.000 83.000 74.900 4230 0.071
t‘;‘;f}f extremity | ¢ 500 105.000 98.33 4315 0.449
HSH 0.500 0.562 0.426 0.187 0.309
LEH 52.352 59.195 56.871 1.486 0.994
HT 0.722 0.897 0.814 0.049 0.495
Squat 120.000 | 320.000 | 206.845 45.9290 0.389
Relative squat 7.873 16.540 10.758 2.057 0.913

Abbreviations: HSH — height seated/height; LEH — length of lower extremity/height;
HT — height/thigh circumference; K-S test — Kolmogorov-Smirnov test
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Table 2. Correlation matrix of studied variables

HSH LEH HT Squat Relative squat
HSH -
LEH -0584"
HT 0.187 0.163
Squat -0.543" 0.459° -0.385"
Relative squat -0.519" 0.507 0.089 0.886" -

Statistically significant correlations (p<0.05) are marked with *

Abbreviations: HSH — height seated/height; LEH — length of lower extremity/height;
HT — height/thigh circumference

The parameters of the models of linear regression are presented in Tables 3 and
4. For the squat, all of them are statistically significant with Adjusted R squared values
varying between 0.148 (for HT) to 0.277 (for HSH). Prima facie, each of the models
taken separately explains a relatively small portion of data variance, but the combined
information of the three may be a powerful tool in the training and preparation process of
athletes. Interestingly, for the relative squat, only two of the models (for HSH and LEH)
show statistical significance of the estimated parameters with higher values of Adjusted R
squared — 0.253 and 0.256 respectively. Although somewhat unexpected, these findings are
consistent with the lack of correlation between relative squat and HT (Table 2).

Table 3. Linear regression models of studied variables vs. Squat

Model Unstandardized Coefficients . S Adjusted R

B Std. Error & Squared

Squat | Constant 918.506 174.126 5.275 0.000 0277
HSH -1335.359 326.534 -4.089 0.000

Squat Constant -411.161 189.433 -2.170 0.036 0.191
LEH 1427.125 437.199 3.264 0.002

Squat | Constant 463.231 97.523 4.750 0.000 0.148
HT -9567.536 3630.865 -2.635 0.012

Abbreviations: HSH — height seated/height; LEH — length of lower extremity/height;
HT — height/thigh circumference
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Table 4. Linear regression models of studied variables vs. Relative squat

Unstandardized )
g/lodel Coefficients t Sig. ;‘gjuj:dd
Std. Error quare
Relative Constant | 41.516 8.076 | 5.140 | 0.000
Squat 0.253
HSH -57.657 15.131 -3.811 0.000
Constant -19.585 8.290 -2.362 0.023
Relative Squat 0.256
LEH 70.114 19.144 3.662 0.001
Constant 13.277 4.756 2.792 0.008
Relative Squat 0.007
HT -93.865 176.832 -.531 0.599

Abbreviations: HSH — height seated/height; LEH — length of lower extremity/height;
HT — height/thigh circumference

Discussion

According to the common wisdom among strength training coaches, certain specific
body proportions can provide advantages in basic resistance exercises (e.g., front
and back squats or deadlifts) and are therefore beneficial for developing strength in
competitive lifting. For instance, relatively long hands are considered advantageous for
conventional or sumo deadlift and short lower extremities for squat [31]. In our study,
all anthropometric parameters analysed proved to be statistically significant predictors
of maximal and relative strength in the squat, with the exception of HT and relative
squat. Irrespective of the fact that adjusted R-squared values (the variance explained by
the model) are not high, the significance of the statistical models is for all constants and
predictors (Tables 3 and 4). These findings indicate that other (unidentified) predictors
exist that explain the variation of the results. Interestingly, the parameters of the
regression model for HT as a predictor of squat strength are not statistically significant.
HT is a measure of muscularity (and thus indirectly, strength, as muscle strength is
proportional to muscle cross sectional area or volume) of thigh muscles relative to body
height. Thus, it is logical HT to be highly correlated to strength of lower limbs. Despite
the fact that HT is an indirect indicator of relative strength as it does not measure
muscle strength directly, it still provides information on this parameter. According to
our findings, muscle volume (of thighs) does not have any predictive value for relative
squat strength — i. e., athletes with different levels of thigh hypertrophy would have
similar strength per kilogram body mass in the squat. However, relative squat is a
measure of a specific muscle quality — strength per kilogram and it is logical for it to be
uncorrelated with the amount of muscle mass measured — both absolutely or relatively
(HT). In this regard, our results are not unexpected, especially considering the fact that
we studied athletes in strength sports with similar body compositions.
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Not many authors have explored relationships between anthropometric measures
and performance in strength sports and logically, no systemized unanimous opinions and
conclusions on the topic exist among the scientific community. Keogh et al. [17] studied
anthropometric profiles and somatotypes of competitive New Zealand powerlifters of
different weight classes [18]. These authors made a brief comparison of their results with
anthropometric measures of bodybuilders and Olympic weightlifters (reported by other
researchers). The same researchers analysed the relationships between anthropometric
parameters and strength abilities in powerlifters [19]. They found no differences in body
segment lengths between weaker and stronger athletes. Differences in body lengths
were observed between powerlifters of different weight classes. However, unlike the
present study, the authors concentrated their attention on determining differences in body
proportions and body composition between stronger and weaker athletes.

Ferrari et al. [9] studied the relationships between body composition and maximal
strength in powerlifters. The authors derived multiple regression equations using these
variables as predictors for the three competitive lifts (and the total) in powerlifting. Vis-a-vis
our study, their results are focused on body circumferences. The only reported statistically
significant relationship was between the length of the upper limb/height and performance.

Similarly, Ebada [5] studied the relationships between anthropometric measures
and results in Olympic weightlifting [10]. However, the only body length the authors
measured was maximal height, which makes their results incomparable to ours.

Lovera & Keogh [19] studied 31 anthropometric measures of Argentinean
competitive powerlifters [20]. Irrespective of the fact that the study was focused primarily
on measuring body composition, the authors also did not find any statistically significant
relationships between body segment lengths and results in the competitive lifts. Our study
differs in methods, as we aimed at establishing universal relationships between strength
and body proportions and accordingly, only examined relative body segment lengths.

Our study corroborates some of the conclusions of a previous experiment,
which studied experienced powerlifters [9]. The authors used a stepwise multinomial
regression approach to derive equations predicting maximal strength in squat, bench
press and deadlift based on anthropometric data. Although in addition to the lengths of
the body segments, they also measured the circumferences, their results demonstrate
that relative torso length is an important factor of performance in powerlifting.
Following a similar protocol, Ferland et al. [7] studied junior competitive powerlifters
and compared their maximal strength abilities to those of American football players.
They derived similar multiple regression equations to their previous study. Regrettably,
we cannot compare their results to ours as they only report data on the combined group
of subjects — powerlifters and American football players.

Conclusions

The most important practical use of our results is the opportunity the models can give
to coaches to access athletes’ potential to excel in one of the most popular strength
exercises that is competitive in powerlifting — the back squat. This is a powerful tool
(which is based on simple sometometric measurements that can be easily done on
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site) in the process of sports selection and specialization. Additionally, the models
can quantify the expected gains in these exercises, especially regarding their relative
variants. This is important for predicting athlete’s potential for better ranking in the
absolute category in powerlifting events.

Admittedly, the study has limitations. Most importantly, due to the specifics of
the studied sample (highly qualified strength athletes), our results most probably are
not directly applicable to competitors in other sports or the general population. The
same holds true for female and youth athletes in strength sports. It is also important to
mention that the exercise we used for testing (back squat) is technically complex and
requires enough time for technique perfecting. In this regard, it is not appropriate for
use by inexperienced athletes. Additionally, the testing protocol for estimating 1 RM is
also taxing and requires training experience.
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At the Nor Armavir site, dated to the Late Iron Age, skeletal remains of adult male, aged
40-45 years, showing pathological alterations of the lower leg, were recovered. Macroscopic
analysis was utilized to estimate sex and age, followed by a paleopathological differential
diagnosis. Three-dimensional computed microtomography and analysis of bone microelement
composition were performed to conduct a detailed examination of the tibia and to assess
pathological versus post-depositional changes, thereby supporting the differential diagnosis.
Our study suggests the presence of Garre’s sclerosing osteomyelitis. This disease could have
caused abnormal Sc content. The diagnosis of Garre’s sclerosing osteomyelitis is supported
by the presence of pronounced cortical thickening of the tibial diaphysis, concentric periosteal
bone apposition, narrowing of the medullary cavity, and the absence of sequestra or cloacae, as
demonstrated by macroscopic examination and 3D microtomographic analysis. This represents
the first documented case identified among ancient inhabitants of Armenia.

Key words: Armenia, Late Iron Age, 3D computed microtomography, Garre’s sclerosing
osteomyelitis, scandium (Sc)
Introduction

Osteomyelitis is an inflammatory process of bone tissue that develops in response
to infection, usually of bacterial origin [20]. It arises under the influence of various
pathogenic microorganisms and spreads within the bone tissue. In this condition,
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inflammatory bone remodeling characterized by concurrent osteolytic and osteosclerotic
processes occurs, with the degree of each process depending on the virulence of the
pathogenic microorganisms and the reactivity of the host organism. The most common
causative agent is Staphylococcus aureus; less frequently, hemolytic streptococci,
Streptococcus albus, pneumococci, Bact. pyocyaneus, typhoid and paratyphoid bacilli,
and other pathogens are involved [27].

Osteomyelitic lesions may originate in the surrounding soft tissues, the
periosteum enveloping the bone, or the bone marrow, which occupies the medullary
cavity of long tubular bones as well as the spaces and sinuses between trabeculae
and lamellae of the osseous tissue. Cases of osteomyelitis originating from the
periosteum are relatively benign, with a slower clinical course and without extensive
bone destruction. In contrast, lesions arising from the bone marrow are characterized
by a more aggressive course and are associated with substantial destruction of bone
tissue [30].

In 1893, the Swiss surgeon Carl Garré first provided a detailed description of
ten clinical variants of acute osteomyelitis. One of these was characterized by aseptic
osteosclerosis accompanied by thickening of the bone and periosteum [5, 25].
Garré’s sclerosing osteomyelitis is a rare and specific form of chronic osteomyelitis,
characterized by cortical thickening and obliteration of the medullary canal [32].
It predominantly affects children and young individuals [5, 12], although cases
involving individuals aged 50 years and older have also been reported [35]. The
scientific literature indicates that the disease primarily affects the mandible and only
rarely involves the metaphysis of long bones [32], whereas other studies report a
predominance of lesions in the diaphysis of the tibia (approximately 70% of cases)
and the femur (27.5%) [34]. To date, the precise etiology of this condition remains
unclear [5, 35].

This disorder is more frequently discussed in the dental literature, where the
mandible is reported as the most commonly affected bone [12]. It is known that
the chronic process may be maintained by a persistent, low-grade infection and
may persist even after treatment; therefore, the role of bacterial infection in the
development of this condition has not been conclusively established [5, 26]. Isotope
scans may reveal increased uptake of radiotracers at the affected site [32]. Garré’s
osteomyelitis most frequently affects males [34, 35]. The predominant morphological
feature of this rare chronic condition is fusiform thickening of the cortical layer of
the affected bone. The disease is usually confined to a single bone, although multiple
regions of the same bone may be involved.

The present study provides anthropological data for an individual recovered
from a 6™-5" century BC burial at the Nor Armavir cemetery. The village of Nor
Armavir is located northwest of the “Fortress of Saint David.” The aim of this study
is to present a detailed description of a case of tibial osteomyelitis identified in an
individual from the Nor Armavir site (Armenia), to conduct a differential diagnosis,
and to assess other possible conditions that may produce symptoms similar to those
observed in this study.

119



Material and Methods

The investigation of the archaeological site of Nor Armavir (Argishtikhinili) is
associated with the establishment of the capital of Greater Armenia, Armavir, in the
eastern citadel of the city in the 4" century BC. Argishtikhinili is located in the Armavir
Province of the Republic of Armenia. The city was founded on two hills in 776 BC
by King Argishti I. Both hills — Armavir and the so-called “Fortress (or Hill) of Saint
David” — have remained places of worship up to the present day. The city is mentioned
in Urartian cuneiform inscriptions dating to the 8th century BC and was later described
in detail in the 5th century AD by Movses Khorenatsi [17].

An important role in the early investigation of Armavir was played by the learned
monks of Echmiadzin, who repeatedly surveyed the area over many years. In the second
half of the 19th century, the Echmiadzin scholar Mesrop Smbatyants discovered two
cuneiform inscriptions of Argishti I and Rusa III in the vicinity of Armavir. The first
reconnaissance and survey excavations were organized in 1880 by A. D. Yeritsov and
A. S. Uvarov [22].

Over different periods, the Armavir Archaeological Expedition was led by N.Ya.
Marr, S.V. Ter-Avetisyan, S. Ter-Hakopyan, B.N. Arakelyan, A.A. Martirosyan, R.M.
Torosyan, G.A. Tiratsyan, [.A. Karapetyan, and S.G. Hmayakyan. The Nor Armavir
cemetery was excavated during the 2021 field season under the direction of S.G.
Hmayakyan, and the burial analyzed in the present study dates to the 6th—5th centuries
BC. The present study provides bioarchaeological data on an individual from this
burial. The village of Nor Armavir is located to the northwest of the “Fortress of Saint
David.” More than 50 burials dating to the 8th—6th centuries BC were discovered and
excavated within household plots in the village (Fig. 1), 17 of which were karas burials
(interments in large ceramic vessels or pithoi) [13].

The bioarchaeological material from the Nor Armavir burial complex was
excavated in Sector 3 (“Levon’s Gardens”) by the archaeological expedition of the
Institute of Archaeology and Ethnography of the National Academy of Sciences of the
Republic of Armenia, under the direction of S.G. Hmayakyan (archaeologists M.S.
Hmayakyan and N.G. Tiratsyan). The article analyzes the skeletal remains from burial
No. 6 of the Nor Armavir cemetery, which was excavated in 2021 (Fig. 1). This burial
is unusual in that three individuals were interred in each layer, arranged one above
the other. The skeleton from grave No. 6 were dated using relative (archaeological)
methods. Other burials at the Nor Armavir cemetery exhibit comparable structural
features, including grave type and skeletal positioning. The anthropological materials
are curated in the Physical Anthropology Laboratory of the Institute of Archaeology
and Ethnography, National Academy of Science, Republic of Armenia (Yerevan).

140°09'N 44°03'E
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Fig. 1. Map of Armenia showing the location of Nor Armavir (drawing by A.Yu. Khudaverdyan),
with the burial analyzed in this study shown at the top (drawing by S.G. Hmayakyan).

Detailed examination of the skeleton was conducted to evaluate preservation and
completeness and to estimate the sex and age at death of the individual. Morphological
characteristics of the pelvis and skull were used for sex determination [4, 28]. Age at
death for the adult individual was estimated using a combination of pubic symphysis
morphology [10, 15, 23], changes to the auricular surface [19], degree of epiphyseal
fusion [4], dental wear [1], and cranial suture closure [23].

Diagenetic changes were evaluated macroscopically and through spectrometric
analysis and were distinguished from pathological bone responses based on their
distribution, structural organization, and relationship to the original cortical
architecture.

A noninvasive X-ray study of human bone was conducted using experimental
facilities for X-ray fluorescence (XRF) spectral analysis and microtomography
(MicroCT) imaging at the Institute of Applied Problems of Physics (Yerevan,
Armenia). XRF was employed to determine the elemental composition of the sample.
Measurements were performed using a custom-designed setup comprising a BSV-
25 X-ray tube and a silicon drift detector (AMPTEK-SDD). The X-ray beam was
collimated using two narrow slits to achieve a beam size of 1 mm (vertical) X 0.1 mm
(horizontal). XRF spectra were collected from four distinct points on the sample. The
X-ray tube operated at 33 kV and 10 mA, with an exposure time of 300 seconds, kept
constant across all measurements. Potential measurement errors inherent to the X-ray
system were acknowledged and controlled by repeating measurements and maintaining
consistent acquisition parameters across all samples.
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Microtomographic imaging was carried out using a specialized system that
included an XRB150PN6004009 X-ray source (Spellman High Voltage Electronics)
and a Care View 750MT flat-panel detector (CareRay Digital Medical Technology).
System control, data acquisition, and image reconstruction were managed using the T4
software platform, developed at Tomsk Polytechnic University (available at https://rsp.
tpu.ru/tech/). This configuration enabled the capture of high-resolution X-ray images
with a spatial resolution of approximately 60 um. The X-ray tube operated at 70 kV
and 1 mA, and the emitted beam was filtered through a 1 mm thick aluminum foil to
optimize image contrast and reduce beam hardening effects.

Results

Skeleton 6 belonged to an adult male, aged approximately 40—45 years at the time of death.
Sex was determined based on pelvic and cranial morphology. Age at death was estimated
using a combination of changes to the auricular surface, degenerative bone conditions,
dental wear, and cranial suture closure. Based on these features, the individual’s age at
death is estimated at 40—45 years. The skeleton is moderately well preserved, with most
elements present; some bones exhibit post-mortem damage (Fig. 2).
The tibia shows marked
enlargement  involving  the
proximal metaphysis and the
upper half of the diaphysis. A
transverse section of the bone,
resulting from  post-mortem
breakage, reveals pronounced
cortical thickening and complete
sclerotic obliteration of the
medullary cavity by newly
formed spongy bone. A large
subcortical cavitation is present
in the superolateral portion of
the bone (Fig. 3). Plaque-like
areas of new bone formation
are observed on both the medial
and lateral surfaces of the distal
metaphysis. Bone sequestra and
drainage channels (cloacae) are
absent.

Fig. 2. Completeness of the human
skeleton (grey colour — skeletal
elements present, white — absent)
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Radiographic examination demonstrates a thickened cortex in the diaphyseal
region of the right tibia, accompanied by progressive narrowing of the medullary
cavity. Computed tomography (CT) sections obtained at different levels provide clearer
visualization of partial (Fig. 4) and complete obliteration of the medullary canal, as well
as localized circumferential cortical thickening and the presence of bone lacunae. All
bones were carefully cleaned prior to scanning, and the medullary cavities were free
of soil or other extraneous material. The diaphysis exhibits a characteristic fusiform
expansion. The narrowing of the medullary cavity is due to the formation of endosteal
bone deposits along the inner cortical surface, reflecting a pathological response.

In some areas, against the background of cortical thickening and osteosclerosis,
zones of osteodestruction are observed in the form of polymorphic, partially
coalescing resorption cavities, producing a characteristic “moth-eaten” appearance of
the dense bone tissue (Figs. 4, 5). The affected region exhibits increased radiodensity,
consistent with osteosclerosis. Diagenetic changes were excluded by examining bone
microstructure, evaluating the distribution of mineral deposits, and confirming that
the cortical thickening followed anatomical patterns rather than irregular post-mortem
mineralization.

Fig. 3. The cortical layer along the anterior medial surface of the tibia is thickened, areas of
heterogeneous density are noted.

Multiple regions of the tibia are involved in the pathological process. Areas of
bone necrosis (bone marrow infarction) were identified, resulting from insufficient
blood supply and leading to the death of bone marrow and trabecular bone. This process
contributed to narrowing and eventual obliteration of the medullary canal (Fig. 3). The
fibula is unaffected and appears normal.

Computed tomography of the tibia revealed pronounced cortical thickening,
narrowing, and obliteration of the medullary canal (Fig. 5). Extensive bone sclerosis is
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clearly visible in both longitudinal and cross-sectional views, confirming pathological
endosteal bone growth rather than taphonomic filling.

Fig. 4. On the surface of the tibia, areas of non-uniform density are observed, including ground
glass opacity; a zone of bone marrow infarction is observed.

Fig. 5. X-ray fluorescence spectrometric analysis of several areas of the tibia.

124



Calcium (Ca) values in the tibia ranged from 77.662 % to 99.463 %, indicating
post-mortem diagenetic alteration rather than the original biogenic composition of the
bone (Table 1). Similarly, strontium (Sr) concentrations likely reflect diagenetic uptake.
Manganese (Mn) and iron (Fe) levels were relatively low, amounting to 2.056 pg/g and
13.171 pg/g, respectively. In contrast, the concentration of scandium (Sc) was notably
elevated, reaching 12.839 ng/g. For comparison, the average scandium content in
human skeletal bone is approximately 1-2 pg/kg, with a commonly cited mean value
of about 1.5 pg/kg [5]. Given the unusual Sc enrichment, this observation may reflect
unique environmental or pathological incorporation, and warrants further discussion.

1 2 3 4 T 8

Fig. 6. Dimensions of the tibia (upper transverse (1, 3: right 32,9 mm: 2, 44: left 32 mm), upper
sagittal (1, 3: right 31 mm: 2, 44: left 21 mm); lower transverse (1, 3: right 31,5 mm: 2, 44:
left 29 mm), upper sagittal (1, 3: right 33 mm: 2, 44: left 24 mm). Post-cranial skeleton without
evidence of pathological changes (2, 4, 5-8).

No bone lesions or traumatic injuries were observed in the left tibia (Fig. 6). Other
elements of the cranial and post-cranial skeleton showed no additional evidence of
pathological changes, including trauma.

Discussion

In the individual from Nor Armavir, several pathological features were documented —
including pronounced cortical thickening in the anterior midshaft region of the tibia,
narrowing and obliteration of the medullary canal, and extensive bone sclerosis. The
medullary canal was thoroughly cleaned of soil and other debris prior to examination,
and CT imaging confirmed that the cavity was filled with endosteal bone rather
than post-mortem material, suggesting that the obliteration reflects a pathological
process rather than taphonomic accumulation. This condition has been described in
the literature under various terms, including chronic osteomyelitis with proliferative
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periostitis and non-suppurative sclerosing osteomyelitis [25, 33, 34. 31]. In the present
case, the pathological changes are predominantly endosteal, affecting the medullary
cavity rather than the periosteal surface. The generally accepted term for this entity is
Garré’s sclerosing osteomyelitis.

Garré’s osteomyelitis is classically characterized by fusiform enlargement of the
affected bone, marked thickening and sclerosis of the cortical layer (dense compact
bone), and narrowing or complete obliteration of the medullary canal. The differential
diagnosis of Garré’s osteomyelitis requires exclusion of other skeletal pathologies,
including chronic suppurative osteomyelitis, fibrous dysplasia, malignant bone
tumors (osteosarcoma, Ewing sarcoma), benign lesions (osteoid osteoma, eosinophilic
granuloma, osteoblastoma), Paget’s disease, as well as syphilitic bone disease [8, 11,
14, 18, 24].

Although Garré’s osteomyelitis represents a form of chronic osteomyelitis, classic
chronic osteomyelitis typically presents with foci of bone destruction, sequestra, and
draining sinuses. In contrast, Garré’s osteomyelitis is dominated by hyperostosis and
sclerosis, rather than suppurative lesions. Fibrous dysplasia may show overlapping
features with Garré’s osteomyelitis; however, Garré’s osteomyelitis is associated with a
characteristic spiculated (“needle-like”) periosteal reaction, whereas fibrous dysplasia
more often exhibits a diffuse, “ground-glass” or hazy radiographic appearance. A similar
sclerotic pattern may be observed in malignant bone tumors, such as osteosarcoma
and Ewing sarcoma. Nevertheless, these neoplasms typically demonstrate more
aggressive cortical destruction and permeative bone loss [6], features that are absent in
Garré’s osteomyelitis. Ewing sarcoma is also rare in individuals older than 30 years.
Radiologically, it is characterized by an aggressive lytic lesion with a prominent
periosteal reaction, often described as an “onion-skin” pattern. In the present case,
the age at death, the absence of extensive cortical destruction, and preservation of the
original diaphyseal architecture argue strongly against a diagnosis of Ewing sarcoma.
In syphilitic bone disease, the pathological process is typically polyostotic, affecting
multiple skeletal elements simultaneously. Deformation of the affected bones lacks the
regular fusiform configuration characteristic of Garré’s osteomyelitis, and the external
contours are often irregular, undulating, or serrated, as seen in crest-like or circular
periostitis. Although both syphilitic lesions and Garré’s osteomyelitis are associated
with hyperostosis and sclerosis, syphilis is usually accompanied by well-demarcated,
rounded destructive foci of varying size, surrounded by sclerotic rims, corresponding
to gummatous lesions — features not observed in the present case.

Benign bone lesions, such as osteoid osteoma and eosinophilic granuloma,
typically display less extensive sclerosis or a more specific anatomical localization than
that observed in Garré’s osteomyelitis. Osteoblastoma, although classified as a benign
tumor, is locally aggressive and shows a marked predominance in males (approximately
2:1), most frequently affecting adolescents and young adults, with the majority of cases
reported between 10 and 25 years of age. The posterior elements of the vertebral column
represent the most common site of involvement; long bones, particularly the femur and
tibia, may also be affected, usually involving the medullary cavity and diaphysis, with
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epiphyseal localization being rare. Osteoblastoma is characterized by a central lesion
typically exceeding 2 cm in diameter and surrounded by a reactive sclerotic rim [2].
In the present case, the age of the individual falls outside the most commonly reported
range for osteoblastoma. In addition, the affected bone segment is substantially larger,
and the morphology and distribution of internal cavitations differ from those typically
described for osteoblastoma, making this diagnosis unlikely.

Paget’s disease of bone is a metabolic skeletal disease, characterized by excessive
resorption followed by excessive formation of bone, with abnormal bone remodeling.
A critical element in the differential diagnosis concerns the condition of the medullary
cavity. Involvement is usually polyostotic and asymmetric, and the most affected bones
are the pelvis, spine, skull, femur, and tibia. In Garré’s osteomyelitis, progressive
endosteal bone apposition commonly leads to marked narrowing or even complete
obliteration of the medullary canal. Moreover, Paget’s disease frequently involves
overall bone expansion and polyostotic distribution, features that further distinguish it
from the localized, obliterative sclerosis observed in Garré’s osteomyelitis.

Taken together, the macroscopic, radiological, and differential diagnostic evidence
-while acknowledging the presence of post-depositional diagenetic alterations - suggests
that the tibial pathology may represent a form of Garré’s sclerosing osteomyelitis.

The lesion is best understood as a long-standing, localized, non-suppurative
inflammatory process dominated by excessive bone formation and sclerosis, features
that cannot be adequately explained by diagenetic processes alone. Post-depositional
diagenetic alterations are indeed present and are evident in both the macroscopic
appearance of the specimen and the spectrometric data. The extremely high calcium
(Ca) values recorded in the tibia (77.662-99.463%) markedly exceed the expected
range for archaeological bone with preserved collagen (26-38%) [4]. Such elevated Ca
concentrations clearly reflect advanced post-depositional diagenetic mineral alteration
of the bone tissue. Accordingly, the spectrometric data are interpreted as evidence of
diagenetic overprint rather than as a direct indicator of pathological bone metabolism.
Similarly, strontium (Sr) concentrations likely reflect diagenetic uptake. Manganese
(Mn) and iron (Fe) levels were relatively low.

Given the unusual Sc enrichment, this finding may reflect specific geochemical
conditions of the burial environment or a pathological alteration in bone metabolism
that facilitated the atypical incorporation of trace elements. Scandium is not typically
reported in elevated concentrations in archaeological bone, and its biogenic role
remains poorly understood. Therefore, the detected enrichment is unlikely to represent
a random fluctuation and may instead indicate selective uptake or post-depositional
chemical interaction under particular environmental conditions. At the same time,
chronic inflammatory processes and sustained bone remodeling — such as those
inferred in the present case - could potentially influence trace element distribution
and retention within newly formed bone tissue. While scandium has been discussed
in modern medical literature as potentially associated with sclerosing osteomyelitis
[9, 12, 16], the evidence remains limited. Although the available data do not allow us
to conclusively distinguish between diagenetic and biogenic pathways, the unusual Sc
signal warrants further targeted geochemical and histological investigation.
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Importantly, while diagenetic processes may modify bone surface texture and
mineral composition, they do not adequately account for the extent, distribution, and
organization of the excessive bone formation and sclerosis observed in the tibia. These
features are therefore interpreted as primarily pathological in origin and consistent
with Garré’s sclerosing osteomyelitis rather than post-depositional alteration alone.

Importantly, no pathological alterations were observed in the contralateral (left)
tibia or in other elements of the cranial and post-cranial skeleton. This localization
of the pathological and elemental changes to a single bone favors a localized chronic
process rather than a systemic metabolic disorder.

Cases of sclerosing osteomyelitis with morphology comparable to that described
by Garré in modern clinical literature have been reported in ancient populations.
Manchester [21] documented cases of chronic osteomyelitis with pronounced
periosteal appositions on long bones but did not distinguish Garré’s osteomyelitis as
a separate entity. Ortner [27] noted that Garré’s osteomyelitis may be misinterpreted
as nonspecific chronic osteomyelitis with periosteal reaction. Similarly, Roberts &
Manchester [30] described periosteal reactions and sclerotic processes without defining
Garré’s osteomyelitis as a distinct diagnostic category. Dutour et al. [7] reported cases
of cortical thickening with periosteal apposition in ancient Egyptian skeletons; although
these changes may correspond to Garré’s osteomyelitis, no definitive identification was
proposed.

Within the paleopathological literature, only two cases of Garré’s sclerosing
osteomyelitis - a chronic form of osteomyelitis characterized by intense periosteal
reaction with minimal or absent suppuration - have been explicitly reported [11, 29].
One case involves a tibia recovered from an archaeological site in Poland and dated
to the medieval period [29]. The other documents sclerosing osteomyelitis of the tibia
from the medieval church cemetery of Monte di Croce in Tuscany, Italy [11].

Conclusions

1. The pathological changes observed in the tibia from Nor Armavir are
characterized by pronounced cortical thickening, extensive sclerosis, and near-
complete obliteration of the medullary canal due to endosteal bone formation.

2. Macroscopic and CT data demonstrate that the obliteration of the medullary
cavity represents a true pathological process rather than post-mortem sediment infill or
taphonomic alteration.

3. Differential diagnostic analysis excludes a wide range of alternative
conditions, including chronic suppurative osteomyelitis, fibrous dysplasia, malignant
and benign bone tumors, Paget’s disease, and syphilitic bone involvement, based on
the absence of characteristic destructive, polyostotic, or neoplastic features.

4. The combination of morphological and radiological features is most
consistent with Garré’s sclerosing osteomyelitis, a localized, chronic, non-suppurative
inflammatory condition dominated by bone sclerosis and hyperostosis.
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5.  Spectrometric analysis indicates significant post-depositional diagenetic
alteration, as reflected by elevated calcium and altered trace element composition;
however, these changes do not account for the structural organization and extent of
pathological bone formation.

6. The unusual enrichment in scandium may reflect either specific burial
geochemistry or altered bone metabolism associated with chronic inflammation,
although its origin remains unresolved and requires further investigation.

7.  The restriction of pathological changes to a single bone element supports the
interpretation of a localized process rather than a systemic metabolic disorder.

8. This case represents a rare example of Garré’s sclerosing osteomyelitis in the
paleopathological record and contributes to the limited number of securely identified
cases reported in archaeological populations.
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Table 1. X-ray fluorescence spectrometry analysis of several sections of the tibia (Figure 5)

Elt Line Intensity Conc.
Precinct 1
Ar Ka 0.01 0.162
K Ka 0.09 0.832
Ca Ka 9.92 77.662
Ti Ka 0.14 1.395
Mn Ka 0.53 2.056
Fe Ka 4.35 13.171
Sr Ka 1.61 1.786
Nb Ka 0.99 2.935
Tb La 0.00 0.000
Total: 100.000
Precinct 2
P Ka 0.00 0.356
Ar Ka 0.00 0.000
K Ka 0.03 0.243
Ca Ka 10.79 99.401
Mn Ka 0.00 0.000
Fe Ka 0.00 0.000
Sr Ka 0.00 0.000
Zr Ka 0.00 0.000
Nb Ka 0.00 0.000
Tb La 0.00 0.000
Total: 100.000
Precinct 3
P Ka 0.00 0.000
Ar Ka 0.00 0.000
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Ca Ka 9.45 87.051
Sc Ka 0.54 12.839
Mn Ka 0.00 0.000
Fe Ka 0.00 0.000
Cu Ka 0.00 0.000
Sr Ka 0.08 0.110
Y Ka 0.00 0.000
Nb Ka 0.99 2.935
Tb La 0.00 0.000
Total: 100.000
Precinct 4
Ar Ka 0.00 0.000
Ca Ka 21.18 99.463
Ti Ka 0.03 0.221
Mn Ka 0.00 0.000
Fe Ka 0.00 0.000
Sr Ka 0.45 0.316
Total: 100.000
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The human foot is increasingly recognized as a proprioceptive organ, integrating morphology,
neurophysiology and cultural adaptation to regulate balance and locomotion. Recent studies
highlight that plantar mechanoreceptors, intrinsic muscles, and ligamentous structures form
an interconnected sensory system that dynamically adjusts to posture, load and environment.
Neurophysiological findings demonstrate that cutaneous and muscular receptors redundantly
maintain proprioceptive acuity, with plasticity evident through interventions such as robotic
training, proprioceptive insoles and minimal footwear. Clinical applications include improved
balance, reduced falls, and enhanced rehabilitation outcomes in older adults and neurological
patients, while athletes benefit from sharper agility and reduced injury incidence. Anthropological
perspectives show that barefoot populations maintain superior acuity compared with shod
groups, suggesting an evolutionary role of proprioception in bipedal endurance. Collectively,
these findings redefine the foot not as a passive support structure but as a dynamic sensory
platform with broad clinical, athletic, and anthropological implications.

Key words: proprioceptive, human, foot, proprioception

Introduction

Proprioception - the ability to perceive body position and movement - is central to
motor control and human adaptation. While muscles and joints are widely recognized
as major proprioceptive contributors, the role of the human foot as a sensory organ
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has only recently gained attention [4, 5, 11, 13, 18]. The plantar sole contains one
of the highest concentrations of mechanoreceptors in the body, providing continuous
feedback about surface interaction, stability, and posture [3, 10, 14, 17]. Recent
studies have highlighted three critical dimensions of this phenomenon. First,
morphological plasticity allows structural tissues of the foot - including arches, fascia,
and intrinsic muscles - to act as both mechanical stabilizers and sensory modulators.
Second, neurophysiological adaptability ensures that cutaneous, muscular, joint, and
ligamentous receptors work redundantly to preserve function under varying loads and
postures. Third, anthropological insights reveal that barefoot populations maintain
superior proprioceptive acuity compared with shod groups, illustrating how cultural
practices shape sensory pathways [6, 20]. In addition to these natural mechanisms,
clinical and athletic interventions now leverage proprioceptive training, robotic devices,
and textured insoles to enhance sensory function [7, 15, 16]. By synthesizing these
perspectives, the present review provides an updated framework for understanding
the foot not as a passive base of support but as an active proprioceptive system with
evolutionary, clinical, and medico-anthropological significance.

Systematic approach in proprioception studying

A narrative systematic review was performed with analysis of contemporary
literature published between 2019 and 2025. Searches were performed in PubMed,
Scopus, Web of Science and Google Scholar databases using the following keywords:
foot proprioception, plantar sensitivity, insoles, robotic training, gait biomechanics,
barefoot populations, anthropological locomotion.

Inclusion criteria: peer-reviewed studies investigating morphological structures
and proprioceptive mechanisms of the foot; experimental and clinical studies evaluating
proprioceptive training or interventions; and anthropological research comparing
barefoot and shod populations.

Exclusion criteria: works published before 2019 unless essential for conceptual
background; case studies unrelated to proprioception; purely mechanical gait models
lacking neurophysiological or sensory data.

A total of 23 studies met inclusion criteria. Morphological data included imaging
and cadaveric research on fascia, arches, and postural influence [3, 10, 14, 17].
Neurophysiological studies included microneurography, afferent mapping, robotic
training, and insole trials [2, 8, 16, 20, 22]. Anthropological works addressed barefoot
locomotion, footwear effects, and evolutionary developments [20, 21, 23]. Findings
were synthesized across these domains into an integrated account of foot proprioception.

Clinical findings and proprioception relations

Findings demonstrate that the human foot functions as a complex proprioceptive
system where structure, receptors, and cultural practices converge. Postural variations
alter afferent thresholds: dorsiflexion increases mechanoreceptor sensitivity in the heel
and midfoot, while plantarflexion enhances responsiveness in the forefoot [3, 14].
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Intrinsic muscles show anticipatory activation before ground contact, stiffening the
arch and refining feedback accuracy [9]. The plantar fascia, traditionally considered
mechanical, emerges as a sensorimotor bridge where strain deformation correlates
with afferent thresholds [10]. Imaging studies reveal uneven distribution of fascial
strain, strongest along the medial arch, underscoring its dual stabilizing and sensory
role (Fig. 1). Minimal footwear studies show that morphology is adaptable: even three
minutes of use enhances acuity [4], while long-term adaptation significantly improves
plantar thresholds and reduces gait variability [17].

Fig. 1. Evaluation of pressure distribution in orthostatic condition.

Proprioception arises from the integration of multimodal sensory inputs, primarily
derived from muscle spindles and Golgi tendon organs, with additional contributions
from joint and cutaneous receptors. Muscle spindles are widely considered the
dominant source of afferent information for proprioceptive acuity, particularly in
fine motor control. Golgi tendon organs complement this by encoding muscle force,
while articular and cutaneous receptors serve as modulators, particularly at movement
extremes or when muscle spindle input is reduced. The vestibular system, while not
strictly proprioceptive, is integral to the central nervous system’s construction of body
schema and postural orientation (Table 1).
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Table 1. Major receptor types and their relative contribution to proprioception

semicircular canals)

signals but is
not classically
categorized as a
proprioceptor

A imat
Anatomical Principal Function in ppr0x1.ma ¢
Receptor Type Location Proprioception Relative
P P Contribution
Encode dynamic and
. Intrafusal fibers static change.s in muscle
Muscle spindles o length; provide fine- o
within skeletal : . . 50-70%
(Ia and II afferents) grained information
muscles N o
regarding limb position
and movement
Monitor muscle tension
. . d f tion,
Golgi tendon organs Myotendinous and force generation o
. . contributing to load 10-20%
(Ib afferents) junctions . .
detection and protective
reflexes
Articular Signal extremes of jgint
. movement and contribute
Joint capsule and capsules and . .. o
. . to joint position sense, ~10%
ligament receptors periarticular . .
. particularly under high
tissues .
strain
Cutaneous Dermis and .
Provide supplementary
mechanoreceptors subcutaneous . ;
. . . proprioceptive feedback o
(e.g., Ruffini endings, tissues . ~10%
. . through skin stretch and
Merkel cells, Pacinian surrounding
. pressure changes
corpuscles) joints
Supplies information
on head position and
motion; interacts .
. L. . Not a direct
Vestibular apparatus synergistically with . o
. Inner ear : . proprioceptor; ~5%
(otolith organs and . proprioceptive . o
labyrinth influence in integrated

body schema

The receptor network of the foot comprises cutaneous, muscular, joint, and
ligament receptors. Merkel discs and Meissner corpuscles in the toe pads detect contact
and slip, Ruffini endings in the dermis sense sustained stretch, and Pacinian corpuscles
respond to high-frequency vibration and micro-slips [3, 11]. Microneurography
confirms that the hallux and medial forefoot are sensory “hot spots,” while anesthesia
studies show postural sway increases 30-50% when plantar sensitivity is partially
blocked [18]. Intrinsic muscle spindles monitor toe and arch position, while tendon
organs in extrinsic muscles regulate tension for mediolateral stability [8, 9]. Fatigue
studies show reduced spindle sensitivity leads to impaired ankle joint sense, confirming
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their importance. Joint and ligament receptors further secure function, responding at
extremes of motion and deformation, with finite element models linking ligament
strain directly to afferent activation (Fig. 2).

Fig. 2. Primary mechanoreceptors of the skin

Neurophysiological adaptability is supported by experimental modulation.
Thermal stimulation of the sole enhances reflex amplitudes in leg muscles [8],
whereas electrical stimulation has yielded mixed outcomes [19]. More effective are
robotic ankle-foot interventions. Park et al. [16] reported that robot-assisted training
improved walking speed by 25% and reduced balance errors by nearly a third in post-
stroke patients, with associated cortical reorganization, demonstrating proprioceptive
plasticity even after injury.

Proprioceptiveinsolesrepresentone ofthemostpractical and effectiveinterventions.
Textured or contoured designs continuously stimulate plantar mechanoreceptors
during gait. Alfuth et al. [2] documented reduced double-support phase and altered
plantarflexion mechanics, while D’ Aout et al. [7] showed posture-specific changes in
lower-leg muscle activity. Clinical evidence demonstrates improved stability in older
adults and enhanced sensory thresholds in neuropathic and post-stroke populations [3,
16]. In athletes, insoles sharpen agility, landing mechanics, and reduce injury incidence
(Table 2.).

Zech et al. [22] found martial artists improved response times by 15%, while
systematic reviews confirm broader reductions in ankle sprains and improved agility
[1, 15]. Importantly, individual variability exists: some users benefit immediately,
others require habituation. Factors include baseline plantar acuity, footwear history, and
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neuromuscular conditioning. Insoles should therefore be viewed as active modulators
of sensory input; not passive orthotic supports.

Table 2. The effects of proprioceptive insoles across populations

Population Reported Effects Key Studies

Older adults / fall risk Reduced sway, 1mproved. ‘ Altfuth et al. (2); D’ Aout et
symmetry, enhanced stability al. (7)
Better balance, faster walking, Park et al. (16); Alshehri et

Neurological patients . .
giealp cortical reorganization al. (3)

Improved agility, faster responses, | Zech et al. (22); Meng et al.

Athletes reduced injury incidence (15); Acar (1)

Enhanced plantar feedback,

Habitually shod adults reduced double-support time

Liu et al. (12); Park et al. (19)

Habitually barefoot Already high acuity, little added | Mace et al. (14); O’Neill et
groups benefit al. (18)

Anthropological research reveals the role of culture in proprioception. Barefoot
populations outperform shod groups in balance and sensitivity, exhibiting 25% less
postural sway [6, 20]. Minimal footwear restores some of this acuity in industrialized
populations [12]. Fossil evidence suggests that the development of the medial arch and
hallux alignment represented not just mechanical innovations but sensory refinements
for endurance locomotion [21, 22]. Cultural practices such as barefoot running and
martial arts maintain this evolutionary heritage, sustaining high proprioceptive capacity
even in modern contexts.

Conclusion

The evidence reviewed here positions the foot as an organ of proprioception as much
as of locomotion. Morphologically, its structures adapt continuously, transforming
load-bearing tissues into sensory mediators. Neurophysiological, redundancy among
receptor classes ensures robust input even when one pathway is compromised.
Anthropologically, the evolution of the arch and hallux, and the persistence of barefoot
practices in recent time, highlight the deep roots of proprioception in human adaptation.

Clinical implications are substantial. Proprioceptive enhancement through
training, insoles, and robotic devices consistently improves balance, gait efficiency, and
cortical reorganization in older adults and neurological patients [2, 3, 16]. These non-
invasive interventions address fall risk, stroke rehabilitation, and neuropathy. Athletic
populations demonstrate parallel benefits: improved agility, sharper reaction times, and
reduced injuries [1, 15, 22]. Proprioceptive conditioning therefore links rehabilitation
and performance optimization, bridging medical and sports domains.
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Anthropologic insights reveal that cushioned footwear diminishes sensory
capacity, while barefoot and minimal practices preserve it [6, 12, 14].

Future research must prioritize personalized interventions, wearable technologies,
and longitudinal cross-cultural studies to assess proprioceptive trajectories over the
lifespan (Fig. 3).

Fig. 3. Boxplot comparison of postural sway in barefoot vs shod groups

The conceptual shift is evident: the foot should not be regarded merely
as a mechanical support structure, but rather as a dynamic sensory organ. This
reconceptualization carries significant implications for rehabilitation, athletic training,
and anthropological analysis, ensuring that one of humanity’s most fundamental
anatomical structures is appreciated in its full functional and adaptive complexity.
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Anatomical variations of the brachial plexus are frequently encountered during anatomical
dissections and clinical procedures. Among its components, the cords represent a structurally
complex and developmentally dynamic segment, making them particularly prone to morphological
deviations. The present review summarizes and systematizes the anatomical variations of the
lateral, medial, and posterior cords of the brachial plexus as reported in the literature from 1918
to 2025. Variations include alterations in cord formation, atypical contributions from roots and
trunks, absence or fusion of cords, anomalous communications between cords, and variations
in terminal branching patterns. Particular attention is given to deviations in the segmental
composition and structural organization of the cords. Understanding these variations is essential
for accurate anatomical interpretation and for preventing iatrogenic injury during surgical and
anesthetic procedures involving the axillary region. This review aims to provide a morphological
overview of cord variations and to contribute to the field of variation anatomy.

Key words: Brachial plexus; anatomical variations; lateral cord; medial cord; posterior
cord
Introduction

Anatomical variability is a well-recognized phenomenon in human morphology.
Although classical anatomical descriptions present a standardized structural pattern,
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numerous deviations from the classical configuration occur during embryological
development. These anatomical variations are generally non-pathological and present
at birth, yet they may significantly influence surgical approaches, regional anesthesia,
and the interpretation of neurological deficits.

The brachial plexus is one of the most complex peripheral nerve networks in the
human body. Due to its intricate developmental formation and segmental organization,
it exhibits a broad spectrum of anatomical variations. While many studies have
described variations of the roots and trunks, relatively less systematic attention has
been directed specifically toward the cords of the brachial plexus.

The cords — lateral, medial, and posterior — represent the infraclavicular portion
of the plexus and serve as the origin of the major terminal branches supplying the upper
limb. Variations in their formation, fiber composition, and branching pattern may alter
the classical anatomical relationships around the axillary artery.

A structured literature search was conducted using PubMed and Scopus databases
covering the period from 1918 to 2025. The following keywords and combinations

LIS

were used: “brachial plexus”, “cords”, “lateral cord”, “medial cord”, “posterior cord”,
“anatomical variation”, “infraclavicular” and “infraclavicular block”.

Inclusion criteria comprised cadaveric studies and case reports describing
variations of the brachial plexus cords. Studies focusing exclusively on roots, trunks, or
divisions without cord-level analysis were excluded unless relevant to infraclavicular
organization.

Additional sources were identified through manual screening of reference lists of
selected articles.

The aim of the present review is to analyze and systematize the anatomical
variations of the cords of the brachial plexus reported in the literature, with particular
emphasis on their morphological patterns, structural classification, and clinical
relevance to infraclavicular block.

Anatomical Variations

During embryological development, structural variations may arise in individual
anatomical components. It has long been recognized in anatomical science that
the human body exhibits a spectrum of morphological deviations from the most
commonly described structural pattern, commonly referred to as anatomical variation
[39]. An anatomical variation represents a normally developed body structure whose
morphological characteristics differ from the classical description and from the
configuration observed in the majority of individuals.

Such variations may involve a wide range of anatomical structures, including
muscles, ligaments, vascular branches, and nerves, and may extend to entire neural
networks such as the brachial plexus [3]. In most cases, these variations are congenital
and present at birth. They are generally non-pathological and do not significantly
impair function.

Despite their non-pathological nature, anatomical variations possess considerable
clinical relevance. They may influence diagnostic interpretation, modify surgical
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landmarks, and necessitate adapted clinical approaches during interventional or
anesthetic procedures [35]. For this reason, variation anatomy represents an important
field within the morphological sciences, aiming to identify, document, and systematize
deviations in human structural organization.

Variations are frequently encountered during surgical interventions and radiological
examinations, where unexpected anatomical configurations may complicate clinical
management. Therefore, knowledge of variation anatomy is essential not only for
anatomists but also for clinicians. In a study conducted in 2015, Raikos and Smith
[33] reported that clinicians encounter anatomical variations regularly in practice —
monthly (39%), weekly (25%), and even daily (21%), underscoring their practical
significance.

Normal Anatomy of the Brachial Plexus

The brachial plexus is a complex neural network responsible for the motor and sensory
innervation of the upper limb [40]. It is classically formed by the ventral rami of the
spinal nerves C5, C6, C7, C8, and T1 [5]. In certain cases, additional contribution from
C4 results in a prefixed brachial plexus, whereas participation of T2 defines a postfixed
brachial plexus [29].

The ventral rami unite to form three trunks: the superior, middle, and inferior
trunks. The superior trunk is formed by the ventral rami of C5 and C6; the middle trunk
represents the continuation of the ventral ramus of C7; and the inferior trunk is formed
by the ventral rami of C8 and T1 [23, 40].

Each trunk divides into anterior and posterior divisions. These divisions reorganize
in the infraclavicular region to form three cords, which are named according to their
relationship to the axillary artery: the lateral cord, medial cord, and posterior cord [40].

The lateral cord is formed by the anterior divisions of the superior and middle
trunks and typically contains fibers from C5-C7. The medial cord arises from the
anterior division of the inferior trunk and contains fibers from C8-T1. The posterior
cord is formed by the posterior divisions of all three trunks and therefore contains
fibers from C5-T1 [30].

Topographically, the brachial plexus is divided into supraclavicular (roots and
trunks) and infraclavicular (divisions and cords) parts. The cords are located in the
infraclavicular region and surround the axillary artery [28].

The lateral cord gives rise to the lateral pectoral nerve, the musculocutaneous
nerve, and the lateral root of the median nerve. The medial cord gives rise to the medial
pectoral nerve, the medial cutaneous nerve of the arm, the medial cutaneous nerve of
the forearm, the ulnar nerve, and the medial root of the median nerve. The posterior
cord gives rise to the subscapular nerves, the thoracodorsal nerve, the axillary nerve,
and the radial nerve.

The schematic representation of the normal anatomy of the brachial plexus is
shown in Figure 1.
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Fig. 1. Schematic representation of the normal anatomy of the brachial plexus. Modified from
Wikimedia Commons, licensed under CC BY-SA 4.0.

Classification of Brachial Plexus Variations

The brachial plexus represents a hierarchically organized neural structure composed
of roots, trunks, divisions, cords, and terminal branches. Variations may occur at any
level of this anatomical organization. From a structural perspective, brachial plexus
variations can therefore be categorized into five principal groups:

(1) root variations;

(2) trunk variations;

(3) division variations;

(4) cord variations;

(5) terminal nerve variations.

While such a level-based classification provides a general anatomical framework,
more detailed classifications have been proposed specifically for patterns of cord
formation.

Cord-Level Classification According to Benes et al. (2021) [6]

A comprehensive meta-analysis conducted by Benes et al. (2021) identified six
principal subtypes of variation in the formation of the brachial plexus cords from the
anterior and posterior divisions of the trunks:
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1. Standard cord formation pattern

* Classical configuration with three cords formed in the usual manner.

2. Rearranged merging of divisions

» Abnormal redistribution or splitting of anterior/posterior divisions leading to
atypical cord composition. This includes:

* Splitting of the anterior division of the middle trunk with contributions to both
lateral and medial cords.

* Absence of contribution of the anterior division of the middle trunk to the lateral
cord.

» Absence of contribution of the posterior division of the inferior trunk to the
posterior cord.

» Abnormal participation of the posterior division of the superior trunk in medial
cord formation.

3. Variations in trunk number with preservation of three cords

» Altered number of trunks (two or four trunks) with subsequent formation of
three anatomically recognizable cords.

4. Qualitative changes in cord configuration

* Structural reorganization such as:

* Single common cord,

* Two-cord configuration (anterior and posterior),

 Temporary fusion of cords with subsequent separation,

* Post-formation splitting of the posterior cord.

5. Absence of cord formation

* Partial or complete failure of cord development, with divisions continuing
directly as terminal nerves.

6. Unclassified or rare patterns

* Variants not fitting into the above categories.

This meta-analytic classification provides a structured framework forunderstanding
variability in cord formation and highlights the considerable morphological plasticity
of the infraclavicular brachial plexus.

Scope of the Present Review

The present review focuses exclusively on cord-level variations, analyzing
published cases in relation to:

« alterations in cord formation,

* changes in segmental composition,

* topographic deviations relative to the axillary artery,

* intercord communications, and

* variations in branching patterns.

By adopting a morphology-oriented analytical approach, this review aims
to expand upon existing classifications and to integrate developmental and clinical
perspectives into cord-level variations.
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Embryological Basis of Variations of the Brachial Plexus

The development of the brachial plexus begins during the fourth week of
embryogenesis, when motor axons emerging from the ventral horns of the spinal cord
extend toward the developing upper limb bud. Shortly thereafter, sensory fibers from
the dorsal root ganglia join these motor axons, forming the primitive neural network
that later differentiates into the definitive brachial plexus [5, 10].

Plexus formation involves sequential processes of axonal growth, redistribution,
fusion, and separation. Initially, ventral rami establish a primitive neural meshwork,
directing fibers toward the dorsal and ventral muscle masses of the developing limb.
From this early arrangement arise the anterior and posterior divisions of the trunks,
followed by secondary reorganization into the three cords.

The patterning of this neural network is regulated by highly coordinated molecular
signaling between mesenchymal cells and axonal growth cones. Axonal extension
is guided by the expression of chemoattractant and chemorepellent molecules in a
spatially and temporally controlled manner. Disruptions in these signaling pathways
may alter axonal trajectory and fiber redistribution, resulting in variations in trunk
division or cord formation [9, 34].

Following initial formation, selective apoptosis and remodeling of transient neural
connections occur. Some early embryonic communications regress, whereas others
persist. Persistence of such temporary connections may explain accessory roots of the
median nerve, atypical intercord communications, or abnormal segmental participation
within specific cords. Once established, these anatomical variations persist after birth [9].

Vascular development in the axillary region may further influence plexus
organization. Variations in the formation of the axillary vessels can mechanically affect
fusion patterns and spatial relationships between plexus components [40].

From an evolutionary perspective, the organization of the brachial plexus
demonstrates considerable phylogenetic plasticity. Lower vertebrates lack a clearly
defined trunk-and-cord arrangement, whereas primates exhibit progressive structural
specialization. This evolutionary variability may partly account for the relatively high
frequency of brachial plexus variations in humans.

Thus, variations in cord formation may be attributed to:

* Alterations in axonal migration and guidance signaling

* Persistence of transient embryonic neural connections

* Atypical trunk fusion or division

* Vascular developmental influences

* Evolutionary morphological variability.

The embryological complexity of this secondary reorganization stage explains why
the cords of the brachial plexus demonstrate considerable morphological variability.

Anatomical Variations of the Brachial Plexus Cords

1. Variations of the Lateral Cord
The lateral cord demonstrates considerable variability in its formation, segmental
composition, intercord communications, branching pattern, and topographic relations.

147



Early documentation of lateral cord anomalies dates back to Kerr (1918), who reported
absence and atypical configurations of the lateral cord in his large anatomical series [19].

1.1. Variations in Formation

Altered formation of the lateral cord is among the most frequently described
infraclavicular variations. Uysal et al. [41], in a fetal series, described cases in which
the lateral cord was formed solely from the anterior division of the superior trunk,
without contribution from the middle trunk. This is presented in Figure 2. Similar
observations were reported by Wozniak et al. [44], who identified several plexuses in
which the lateral cord was formed only by the anterior division of the superior trunk.
In such cases, the typical C7 contribution through

the middle trunk is absent, resulting in altered segmental distribution to the
musculocutaneous nerve and the lateral root of the median nerve.

PERIPHERAL CORDS DIVISIONS TRUNKS ROOTS
NERVES

C5
Musculocutaneous nerve Lateral Anterior Superior

Axillary nerve
Cé6

Median nerve

osteri Middle
i, e S—— 7
Radial nerve
c8
Medial Inferior
Anterior
T1

Fig. 2. Formation of the lateral cord from the anterior division of the superior trunk, without
contribution from the anterior division of the middle trunk.

More complex rearrangements of cord formation have also been described. Uysal
et al. [41] reported a case in which the inferior trunk divided into two anterior and two
posterior branches; one anterior and one posterior branch united to form the medial
cord, whereas the remaining anterior branch joined the lateral cord and the remaining
posterior branch contributed to the posterior cord. This configuration illustrates
marked redistribution of fibers between the cords and modification of the classical
infraclavicular architecture. This is presented in Figure 3.

Failure of superior trunk formation may further alter lateral cord development.
In two plexuses described by Uysal et al. [41], the ventral rami of C5 and C6 did
not unite into a superior trunk; instead, they divided independently, with the posterior
components contributing to the posterior cord and the anterior components joining
to form the lateral cord. This arrangement bypasses the classical trunk—division—
cord sequence while preserving the expected segmental origin of the fibers. This is
presented in Figure 4.
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PERIPHERAL CORDS DIVISIONS TRUNKS ROOTS
NERVES

C5
Musculocutaneous nerve Lateral Superior
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. s
Medial & Inferior

T1

Fig. 3. Formation of the medial cord from one anterior and one posterior branch of the inferior
trunk; lateral cord from the anterior branch and anterior divisions of the superior and middle
trunks; posterior cord from the posterior branch of the inferior trunk and posterior divisions of
the superior and middle trunks.

PERIPHERAL CORDS DIVISIONS TRUNKS ROOTS
NERVES

Musculocutaneous nerve Lateral Anterior

Posterior ‘;

Radial nerve

Ulnar nerve Medial Inferior

Anterior

T1

Fig. 4. Lateral cord formed by the anterior components of C5 and C6 ventral rami; posterior
cord formed by the posterior components of C5 and C6. Superior trunk is absent.

Large cadaveric studies also support the variability of lateral cord formation.
Pandey and Shukla [25], in a series of 172 brachial plexuses, documented abnormal
cord formation and location in a notable proportion of specimens, reinforcing the
morphological diversity of the infraclavicular plexus.

1.2. Variations in Segmental Contribution

Segmental alterations may significantly affect the fiber composition of the lateral cord.
Proximal prefixation has been described, including direct participation of C4 in the
superior trunk and subsequent contribution to the lateral cord. Uysal et al. [41] reported
a rare case (0.5%) in which the superior trunk was formed by C4 and C5, while C6
divided independently and contributed directly to cord formation. This is presented in
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Figure 5. Wozniak et al. [44] also described a plexus in which the lateral cord received
fibers directly from C4.

PERIPHERAL CORDS DIVISIONS TRUNKS ROOTS
NERVES

Musculocutaneons nerve Lateral Anterior ’

Posterior

Medial Inferior

Anterior

Fig. 5. Rare variant with superior trunk formed by C4-C5 and independent contribution of C6
to cord formation.

Distal postfixation and caudal fiber redistribution have likewise been documented.
Prasad and Patel [31] described bilateral variations in which C8 failed to join T1 in the
usual manner to form the inferior trunk; instead, C8 contributed to the anterior divisions
of the superior and middle trunks, resulting in a lateral cord containing fibers from C5
to C8. This is presented in Figure 6. Comparable patterns were noted by Kerr [19],
who reported lateral cords receiving fibers from C8 in two cases and from the inferior
trunk in one case, as well as a lateral cord with fibers extending from C4 to C7. Fazan
et al. [13] also noted segmental redistribution associated with atypical posterior cord
formation. Such changes may alter the functional distribution of fibers within lateral
cord derivatives and may influence the clinical presentation of plexus lesions.

PERIPHERAL CORDS DIVISIONS TRUNKS ROOTS
NERVES
Musculocutaneous nerve Lateral Anterior Superior

Afediad perre Posterior

Radial nerve

Ulnar nerve Medial Inferior
Anterior
T1

Fig. 6. Variation with C8 bypassing T1, contributing to anterior divisions of superior and middle
trunks, forming a lateral cord containing C5-C8 fibers.
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Additional rearrangement of middle trunk fibers has also been reported. Uysal et
al. [41] described division of the middle trunk into two parts, with the superior portion
joining the lateral root of the median nerve and the inferior portion contributing to
the medial cord. Although this variant primarily affects median nerve formation, it
also reflects redistribution of fibers that would normally contribute to the lateral cord
system. This is presented in Figure 7.

PERIPHERAL CORDS DIVISIONS TRUNKS ROOTS
NERVES
cs
Musculocutaneous nerve Lateral Anterior Superior
) C6

PoslErior W e o giddle

Radial nerve

Medial

Ulnar nerve

Fig. 7. Division of the middle trunk into superior and inferior portions: superior portion joins
the lateral root of the median nerve, while inferior portion contributes to the medial cord,
illustrating fiber redistribution that normally contributes to the lateral cord system.

1.3. Absence of the Lateral Cord

Complete absence of a morphologically distinct lateral cord has been documented.
Kerr [19] reported seven cases in which the lateral cord was not observed as a separate
structure. Wozniak et al. [44] described additional cases in which the anterior division
of the superior trunk continued directly as the musculocutaneous nerve, effectively
replacing the lateral cord as an anatomically recognizable cord. This is presented in
Figure 8.

PERIPHERAL CORDS DIVISIONS TRUNKS ROOTS
NERVES

C5

Musculocutaneous nerve Anterior Superior
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Ulnar nerve

Anterior
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Fig. 8. Anterior division of the superior trunk continuing directly as the musculocutaneous
nerve, effectively replacing the lateral cord as an anatomically distinct cord.
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1.4. Intercord Communications

Intercord communications involving the lateral cord are among the most commonly
reported infraclavicular variations. Wozniak et al. [44] identified the most frequent
anomaly as an additional communicating branch between the lateral cord and the
medial root of the median nerve, producing a double lateral root configuration; triple
lateral contributions were also observed in one plexus. This is presented in Figure
9. Similar findings have been reported by Patel and Smith [26], who described cases
in which the median nerve was formed by two branches from the lateral cord and one
branch from the medial cord, whereas the inverse configuration was rare.

PERIPHERAL CORDS DIVISIONS TRUNKS ROOTS
NERVES

C5
Musculocutaneous nerve Lateral Anterior Superior

Axillary nerve
Cé

Median nerve
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c7

Radial nerve

C8
Medial

Inferior

Ulnar nerve

T1

Fig. 9. Additional communicating branch between the lateral cord and the medial root of the
median nerve, resulting in a double lateral root configuration.

Pattanshetti et al. [27] described accessory lateral roots of the median nerve in
seven limbs (11.67%). Additional communicating branches from the lateral cord to
the ulnar nerve or to the medial root of the median nerve have also been reported by
Han et al. [15], who documented multiple cord-to-nerve communications in cadaveric
material. Ajayi et al. [2] likewise reported a median nerve formed by two lateral roots
and one medial root, further illustrating the tendency of the lateral cord to contribute
accessory fibers to the median nerve.

Cross-communications and proximal fusion between the lateral and medial cords
have also been documented. Malukar et Rathva [22] reported fusion of the lateral and
medial cords anterior to the axillary artery, whereas Patel and Smith [26] described
proximal cross-connections and fusion of the two cords before the formation of the
classical “M”. Such patterns modify the expected topography of the infraclavicular
part of the brachial plexus and may complicate both dissection and regional anesthesia.

1.5. Variations in Branching Pattern

Terminal organization of the lateral cord may show substantial variation. Pattanshetti
et al. [27] reported absence of the musculocutaneous nerve in four limbs (6.67%), as
well as frequent accessory lateral roots of the median nerve. Gupta et al. [14] described
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a case in which the anterior division of the middle trunk gave rise to a branch to the
coracobrachialis muscle together with an accessory lateral root of the median nerve,
functionally approximating middle trunk fibers to lateral cord derivatives.

Han et al. [15] reported cases in which the medial root of the median nerve was
absent. In those specimens, the lateral cord divided into the musculocutaneous nerve
and a lateral root component, which fused with the medial cord and then bifurcated
into the median and ulnar nerves. These patterns emphasize the close developmental
relationship between lateral cord formation and median nerve organization.

1.6. Topographic Variations

Topographic deviations relative to the axillary artery have also been documented.
Das et Paul [11] described anomalous branches of the lateral cord passing anterior to
the axillary artery, a relationship of possible compressive and surgical significance.
Malukar et Rathva [22] reported fusion of the lateral and medial cords located anterior
to the artery, and in some cases all three cords were positioned lateral to the axillary
artery. This is presented in Figure 10. Similar positional changes have been described
in anomalous two-cord or fused-cord configurations [20].

PERIPHERAL CORDS DIVISIONS TRUNKS ROOTS
NERVES

C5
Musculocutaneous nerve Anterior Superior

Cé
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T1

Fig. 10. Fusion of the lateral and medial cords located anterior to the axillary artery

Collectively, these findings indicate that the lateral cord demonstrates marked
morphological plasticity, particularly inrelation to its formation, segmental contribution,
and communications with the medial cord.

2. Variations of the Medial Cord

The medial cord is traditionally described as the continuation of the anterior division of
the inferior trunk and normally contains fibers from C8 and T1. Although it is generally

considered to be more stable than the lateral and posterior cords, several structural
deviations have been documented.
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2.1. Variations in Formation

Alterations in the classical formation pattern of the medial cord have primarily been
described in fetal and cadaveric series. Uysal et al. [41] reported cases in which a
branch from the anterior division of the middle trunk contributed to the formation of
the medial cord, thereby introducing C7-derived fibers into a cord that is classically
formed by C8-T1. This atypical participation expands the segmental composition of
the medial cord beyond its usual pattern. This is presented in Figure 11.
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Fig. 11. Contribution of a branch from the anterior division of the middle trunk to the medial
cord, introducing C7 fibers into a cord normally formed by C8-T1.

More complex rearrangements have also been described. In one fetal plexus
reported by Uysal et al. [41], the inferior trunk divided into two anterior and two
posterior branches; one anterior and one posterior branch united to form the medial
cord, whereas the remaining anterior branch joined the lateral cord and the remaining
posterior branch contributed to the posterior cord. This pattern reflects profound
redistribution of fascicles between the cords and a substantial departure from the
normal infraclavicular organization.

2.2. Variations Associated with Absence or Reorganization of the Inferior Trunk
Because the medial cord is classically derived from the anterior division of the
inferior trunk, anomalies affecting inferior trunk formation directly alter medial cord
morphology. Uysal et al. [41] described 18 plexuses (9%) in which the inferior trunk
failed to form; under these conditions, the ventral ramus of C8 divided independently,
with its posterior part joining the posterior cord and its anterior part uniting with T1 to
form the medial cord. This represents a direct root-level reorganization of C8—T1 fibers
without an intervening inferior trunk. This is presented in Figure 12.

Additional caudal rearrangements have also been documented. In a rare case
described by Uysal et al. [41], the inferior trunk was formed by T1 and T2, whereas C8
divided and contributed separately to the medial and posterior cords. This is presented
in Figure 13. Aragdo et al. [4] likewise reported a four-trunk configuration in a fetal
plexus in which the medial cord was formed by the anterior divisions of C8 and T1,
while the posterior cord received fibers from all posterior divisions. These variants
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alter the segmental composition of the medial cord and may influence the clinical
expression of lower plexus lesions.

PERIFHERAL CORDS DIVISIONS TRUNKS ROOTS
NERVES

Musculocutaneous nerve Lateral Anterior Superior

Radial nerve

Fig. 12. Absence of the inferior trunk: C8 ventral ramus divides independently, with its
posterior part joining the posterior cord and anterior part uniting with T1 to form the medial
cord, representing direct root-level reorganization of C8-T1 fibers.
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Fig. 13. Inferior trunk formed by T1 and T2, with C8 dividing independently to contribute to
the medial and posterior cords.

Prasad and Patel [31] described a bilateral variation in which C8 did not join T1 in
the usual manner. On one side, the medial cord was formed mainly by T1 with a minor
contribution from C8, whereas on the opposite side T1 fibers passed directly into the
medial cord without forming a conventional inferior trunk. Similar patterns were later
described by Mchonde et al. [24], who reported bilateral multiple variations in which
the inferior trunk was effectively represented by T1 alone and continued as the medial
cord.
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2.3. Redistribution of Middle Trunk Fibers

Uysal et al. [41] further described division of the middle trunk into two portions,
with the superior portion joining the lateral root of the median nerve and the inferior
portion contributing to the medial cord. This configuration demonstrates simultaneous
fascicular and terminal reorganization and shows that fibers usually associated with the
lateral cord system may be redistributed to the medial cord.

2.4. Stability and Prevalence
Despite these variants, the medial cord appears comparatively stable. In his extensive
anatomical material, Kerr [19] reported that the medial cord was present in all
examined plexuses and that in 99.46% of cases it was formed predominantly by the
anterior division of the inferior trunk; only two cases showed additional contribution
from another division.

Across major cadaveric series, anomalies of the medial cord are reported less
frequently than posterior cord variations, reinforcing its relatively consistent anatomical
pattern.

2.5. Variations in Relation to the Median Nerve

Terminal organization of the medial cord may also vary. Pattanshetti et al. [27] reported
two limbs (3.33%) in which the medial root of the median nerve did not arise from the
classical medial cord. Instead, it originated from the first part of the anterior division
of fused middle and inferior trunks, whereas the second part functioned as the medial
cord proper and gave rise to its remaining branches. This is presented in Figure 14.
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Fig. 14. Medial root of the median nerve originating from the anterior division of fused middle
and inferior trunks, while the remaining portion functions as the medial cord proper, illustrating
variation in terminal organization of the medial cord.

Han et al. [15] described cases in which the medial root of the median nerve was
absent, and the lateral root component fused with the medial cord before dividing into
the median and ulnar nerves. Patel and Smith [26] also reported rare cases in which
the median nerve received two branches from the medial cord and only one from the
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lateral cord, further illustrating variability in the contribution of the medial cord to
median nerve formation.

Overall, the medial cord demonstrates comparatively limited variability, with
most deviations related to altered inferior trunk formation, redistribution of C8-T1
fibers, and variant participation in median nerve organization.

3. Variations of the Posterior Cord

The posterior cord represents one of the most frequently involved components in
infraclavicular variations of the brachial plexus. Most anomalies involve altered
contributions of posterior divisions, absence of inferior trunk participation, proximal
displacement of branches, duplication or splitting patterns, or reduction of the posterior
cord as a distinct morphological entity.

3.1. Variations in Formation

Historical observations by Kerr [19] demonstrated that in 36 of 175 plexuses (20.57%),
a true posterior cord was not clearly identifiable unless the radial nerve was regarded as
its representative. This early finding illustrates reduction or indistinct formation of the
posterior cord as a separate anatomical structure.

A recurring pattern reported in multiple studies is formation of the posterior
cord solely from the posterior divisions of the superior and middle trunks, without
contribution from the inferior trunk. This is presented in Figure 15. Wozniak et al.
[44] described this arrangement in four plexuses, and Fazan et al. [13] reported the
same configuration in five plexuses (9%), all from male Black cadavers. Singh et al.
(2019) [36] likewise observed five plexuses in which the posterior cord was formed by
the posterior divisions of the superior and middle trunks alone. Similar configurations
were also noted by Priya et al. and by Mchonde et al. [32, 24], in whom the inferior
trunk continued as the medial cord without contributing to the posterior cord.
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Fig. 15. Posterior cord formed solely from the posterior divisions of the superior and middle
trunks, without contribution from the inferior trunk.
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Failure or reorganization of trunk formation may further modify posterior cord
assembly. Uysal et al. [41] described 18 plexuses in which the inferior trunk did not
form; in these cases, the posterior part of C8 joined the posterior cord directly. In
additional cases, failure of superior trunk formation led to independent division of C5
and C6, with their posterior components contributing to the posterior cord. Uysal et al.
[41] also reported a rare prefixation pattern in which the superior trunk was formed by
C4 and C5, while the posterior division of C6 contributed directly to the posterior cord.

More complex rearrangements of trunk organization have also been described. Singh
[37] reported cases in which the superior and middle trunks fused into a common trunk
that later divided into lateral and posterior cords, whereas the inferior trunk continued
as the medial cord. This is presented in Figure 16. In related cases, the inferior trunk
failed to divide into anterior and posterior divisions and continued directly as the medial
cord, leaving the posterior cord to be formed only by posterior divisions of the superior
and middle trunks [20, 37]. Cash et al. [8] described a two-trunk variation in which the
posterior cord was formed by the posterior divisions of the superior and inferior trunks,
reflecting the altered architecture of a two-trunk brachial plexus.
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NERVES
5
Musculocutaneous nerve Lateral Anterior »
uPe““‘
-
r i c6
Median nerve ﬂ
Posterior 07 :
, iﬂu"" TEEEE— T

Radial nerve

Ulnar nerve Medial

Anterior
T1

Fig. 16. Fusion of the superior and middle trunks into a common trunk, which divides into
lateral and posterior cords, while the inferior trunk continues as the medial cord.

Four-trunk configurations further expand the spectrum of posterior cord variation.
Aragio et al. [4] reported a fetal case in which C4-C5, C7, C8, and T1 formed four
trunks, and the posterior cord was assembled from the posterior divisions of all
participating trunks. Han et al. [15] likewise described several four-trunk patterns,
including cases in which the posterior cord was formed by the posterior divisions of
three trunks and others in which all four trunks contributed to it.

An extreme variant was reported by Elzawawy [12], in which the posterior cord
was effectively replaced by the posterior division of the superior trunk; this branch
gave rise to the axillary and upper subscapular nerves and continued as the radial
nerve. This represents near-complete proximal substitution of the posterior cord. This
is presented in Figure 17.
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Fig. 17. Posterior cord effectively replaced by the posterior division of the superior trunk, giving
rise to the axillary and upper subscapular nerves and continuing as the radial nerve, representing
near-complete proximal substitution of the posterior cord.

3.2. Split or Duplicated Posterior Cord Patterns

A distinct morphological variation involves splitting of the posterior cord into two
roots that subsequently reunite to form the radial nerve. Bhat and Girijavallabhan
(2008) [7] described such a configuration, in which the two roots compressed the
subclavian artery before reuniting. This is presented in Figure 18. Pattanshetti et
al. [28] observed a similar two-root radial origin pattern in one limb (1.67%). These
variants are of potential surgical relevance because of their unusual relationship to
neighboring vessels.

PERIPHERAL CORDS DIVISIONS TRUNKS ROOTS
NERVES

Musculocutaneous nerve Lateral

Posterior

cs

Ulnar nerve Medial Inferior

Anterior
T

Fig. 18. Two roots of the posterior cord compressing the subclavian artery before reuniting,
illustrating a split or duplicated posterior cord configuration.

3.3. Proximal Displacement of Posterior Cord Branches
Several reports describe branches that normally arise from the posterior cord as
originating instead from the posterior division of the superior trunk. Kocabiyik et
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al. [21] reported a case in which the upper subscapular, thoracodorsal, and lower
subscapular nerves arose from the posterior division of the superior trunk, after which
the posterior cord continued as the axillary and radial nerves. A similar pattern was
noted by Pattanshetti et al. [27], in whom the axillary nerve and subscapular branches
occasionally arose proximally from a posterior division rather than from the fully
formed posterior cord. Such findings may be interpreted as a proximal shift of posterior
cord branches rather than complete absence of the cord.

3.4. Associated Branch Variations and Intercord Redistribution

Branch-level anomalies related to the posterior cord include duplication of the
thoracodorsal nerve, as reported by Pattanshetti et al. [27] in two limbs (3.33%), and
variations in the origin of the subscapular nerves [36]. In some plexuses, posterior cord
fibers also contribute aberrantly to the roots of the median nerve. Wozniak et al. [44]
described one case in which two branches from the posterior cord joined the medial
and lateral roots of the median nerve. Patel and Smith [26] likewise reported a rare
pattern in which fusion involving the medial and posterior cords caused the median
nerve to receive fibers indirectly from all three cords. These observations highlight the
possibility of intercord redistribution beyond the classical pattern.

3.5. Reduction to Two-Cord or Single-Cord Patterns

More radical reorganizations include reduction of the infraclavicular plexus to two
cords or even a single common cord. Han et al. [15] described a case in which only
anterior and posterior cords were present, both located lateral to the axillary artery;
in that specimen, the anterior cord represented fusion of the lateral and medial cords.
Havaldar et al. [17] also reported a two-cord configuration in a two-trunk brachial
plexus, with a superior and an inferior cord located lateral to the axillary artery.

Single-cord configurations have been documented by several authors. Priya et al.
[32] reported bilateral cases in which two trunks fused and continued as a single cord
giving rise to all terminal branches. Similar single-cord patterns were described by
Viswanathan et al., Aggarwal et al., Singh et al., and Hasan and Narayan [42, 1, 38, 16].
Although such cases affect the entire infraclavicular plexus rather than the posterior
cord alone, they are relevant because they represent the most extreme loss of normal
cord differentiation and therefore include functional replacement of the posterior cord
within a common neural bundle.

Taken together, these findings show that posterior cord variations are frequently
part of broader system-level reorganization rather than isolated anomalies. Among
the three cords, the posterior cord appears to be the most susceptible to structural
rearrangement.

Collectively, the reviewed studies demonstrate considerable morphological variability
in the formation and organization of the brachial plexus cords. Variations most frequently
involve the posterior cord, particularly alterations in trunk contributions and proximal
displacement of branches. In contrast, the medial cord appears to demonstrate relatively
greater structural stability, while the lateral cord commonly participates in intercord
communications and variations related to the formation of the median nerve. These findings
highlight the developmental plasticity of the infraclavicular brachial plexus.
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The principal patterns of cord-level anatomical variations and their clinical
implications are summarized in Table 1.

Clinical relevance: Implications for Infraclavicular Block

The cords of the brachial plexus represent the principal neural targets of the
infraclavicular block, as they are arranged around the second part of the axillary artery in
the infraclavicular region [43]. Classical anatomical descriptions assume a predictable
relationship between the lateral, medial, and posterior cords and the axillary artery.
However, multiple cadaveric studies demonstrate that this arrangement is subject to
considerable variability.

Variations in cord formation, position, and intercord communications may
significantly influence the success and safety of infraclavicular anesthesia.

Altered topographic relationships have been described, including:

1. Fusion of lateral and medial cords

2. All three cords positioned lateral to the axillary artery

3. Posterior cord formed only from posterior divisions of the superior and middle trunks
4. Absence or reduction of a morphologically distinct cord

Such variations may modify the expected triangular or circumferential distribution
ofthe cords around the axillary artery under ultrasound guidance. As a result, anesthetic
deposition based on classical anatomical assumptions may lead to incomplete blockade,
particularly if one cord lies outside the anticipated spread of local anesthetic.

Intercord communications, especially additional connections between the lateral
cord and the medial root of the median nerve, may further complicate the clinical
picture by producing partial or asymmetric motor blockade.

Because infraclavicular block specifically targets the cords rather than trunks
or terminal branches, detailed understanding of cord-level anatomical variability is
essential for optimizing needle placement, ensuring adequate anesthetic spread, and
minimizing vascular or neural injury.

Conclusion

The cords of the brachial plexus demonstrate considerable anatomical variability.
Reported variations include atypical formation from trunks and divisions, altered
segmental contributions, absence or fusion of cords, anomalous communications
between cords, and deviations in terminal branching patterns. Among the three cords,
the posterior cord appears to be most frequently involved in structural rearrangements,
followed by the lateral cord, while the medial cord demonstrates relatively greater
stability.

These morphological deviations reflect the developmental complexity of
the brachial plexus and underline the importance of variation anatomy in both
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anatomical research and clinical practice. A thorough understanding of the possible
cord configurations is essential for accurate interpretation of anatomical findings and
for minimizing complications during surgical and interventional procedures in the
infraclavicular region.
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Stereotypes and prejudice have long been significant barriers to women‘s participation in the
development of anatomical knowledge and education. Despite these challenges, generations of
women have persevered, overcoming numerous obstacles to establish themselves in the field.
The history of anatomy is often viewed as male-dominated, yet women have made significant
contributions, even when societal norms or legal restrictions sought to limit their involvement.
Women excelled as prosectors, anatomists, researchers, and educators — even when such
practices were viewed as scandalous or were prohibited. This historical review aims to shed light
on the contributions of female anatomists, who were not just scientists but also philosophers,
innovators, and visionaries. By documenting their achievements, we seek to raise awareness of
their invaluable role in shaping the field of anatomy. Recognizing the history of these women
is crucial in understanding both the progress made and the ongoing need for gender equality in
science and medicine.

Key words: history of medicine, women anatomists, history of anatomy, dissection, wax
modeling

Anatomy is a foundational subject for many fields of study. A deeper exploration of this
discipline often inspires admiration in those who choose to pursue it further. However,
it is not only the complexity and significance of the subject itself that draws admiration,
but also the discoverers who showed courage and boldness in their exploration. As a
mark of respect, many anatomical structures and anomalies have been named after
their discoverers [12, 21]. What stands out, however, is that most of the well known
anatomical terms named after scientists are associated with male names. This raises
important questions: What has been the role of women in anatomy and anatomy
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education? Did they contribute to the field of science? Were they allowed to participate,
and did they have the desire, ambition, and vision to advance the field? In response to
these questions, this review seeks to examine the role of women in the development of
anatomy and anatomical education throughout history.

1. Before the Early Modern Period

1.1. Ancient History

The earliest historical connections between women and anatomy can be traced back to
ancient Greek myths and legends. One such figure is the goddess Iris, daughter of the
gods Thaumas and Electra. Iris, the personification of the rainbow and messenger of
the gods, served the Olympians, particularly Queen Hera. Later, the colored part of the
eye surrounding the pupil was named after her. The term ,,iris* comes from the Greek
word for ,,rainbow," reflecting both the goddess and the multiple colors found in this
part of the eye.

Allesandra Gialini (1307-1326)

Alessandra Giliani is regarded as the world’s first female anatomist and prosector [20].
She entered the University of Bologna at the age of 16 and, disguised as a man, worked
as a prosector and demonstrator during anatomy lectures (Fig. 1). Giliani developed
an innovative technique for visualizing blood vessels in cadavers using injected dyes,
enabling detailed observation of vascular structures. Her career was brief, ending with
her death at the age of 19 in 1326. One theory suggests that she succumbed to an
infected wound, while others believe her death was linked to a colleague‘s romantic
feelings, which revealed her true gender. According to some accounts, her exposure led
to her being condemned by the Inquisition and burned at the stake as a witch outside
the Church of San Pietro e Marcellino in Florence, for daring to work alongside men.

2. The Period Between the 15th and 18th Century

The period between 1400 and 1700 saw advances in the natural sciences, but progress
in anatomy and women’s participation slowed due to traditional beliefs, religious
restrictions, limited scientific methods, and restricted access to medical education.
Socioeconomic challenges such as wars, epidemics, and poverty further hindered
development. Nevertheless, this period laid the foundation for theories that later
flourished during the Enlightenment.

2.1. Early Modern Period — Enlightenment (17th and 18th centuries)

Laura Maria Katerina Bassi (1711-1778)

Laura Bassi began studying biology, natural history, and medicine at the age of 13
(Fig. 2). In 1731, she started teaching anatomy at the medical faculty of the University
of Bologna, and at 21 earned a doctorate in philosophy and became a professor [17,20].
Despite her family responsibilities, she continued teaching anatomy through private
courses and was highly respected in scientific and political circles in Italy.
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Anna Morandi Manzolini (1714-1774)

Anna Morandi Manzolini was an internationally renowned anatomist and creator of
wax anatomical models at the University of Bologna [13,17,20]. Together with her
husband, Giovanni Manzolini, she worked in ceroplasty, initially collaborating with the
Bologna Museum and later continuing independently in their home laboratory (Fig. 3)
[1,17,18]. She served for several years as a professor of anatomy and made significant
contributions, including the discovery of the attachment points of the oblique muscles
of the eyeball. Morandi Manzolini became widely known for her highly detailed wax
models, accurately reproducing fine anatomical structures such as capillaries and nerves
(Fig. 4). Her collection, the Supellex Manzoliniana, was recognized throughout Europe
as an important educational resource (Fig. 5) and influenced later developments in
anatomical modeling.

Marie-Marguerite Biheron (1719-1795)

Marie-Marguerite Biheron was a French anatomist, medical illustrator, and artist
renowned for her anatomically precise wax models [7]. Due to the limitations of
working with cadavers, she turned to ceroplasty, producing durable models widely
used for anatomical education in laboratories, medical schools, and museums. Her
innovative techniques gained international recognition; however, restrictions at the
Royal Academy of Sciences in Paris prevented her from teaching anatomy, leading
her to continue her work in England. In May 1761, she opened an exhibition of her
anatomical models in her home on Rue Vieille Estrapade, known as the ,,Exhibition of
Artificial Anatomy*.

Maria Petracini (1759 — 1791)

Maria Petracini was an Italian physician and professor of anatomy at the University
of Ferrara (Fig. 6) [17]. In 1789, she published an influential work on maternal and
newborn care, combining medical knowledge with personal experience. Petracini
criticized harmful infant swaddling practices and advocated early breastfeeding, while
also providing guidance on congenital malformations and infectious diseases (Fig. 7).

3. 19th to 20th centuries

Augusta Déjerine-Klumpke (1859 — 1927)

Augusta Déjerine-Klumpke was an American-born French physician noted for her
contributions to neuroanatomy and the description of Klumpke paralysis (Fig. 8) [26].
She was among the first female hospital interns in Paris, although her medical training
was initially hindered by gender-based restrictions [22]. During her externship, she
studied neurology under Jean-Martin Charcot and focused on the anatomy of the
brachial plexus. Her clinical observations formed the basis of her doctoral thesis,
published in 1885, which earned several prestigious academic awards.

Vera Mikhailovna Danchakova (1879 — 1950)
Vera Mikhailovna Danchakova was a prominent Russian anatomist, embryologist, and
cell biologist. In 1908, she became the first woman in Russia elected as a professor
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of anatomy at Moscow University (Fig. 9). In 1915, Danchakova moved to the U.S.,
working at the Rockefeller Institute and later at Columbia University‘s College of
Medicine, teaching anatomy during the early inclusion of women in medical education.
In 1916, she proposed that all blood cells develop from a single type of cell, introducing
the term ,,stem cell” and noting that stem cells could undergo pathological changes
[14]. She is recognized as a pioneer in hematopoietic stem cell research, called the
,Mother of Stem Cells* by M. A. Lichman (2001). Between 1934-1937, she worked
at the Lithuanian Medical University. In 1938, she conducted experiments exposing
female guinea pig foetuses to testosterone, showing it could increase masculine sexual
behavior in adulthood.

Mabel Heath Palmer (1885 — 1949)

Mabel Heath Palmer, known as the ,,First Lady of Chiropractic* (Fig. 10), was an
American chiropractor and anatomist [23]. Married to B. J. Palmer, she graduated
from the Palmer School of Chiropractic in 1905 and studied anatomy and dissection in
Chicago. In 1918, she published Anatomy, the first anatomy textbook for chiropractic
students. Returning to the Palmer School, she taught anatomy for 40 years and founded
Sigma Phi Chi, the first chiropractic sorority.

Katharine Julia Scott Bishop (1889 — 1975)

Katharine Julia Scott Bishop was an anatomist, physician, researcher, and educator, best
known for codiscovering Vitamin E (Fig. 11) [10, 24]. After graduating from medical
school, she taught histology at the University of California Medical School in Berkeley
until 1923. Working with Herbert McLean Evans, she studied the reproductive cycle of
rats, publishing a monograph on vital staining of connective tissue. Their experiments
on dietary deficiencies led to the identification of a factor essential for reproduction,
initially called ,,Factor X,* later named Vitamin E, derived from lipid extracts of lettuce
and wheat germ.

4. Contemporary History (1945 to today)

Marian Diamond (1926 — 2017)

Marian Cleeves Diamond was an American neuroscientist and a pioneer in
neuroplasticity (Fig. 12) [2,8,9,25]. She was the first female graduate student in the
Department of Anatomy at UC Berkeley and taught well into her eighties. In the
early 1960s, Diamond provided the first evidence that the cerebral cortex can change
structurally in response to enriched or impoverished environments, from prenatal stages
to old age. Her experiments showed that rats in enriched environments had a cortex 6%
thicker and a greater learning capacity than those in impoverished conditions. Diamond
also analyzed preserved blocks of Albert Einstein’s brain, discovering an increased
glial cell-to-neuron ratio, particularly in area 39 of the left hemisphere. Her integrative
biology lectures became globally popular on YouTube, and the 2017 documentary My
Love Affair with the Brain highlights her scientific contributions and teaching legacy.
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Eva Braak (1939-2000)

Eva Braak was a German anatomist known for her work on neurodegenerative
diseases, especially Alzheimer’s (Fig. 13) [3-6]. As a professor at Johann Wolfgang
Goethe University, she and her husband Heiko Braak led a research group studying
degenerative brain disorders. In the 1970s, they refined the silver-iodate histological
technique to examine thick brain sections, advancing understanding of Alzheimer’s
and Parkinson’s diseases. In 1987, they first described argyrophilic grain disease, a
previously misclassified tauopathy. Their 1991 classification system for Alzheimer’s,
the Braak and Braak stages, delineated six pathoanatomical stages based on
neurofibrillary changes. In 1998, Eva Braak became the first female recipient of the
Lifetime Achievement Award in Alzheimer’s Disease Research.

Carolyn Larabell (1947-)

Carolyn Larabell (Fig. 14) is an American scientist pioneering biological imaging
through soft X-ray microscopy [11,15,16,19]. Since 1997, she has been at Lawrence
Berkeley National Laboratory, advancing X-ray microtomography for 3D visualization
of cells. In 2004, she founded the NCXT to develop soft X-ray tomography, including
Beamline 2.1 (XM-2), the world’s first soft X-ray microscope. Her work enables
the study of cellular pathways for clearing misfolded proteins, offering insights into
Alzheimer’s, Parkinson’s, and Huntington’s diseases, bridging light and electron
microscopy and providing unprecedented views of cellular structures.

Conclusions

“I am among those who think that science has great beauty.” Marie Curie

This sentiment, echoed by Iuminaries such as Marie Curie, encapsulates
the profound impact that women have had in the scientific realm, particularly in
anatomy and medical research. Throughout history, women have not only contributed
groundbreaking discoveries but have also enriched the field with diverse perspectives
and innovative approaches that highlight the intricate beauty of biological systems.
From the pioneering work of Alessandra Giliani in the 14th century to the contemporary
advancements of Carolyn Larabell, women have consistently broken barriers and
challenged conventions, illuminating the path for future generations. Their dedication
and resilience remind us that the pursuit of knowledge is a collaborative endeavor that
thrives on inclusivity and diversity. By recognizing and celebrating the achievements
of women in science, we honor the beauty inherent in scientific inquiry and inspire a
more equitable future where all voices are heard. In doing so, we gain deeper insight
into life’s intricacies while embracing the wonder, innovation, and beauty that science
has to offer.
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Figure 1. Anathomia corporis humani Figure 2. Portrait of Laura Bassi by
title page (Leipzig edition dated unknown author.
1493).
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Figure 3. Anna Morandi Manzolini
(1714-1774), Italian anatomist and
sculptor, from a drawing of Cesare
Bettini.

Figure 4. The front cover of the book:
The Lady Anatomist, The Life and Work
of Anna Morandi Manzolini by Rebecca
Messbarger. The University of Chicago
Press.
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Figure 5. Anna Morandi and
Giovanni Manzolini, muscles
of the forearm. Courtesy
of Museo di PalazzoPoggi,
Universita di Bologna.
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Figure 6. Portrait of Maria Petracini by unknown author.

Figure 7. Maria Maddalena Petraccini, Memoria per servire alla fisica educazione de‘
Bambini, Ferrara, 1789.
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Figure 8. Augusta and Jacqueline
Dejerine-Klumpke. Author Andre-
Thomas.

Figure 9. Vera  Mikhailova
Danchakova (Unknown author -
http://www.sbras.ru/HBC/article.
phtml?nid=656&1d=3).
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Figure 10. The bronze bust of Mabel
Heath Palmer in Heritage Courtyard
on the Davenport Campus of Palmer
College of Chiropractic.

Figure 11. Katharine J. Scott Bishop.

Smithsonian Institution Archives. Image
STA2009-3085.
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Figure 12. Dr Marian
Diamond smiles, standing in
her laboratory, 28 December
2022.

Figure 13. Photograph of Eva Braak

Figure 14. Carolyn A. Larabell
(https://biosciences.Ibl.gov/profiles/carolyn-a-
larabell/)
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IN MEMORIAM

Associated Professor Racho Stefanov Stoev, PhD
(17.04.1956 - 05.11.2025)

Racho Stefanov Stoev was born on April 17, 1956 and passed away on November 5,
2025 at his home in Sofia after a short illness.

Racho Stoev studied at the Department of Biology (Biology and Environment
Protection) of the Sofia University “St. Kliment Ohridski” where he graduated with honors
in 1983. Due to his excellent achievements as a university student he was appointed
directly as a research associate in the Institute of Morphology in the Bulgarian Academy
of Sciences (predecessor of [IEMPAM-BAS) without any entrance competition.

A great part of his research work is focused on the investigation of the processes
of growth and development as well as sexual maturation and the influence of social
and economic conditions and living standards of the family such as income, education,
employment, etc. His research on the topic formed the basis of his PhD thesis
“Anthropological characteristics of adolescents — physical development and sexual
maturation in conditions with the socio-familial environment™ which he defended
successfully in 2007 at IEMA-BAS.
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In 2012 he was promoted in Associated Professor in the Department of
Anthropology and Anatomy, which he headed in the period 2015 — 2022. He was
a member of the Editorial Board of the scientific journal “Acta Morphologica et
Anthropologica”.

A particular interest in his research was the characterization of the various
anthropological types inhabiting the territories of Bulgaria and the Balkans. In these
studies, Assoc. Prof. Stoev successfully applies the methods of mathematical taxonomy
and contributes significantly to deepening the knowledge and understanding of the
processes related to biological and cultural diversity in the region. His research interests
includes also human ecology, historical anthropometry and secular trend, ethnic
anthropology, including anthropogenesis and ethnic dermatoglyphics, demography.
This led him to specialize in many anthropological centers abroad during his scientific
career - in the USSR, Poland, Greece, Russia.

His intellectual curiosity and interest in knowledge and science did not wane over
the years, and in 2024 he enrolled in History at Sofia University, which unfortunately
he did not manage to complete.

Associated Professor Racho Stefanov Stoev was respected and recognised
anthropologist in Bulgarian and European scientific societies. He is the author and
coauthor of over 50 scientific publications. He participated in many national and
international scientific forums and maintained good personal and working relations
with colleagues from Russia, Belarus, Poland, Greece, Hungary, Serbia, etc. He was
a member of the European Anthropological Association, Bulgarian Anthropological
Society, Bulgarian Anatomic Society, Polish Anthropological Society (1989-1990).

Assoc. Prof. Racho Stoev was young at heart, an excellent scientist, colleague and
friend, known with his humility and humanity, devoted his life to understanding the
man as biological and social being.

Yanitsa Zhecheva
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