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Abstract. Despite the widespread use of cone-beam computed tomography, regional variations in cortical and
trabecular bone density remain insufficiently characterised. The aim of this study was to assess mandibular
bone density across different anatomical regions and to identify clinical situations in which pre-implant bone
augmentation may be required. The methodology involved the analysis of cone-beam computed tomography data
with quantitative assessment of bone density in the anterior, premolar, and molar regions of the mandible. The
highest bone density values were observed in the anterior mandible, averaging 944.9 + 207 HU in the control
group and 910.2 + 198 HU in edentulous patients (p > 0.05). In the premolar region, bone density decreased to
643.8+162 HU in the absence of teeth, compared with 826.4+ 175 HU in dentate individuals (p <0.05). The most
pronounced reduction was identified in the molar region, where values reached 512.5 + 148 HU in edentulous
patients versus 789.7 + 160 HU in the control group (p < 0.01), confirming the adverse effect of prolonged
posterior tooth loss on bone quality. Furthermore, reduced bone density in the distal mandible was associated
with compromised cortical bone characteristics, potentially affecting the primary stability of dental implants.
These regional differences should be taken into account when selecting implant dimensions and planning the
extent of bone augmentation, particularly in patients with long-standing edentulism. The findings are clinically
relevant for optimising implant treatment strategies, determining the need for bone augmentation, and improving
the predictability of surgical outcomes

Keywords: mandible; bone tissue density; CBCT; regional variability; alveolar ridge; bone augmentation

INTRODUCTION

Dental implantation is widely regarded as one of the may vary considerably depending on the anatomical

most effective approaches for the replacement of miss-
ing teeth and the functional rehabilitation of patients.
The success of implant therapy is largely dependent on
the condition of the jawbone, as both its volume and
density directly influence the achievement of primary
implant stability and the predictability of osseointegra-
tion. Particular attention should be paid to the mandi-
ble, where the density of cortical and trabecular bone

Suggested Citation:

region, patient age, and the duration of edentulism.
In this context, accurate assessment of bone quality
represents a critical stage in preoperative planning
and in the selection of an appropriate surgical strate-
gy. C.S. Park et al. [1] conducted a validation study of a
quantitative method for assessing bone mineral densi-
ty based on cone-beam computed tomography (CBCT)
data using deep learning algorithms. Their findings

Abirova R, Eshiev A. Quantitative assessment of regional variability in mandibular bone density based on cone-beam computed
tomography data. ] Hum Biol Clin Med, 2026;2(2):8-19. DOI: 10.63621/jhbcm/2.2026.08
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demonstrated that this approach provided more ac-
curate and reproducible density measurements com-
pared with conventional CBCT analysis. These results
highlight the potential of quantitative CBCT as a reliable
tool for objective evaluation of bone quality in implant
treatment planning.

According to G. Avila-Ortiz et al. [2], post-extrac-
tion resorption of the alveolar ridge is a physiological
remodelling process characterised by a reduction in
both bone height and width, most pronounced within
the first months to years following tooth removal. This
process may significantly complicate implant therapy
and increases the need for techniques aimed at pre-
serving and augmenting bone volume. Evidence from
biomechanical as well as clinical and radiological stud-
ies indicates that insufficient bone volume represents
one of the principal limiting factors for implant place-
ment and is associated with an increased risk of post-
operative complications. Furthermore, O. Yildirim et
al. [3] emphasised the importance of CBCT-based as-
sessment of bone morphology and quality, including
Hounsfield unit (HU) values. It is the combined eval-
uation of parameters - such as alveolar ridge configu-
ration, cortical bone thickness, and radiographic bone
density - that plays a decisive role in the selection of
the surgical approach and the accuracy of the interven-
tion, including guided implant surgery. The authors
demonstrated that cortical plate characteristics, as
well as bone density and morphology in the posteri-
or mandible, are associated with the risk of technical
deviations and variability in clinical outcomes when
digital surgical guides are employed.

In studies by ]J. Lorenz et al. [4] and T. Starch-
Jensen et al. [5], particular emphasis was placed on
measuring cortical bone thickness in prospective im-
plant sites. The findings indicated that the cortical
component plays a pivotal role in achieving primary
implant stability and in establishing a favourable treat-
ment prognosis. At the same time, the authors high-
lighted considerable interindividual variability in these
parameters, underscoring the need for standardised
CBCT-based criteria for the assessment of bone qual-
ity. According to P. Suthakar et al. [6], a distinct area
of contemporary research focuses on the use of CBCT
for the quantitative evaluation of mandibular resorp-
tion based on stable anatomical landmarks, including
the mental region. The application of standardised
reference points enables consistent morphometric
comparisons in both dentate patients and those with
partial or complete edentulism. However, the authors
noted that most studies are limited to describing the
extent of resorption without establishing clinically rel-
evant threshold values necessary for evidence-based
decision-making when selecting reconstruction tech-
niques, such as guided bone regeneration (GBR), alve-
olar ridge splitting, the use of bone blocks, or vertical
augmentation procedures.

Abirova & Eshiev

The Proceedings of the 21 All-Russian Dental Fo-
rum report [7] that, between 2020 and 2024, consider-
able attention was devoted to analysing the outcomes
of reconstructive techniques in the mandible, including
GBR and horizontal augmentation. These advances have
contributed to expanding the indications for dental im-
plantation in patients presenting with pronounced alve-
olar ridge atrophy. At the same time, it was emphasised
that, despite favourable clinical outcomes, a significant
limitation remains the methodological heterogeneity
of available studies, including differences in study de-
sign, osteoplastic materials and barrier membranes em-
ployed, follow-up duration, and criteria used to define
treatment success. Such variability continues to hinder
the development of a universally accepted, CBCT-based
decision-making algorithm for selecting the optimal re-
constructive approach. An important contribution to the
regional body of evidence has been made by researchers
from Kyrgyzstan. In particular, A.M. Eshiev & R.E. Abiro-
va [8] demonstrated the clinical relevance of CBCT-based
bone density assessment (in HU), highlighting regional
variability in these parameters. The authors also pre-
sented a clinical case illustrating the management of a
patient with severe atrophy, including mandibular in-
volvement, using a digital treatment planning approach.

Furthermore, in 2025, A.M. Eshiev & B.A. Israilov [9]
published an observational CBCT-based study demon-
strating the presence of destructive periapical bone
changes in all examined patients. The study focused on
the assessment of bone biotypes and the practical in-
terpretation of CBCT-derived parameters in treatment
planning for older patient cohorts.In addition, A.K. Ab-
dymechinova et al. [10], in a review paper, highlighted
the role of advanced technologies, including CBCT, as
essential tools for diagnosis and treatment planning in
maxillofacial dentistry, further supporting the need for
the implementation of standardised approaches in clin-
ical practice in Kyrgyzstan.

The aim of the present study was to determine the
characteristics of bone density and volumetric param-
eters of the mandible across different anatomical re-
gions, and to establish threshold values for horizontal
and vertical bone deficiency at which bone augmenta-
tion becomes necessary to ensure predictable and long-
term outcomes of dental implantation.

MATERIALS AND METHODS
The study was conducted at the Department of Oral and
Maxillofacial Surgery, Osh State University, between
2024 and 2025. A prospective clinical and radiological
assessment was performed in patients presenting with
partial edentulism of the posterior mandible and sched-
uled for dental implant therapy. A total of 50 patients
aged 45-70 years were enrolled and allocated into two
groups. Group 1 (study group) comprised 25 patients
with bilateral absence of posterior mandibular teeth
(FDIpositions 4.5-7.5). Group 2 (control group) included
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25 patients with intact dentition. Only individuals
without systemic bone disorders or significant inflam-
matory pathology in the intended implant sites were
included. Exclusion criteria comprised osteoporosis,
oncological diseases, active inflammatory-destructive
processes, the use of medications affecting bone me-
tabolism (e.g., bisphosphonates, glucocorticosteroids),
and pregnancy. The duration of edentulism in the study
group ranged from 6 months to 10 years and was con-
sidered a variable influencing morphometric param-
eters and relative bone density. CBCT was performed
using the Planmeca ProMax 3D (Finland) following a
standardised protocol (voxel size 0.2 mm; field of view
8x8 cm; 90 kV; 10 mA). Tomographic data were ana-
lysed using Planmeca Romexis 6.0. Measurements were
obtained bilaterally in the premolar (4.5-5.5) and molar
(6.5-7.5) regions of the mandible.

The region of interest (ROI) was defined at levels
1, 3, and 5 mm apical to the crest of the alveolar ridge.
In each area, no fewer than three measurements of
cortical plate thickness and relative bone density were
obtained, followed by calculation of mean values. Bone
density assessment was performed using CBCT in
the planned implant sites, specifically within the pre-
molar and molar regions bilaterally in the mandible.
Density values were expressed in HU. Bone quality
was classified according to the Lekholm & Zarb classi-
fication [11], based on the relationship between corti-
cal and cancellous bone components. The evaluation

incorporated CBCT-derived data, taking into account
both the morphological characteristics of the alveolar
ridge and quantitative density parameters. Statistical
analysis was carried out using IBM SPSS Statistics 26.
The results are presented as mean * standard deviation
(M £ SD). Differences between groups were assessed
using Student’s t-test and one-way analysis of vari-
ance (ANOVA), with the level of statistical significance
set at p<0.05. The study was conducted in accordance
with the principles of the Declaration of Helsinki [12]
and was approved by the local ethics committee of Osh
State University (Protocol No. 4, dated 15 December
2024). Written informed consent was obtained from all
participants prior to inclusion in the study.

RESULTS AND DISCUSSION
According to the CBCT findings, the mean bone densi-
ty in the anterior mandible was 944.9 + 207 HU, which
markedly exceeds the corresponding values observed
in the anterior maxilla (715.8 + 190 HU) and, in par-
ticular, in the posterior maxilla (455.1+122 HU). These
values correspond to type D1 according to the Lekholm
& Zarb classification [11], characterised by a predomi-
nance of dense cortical bone. Such structural features
provide high mechanical strength and are favourable
for successful implant osseointegration. Table 1 pre-
sents comparative data on mandibular bone mineral
density across different anatomical regions, stratified
by dentition status.

Table 1. Comparative values of mandibular bone mineral density (BMD)
according to anatomical region and dentition status

Zone of research Control group (n=25) Main group (edentulous, n=25)
Anterior zone (3.3-4.3) 944.9+207 910.2+198 >0.05
Premolar zone (4.5-5.5) 826.4+175 643.8+162 <0.05
Molar zone (6.5-7.5) 789.7£160 512.5+148 <0.01

Source: developed by the authors

The data presented in Table 1 indicate that the
highest BMD values are observed in the anterior man-
dible, where density exceeds 900 HU, corresponding
to type D1 according to the Lekholm & Zarb classifica-
tion [11]. Differences between the study and control
groups in the anterior region were not statistically
significant (p > 0.05). In the premolar and molar re-
gions, a significant reduction in BMD was observed in
edentulous patients, reflecting a shift in bone structure
towards type D3-D4. Figure 1 illustrates the distribu-
tion of BMD across the anterior, premolar, and molar
regions of the mandible. Patients with intact dentition
exhibited significantly higher bone density compared
with individuals with bilateral posterior tooth loss. The
most pronounced decrease was observed in the molar
region, where density values corresponded to type D3-
D4. Mandibular bone is characterised by a high degree
of homogeneity and low porosity, particularly in the an-
terior region. In this anatomical segment, the cortical

layer is well-developed and constitutes a substantial
proportion of the total bone thickness, providing in-
creased rigidity and resistance to mechanical stress.
The cancellous bone exhibits a dense, well-organised
trabecular structure with relatively small inter-trabecu-
lar spaces, further enhancing the biomechanical stabili-
ty of the bone matrix.The high degree of mineralisation
and structural uniformity in the anterior mandible cre-
ate favourable conditions for achieving reliable primary
stability of dental implants. In the studied regions, the
mean alveolar bone height was 8.2 + 1.4 mm. This re-
duces the likelihood of early implant micromovements,
minimises the risk of fibrous capsule formation, and
supports complete osseointegration. Moreover, these
morphological characteristics allow, in certain clini-
cal scenarios, the use of immediate or early functional
loading protocols, which can shorten the duration of
prosthetic rehabilitation, improve treatment predicta-
bility, and enhance patient quality of life (Fig. 2).
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Figure 1. Mean BMD (HU) across different anatomical regions of the mandible in dentate and edentulous patients

Source: developed by the authors

Figure 2. Morphological features bone tissue of anterior zone of mandible

Source: developed by the authors

According to CBCT data, a male patient demon-
strated a mean bone density of 2,675 HU in the ante-
rior mandible. These findings indicate an extremely
high degree of bone mineralisation, with a pronounced
predominance of dense cortical bone. Such values cor-
respond to dense compact bone (type D1 according
to the Lekholm & Zarb classification [11]), character-
ised by minimal cancellous bone and high mechanical
strength. This bone type provides substantial primary
implant stability due to its high density and resistance
to deformation. However, when working with bone of
such high density, a careful preparation protocol is re-
quired, including controlled drill speed and adequate
irrigation, to prevent overheating and thermal necrosis
of the bone tissue. The anterior mandible, with its high
density and uniform structure, represents a preferred

site for dental implant placement, particularly in the
absence of posterior teeth. These anatomical and phys-
iological features contribute to high primary implant
stability and successful osseointegration, as confirmed
by CBCT findings and clinical observations.

Assessment of the need for bone augmentation in
cases of mandibular resorption requires comparing the
residual alveolar ridge dimensions with the minimum
requirements for reliable osseointegration and aes-
thetic rehabilitation. Evaluation criteria for resorption
include horizontal deficiency: when the alveolar ridge
width is less than 5 mm, the risk of inadequate implant-
cortical bone contact increases, reducing primary sta-
bility. When the width falls below 3-4 mm, placement of
standard implants without prior ridge augmentation is
generally not feasible (Fig. 3).
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Figure 3. Horizontal bone deficiency due to reduced width of the mandibular alveolar ridge

Source: developed by the authors

CBCT revealed that the alveolar ridge width at the
examined site measured 3.4 mm. These morphometric
findings indicate a pronounced horizontal bone de-
ficiency and a significant reduction in alveolar ridge
volume in the bucco-lingual direction. At this ridge
width, there is insufficient bone to provide an adequate
circumferential support around the implant, which is
essential for achieving primary stability and predict-
able osseointegration. According to widely accepted
clinical criteria, the minimum bone width required for
placement of standard implants (3.5-4.0 mm in diame-
ter) should allow at least 1.0-1.5 mm of bone on either
side of the implant. In the present case, the available
bone falls considerably below these recommendations,
increasing the risk of cortical plate perforation, loss of
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primary stability, and the development of early postop-
erative complications.

Thus, performing implant placement without pri-
or horizontal bone augmentation or other ridge-width
enhancement techniques - such as GBR, ridge splitting,
or the use of bone blocks - appears clinically unjustified
and carries a high risk of treatment failure. Vertical defi-
ciency, defined as alveolar bone height <8 mm, does not
provide sufficient depth for the intraosseous portion of
the implant (typically 210 mm). Classification based on
residual bone height (A-D) is as follows: A (=10 mm) -
augmentation not required; B (7-9 mm) - short im-
plants or minimal augmentation may be considered; C
(4-6 mm) and D (0-3 mm) - mandatory pre-implant aug-
mentation. This classification is illustrated in Figure 4.
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Figure 4. Vertical bone deficiency characterised by reduced height of the mandibular alveolar ridge

Source: developed by the authors

Thus, an alveolar ridge height of less than 8 mm
is considered insufficient to ensure adequate depth
for positioning the intraosseous portion of a stand-
ard dental implant. Under such conditions, the use of
standard-length implants (10 mm or more) is limited,
which increases the risk of inadequate primary stabili-
ty and unfavorable distribution of occlusal load. When
the bone height ranges between 7-9 mm (conditional
category B), the use of short implants (6-8 mm) may be

considered, provided that the ridge width is sufficient
and bone density parameters are satisfactory. In such
clinical situations, implant placement without prior ver-
tical bone augmentation may be feasible; however, the
decision should be made based on the morphology of
the alveolar ridge, the thickness of the cortical plates, the
proximity of critical anatomical structures (such as the
mandibular canal), and the anticipated functional load.
Therefore, the assessment of the vertical dimension
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using CBCT data plays a crucial role in selecting the ap-
propriate implant length and determining the need for
vertical bone augmentation. The classification of resid-
ual alveolar bone height (A-D) is an important tool in
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dental implant planning, particularly in cases of severe
mandibular atrophy (Table 2). This system allows for
evaluation of the necessity and extent of bone augmenta-
tion, as well as selection of the optimal surgical approach.

Table 2. Classification of residual bone height (A-D)

Residual bone
height (mm)

Clinical characteristics

Recommended treatmen:

Sufficient bone volume for implant placement Standard implant placement without the need
A 210 mm . . . .
without additional augmentation for bone grafting
Moderate bone height deficiency; Placement of short implants
B 7-9 mm . . . . . : .
implant placement possible with caution or minimal augmentation may be considered
Significant bone height deficiency; increased risk Preoperative vertical augmentation
C 4-6 mm . - . . . .
of insufficient osseointegration is required, e.g., GBR
D 0-3 mm Critical bone deficiency; implant placement not Mandatory vertical augmentation
feasible without substantial bone augmentation | with delayed implant placement after healing

Source: developed by the authors

Clinical significance of the classification: 1) Class
A: allows implant placement without additional pro-
cedures, ensuring high primary stability of implants;
2) Class B: requires careful evaluation; the use of
short implants or minimal augmentation may be
considered to achieve sufficient stability; 3) Class C:
necessitates vertical augmentation procedures, such
as GBR, to obtain adequate bone volume prior to im-
plant placement; 4) Class D: requires a comprehen-
sive approach with mandatory augmentation and
delayed implant placement following complete heal-
ing and the formation of new bone volume. Thus, the
A-D classification of residual bone height provides
clear guidelines for planning dental implant treat-
ment in cases of mandibular atrophy. It facilitates the
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assessment of the need for and extent of bone aug-
mentation, the selection of an appropriate treatment
strategy, and the prediction of implant osseointegra-
tion outcomes. This classification is particularly im-
portant when deciding between immediate and de-
layed implant placement, as well as when planning
the use of techniques such as GBR.

In cases of significant reduction in alveolar ridge
width, typically associated with long-term edentulism
in the posterior region, extensive horizontal bone at-
rophy develops (Fig. 5). Under such clinical conditions,
the available bone volume is insufficient to provide a
circumferential bone envelope around the implant,
which is a critical requirement for achieving primary
stability and subsequent osseointegration.
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Figure 5. Severe horizontal atrophy of the alveolar ridge associated with long-term edentulism

Source: developed by the authors
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CBCT revealed horizontal atrophy of the mandib-
ular alveolar ridge, characterised by a reduction in its
buccolingual width and thinning of the cortical plates.
Morphometric parameters indicate a decreased bone
volume in the planned implant site. The mean rela-
tive bone density in the examined area was 287 HU,
corresponding to moderately dense bone with a
predominance of cancellous structure and a relative
reduction of the cortical component. These findings
highlight the need for careful assessment of primary
implant stability and possible modification of the sur-
gical approach, taking bone quality into account. In
cases of a characterised vertical defect of the alveo-
lar ridge, accompanied by a reduction in bone height

Macc: 414

within a limited area, unfavorable conditions arise
for optimal implant positioning. This type of atrophy
is characterised by insufficient apico-coronal bone
dimension while the ridge width remains preserved
or relatively preserved. The most common indication
for GBR in vertical deficiency is the need to restore
alveolar ridge height to ensure proper three-dimen-
sional implant positioning in accordance with pros-
thetic requirements and to achieve a stable soft tissue
contour. Vertical augmentation enables the creation
of sufficient bone volume to achieve primary implant
stability, reduce the risk of thread exposure, and en-
sure a favorable aesthetic outcome in the peri-im-
plant region (Fig. 6).
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Figure 6. Localised vertical defect of the alveolar ridge as an indication for GBR

Source: developed by the authors

A reduced distance from the crest of the alveolar
ridge to the mandibular canal was observed, which
limited the use of standard-length implants without
prior bone augmentation. The mean relative bone
density in the examined regions was 414 HU, indicat-
ing bone of moderate to high density with a well-de-
fined cortical layer. The analysis demonstrated that
bone density values ranged from 287 + 64 HU in cas-
es of pronounced horizontal atrophy to 435+ 58 HU
in combined bone defects. Despite satisfactory bone
quality, insufficient ridge height necessitated mod-
ification of the surgical approach, including consid-
eration of vertical GBR or the use of short implants,
taking into account anatomical constraints and the
anticipated functional load.

Simultaneous reduction in both the height and
width of the alveolar ridge resulted in combined bone

deformities characterised by a pronounced three-di-
mensional volume deficiency. Such changes often de-
veloped following tooth extraction complicated by
inflammatory processes (including cyst-related condi-
tions), as well as as a result of traumatic injuries lead-
ing to significant bone loss. In the presence of combined
horizontal and vertical bone deficiencies, simultaneous
implant placement generally does not allow achieve-
ment of adequate bone support and primary implant
stability. The mean width of the alveolar ridge in areas
of partial edentulism was 4.6 + 0.8 mm. In these clinical
situations, a staged surgical approach is preferred: at
the first stage, a bone “container” is created using GBR
or onlay grafting techniques aimed at restoring the
required ridge height and width; at the second stage,
following completion of bone regeneration and remod-
eling, dental implant placement is performed (Fig. 7).

Journal of Human Biology and Clinical Medicine. 2026. Vol. 2, No.2



3.7mm

1.9mm

Abirova & Eshiev

Noodury 0.8mm

/

Figure 7. Combined atrophy of alveolar ridge (horizontalOvertical) as a stage of bone augementation

Source: developed by the authors

CBCT revealed combined (horizontal-vertical) at-
rophy of the mandibular alveolar ridge, characterised
by a simultaneous reduction in ridge width in the buc-
colingual dimension and a decrease in its height in the
apico-coronal dimension. Thinning of the cortical plates
and alterations in the trabecular architecture were ob-
served, indicating a pronounced three-dimensional bone
deficiency in the planned implant site. The mean relative
bone density in the examined region was 435 HU, corre-
sponding to bone of moderate density with a relative-
ly preserved cortical component. Despite satisfactory
bone quality, the reduction in the linear dimensions of
the alveolar ridge limits the possibility of simultaneous
placement of implants of standard length and diameter.
Under such clinical conditions, preliminary reconstruc-
tion of bone volume is required using both horizontal
and vertical augmentation techniques to ensure ade-
quate bone support and predictable osseointegration.

The study results demonstrated statistically sig-
nificant differences in morphometric parameters of
the mandibular alveolar ridge between the main group
(patients with pronounced atrophy requiring bone
augmentation) and the control group (patients with
preserved bone volume allowing implant placement
without prior grafting).In the main group, the mean
values of alveolar ridge width and cortical plate thick-
ness were significantly lower compared to the control
group (p<0.05), which was accompanied by a decrease
in relative bone density values according to CBCT data.
These findings are consistent with systematic reviews
indicating that horizontal bone resorption following
tooth loss is more pronounced than vertical resorption

and reaches clinically significant levels at early stages
of edentulism [13, 14].

Comparative analysis showed that when ridge
width was less than 5 mm and cortical plate thickness
was less than 1 mm, the likelihood of requiring hori-
zontal augmentation increased more than twofold com-
pared to the control group. These data are in agreement
with the conclusions of M. Esposito et al. [15], empha-
sising the key role of residual ridge width in selecting
GBR techniques. Furthermore, the main group demon-
strated greater variability in HU values, indicating het-
erogeneity of bone quality under atrophic conditions.
Similar findings were reported by Y.H. Kim et al. [16],
who demonstrated a correlation between reduced
cortical bone density and decreased primary implant
stability. In the control group, bone density and corti-
cal plate thickness values remained within ranges that
ob6ecneynBaroT predictable osseointegration without
additional bone grafting, which is consistent with the
findings of R. Harikrishnan et al. [17] and M. Lyu et
al. [18], highlighting the relationship between bone
density and primary implant stability.

Particular attention should be given to the identi-
fied relationship between the duration of edentulism
and the degree of ridge reduction: in the main group,
with edentulism lasting more than 3 years, the decrease
in bone width was significantly more pronounced com-
pared to the control group (p < 0.05). These findings
support the concept of progressive post-extraction at-
rophy described in contemporary reviews on alveolar
bone remodeling [9]. In the context of regional studies,
the obtained results are comparable with previously
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reported data demonstrating pronounced individual
variability in bone density parameters among patients
in Kyrgyzstan during implant planning. However, unlike
those studies, the present research complements the
diagnostic aspect with a comparative analysis including
a control group, which allowed for the identification of
clinically relevant threshold values of parameters influ-
encing the choice of augmentation technique.

It should be noted that most publications from
2020-2025 focus on the effectiveness of specific recon-
struction methods. In a systematic review, M. Eguren et
al. [19] demonstrated that gray values (GV) obtained
from CBCT cannot be directly converted into HU due
to the lack of sufficient clinical validation of their diag-
nostic applicability. TR.P. Arvind et al. [20], in a retro-
spective CBCT-based study, showed the effectiveness
of fractal analysis for assessing the microstructure
of alveolar bone around impacted maxillary canines.
N.A. Hassan & A.S.D. Al-Radha [21] reported that CBCT
is an effective method for evaluating both bone quality
and quantity when planning immediate implant place-
ment in the maxillary central incisor region, taking into
account the dental arch form. M.S. Agrawal et al. [22],
also using CBCT and fractal analysis, demonstrated dif-
ferences in bone density between buccally and palatally
impacted canines. At the same time, direct comparison
of morphometric characteristics in patients undergoing
different clinical treatment strategies remains limited.
Y.-]. Choi et al. [23] described the use of CT/CBCT for
pre-implant bone assessment, emphasising the impor-
tance of both bone quality and quantity for predicting
primary implant stability. The conducted comparative
analysis not only confirms existing literature data but
also substantiates an integrative clinical decision-mak-
ing algorithm. Thus, the differences identified between
the main and control groups indicate that a combined
assessment of ridge width, alveolar height, cortical plate
thickness, and HU values based on CBCT data provides
an objective basis for selecting the appropriate bone
augmentation method. This approach enhances the pre-
dictability of implant treatment outcomes and aligns
with current trends in evidence-based implantology.

CONCLUSIONS
The conducted clinical and radiological study ena-
bled a comprehensive and quantitative assessment of
the morphometric parameters of mandibular alveolar
ridge resorption, as well as determination of their clin-

significantly limits the placement of standard-diameter
implants without prior bone augmentation. The mean
height of the alveolar bone in the examined regions
was 8.2 + 1.4 mm. However, in 31.7% of cases, the ridge
height was below 8 mm, creating a risk of insufficient
apical implant fixation and necessitating consideration
of vertical augmentation or the use of short implants,
taking into account anatomical limitations.

Analysis of relative bone density demonstrated val-
ues ranging from 287 *+ 64 HU in cases of pronounced
horizontal atrophy to 435+ 58 HU in combined defects.
These values predominantly correspond to D2-D3 bone
types, indicating a moderate ratio between cortical and
cancellous components. A statistically significant associ-
ation (p <0.05) was identified between edentulism du-
ration exceeding 3 years and both a reduction in ridge
width and a decrease in cancellous bone density, confirm-
ing the progressive nature of atrophic changes over time.

The results indicate that the need for bone augmen-
tation in mandibular resorption is directly determined
by the severity of horizontal and vertical bone deficien-
cy. When ridge width is less than 5 mm and height is
below 7-8 mm GBR, ridge splitting, or the use of bone
blocks represent clinically justified preparatory stages
prior to implant placement. The choice of technique
should be based on a comprehensive evaluation of lin-
ear and spatial defect parameters, cortical plate quality,
bone density, and the patient’s overall systemic condi-
tion. Future research perspectives include the develop-
ment of a standardised algorithm for interpreting CBCT
parameters to predict primary implant stability, as well
as the creation of a differentiated system for selecting
bone augmentation methods based on the integration of
morphometric, biomechanical and clinical risk factors.
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KoHyc Hypnyy KoMnbloTepauK ToMorpadusHbl KONJOHYY MEHEH
acTbIHKbI YXaaK CeeryHyH ap KaHgan aiMaKTapbiHAarbl Thirbi3AbirbiHbIH
e3repMenyynyryH 6aanoo
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AHHOTaumaA. KoHyc HypJlyy KOMIBIOTEPAUK TOMOrpadus KeHUPHU KOJIJOHY/IraHblHA KapabacTaH, KOPTHUKaIbIK
’KaHa TPabeKyJsAPAbIK COOKTYH ThITbI3/IbIIbIHbIH aiMaKThIK allbIpMavyblJIbIKTAphl a3blpblHYA a3 U3UJIJEHTEeH.
ByJs1 M3UJIIe6HYH MaKCaThl — aCTbIHKbBI KaaKThIH ap Kalcbl akMaKTapblHAATrbl COOKTYH ThITBI3JbIIbIH 63aa/100
’KaHa MMIJIAaHTATTbl OPHOTYYAAH MYPYH COOKTY YOHOWTYYHY Tasall KbUITAH IIApTTapJbl aHBIKTOO 60Jym
caHaJsaT. MeTol0J10TUSATA KOHYC HYPJYY KOMIIBIOTEPAUK TOMOTPpadUsSHbIH MaaJbIMaTTapblH Ta/1/00, aCTbIHKBI
YKAaKThIH a//ibIHKbI, IPEMOJIPABIK KaHa a3yy TUIITEPUHUH allMaKTapbIH/JArbl COOKTYH ThITbI3/bIIbIH 61466
kuprusuared. CO6KTYH MaKCHMasAyy ThITBI3JbIIbl ACThIHKBI »KaaKTbIH aJJIbIHKbl 66JIYyTYHJe O6alKasblil,
KOHTPOJIAYK TOITO OPTOYO 3cen MeHeH 944,9 + 207 HU »xaHa Tuiicus 6eitantapza (agentus) 910,2 £ 198 HU
Ty3reH (p>0,05). [IpeMosisip/ibIKk aliMaKTa ThITbI3/bIK THUIICU3 GelTanTapaa 643,8 + 162 HU 4yeliuH TOMOH/IOTOH,
aJl 3MU THLIM CaKTajlraH 6edtantapza 6y kepceTkydy 826,4 + 175 HU 6osron (p < 0,05). ThIrbI3AbIKTBIH 3H,
OaliKa/IapJIbIK TOMOH/PIY a3yy TULITepU 6ap GedTantapza 6ailkajaraH: TULUICKU3 GedTanTapa 6y KepCoOTKYY
512,5+148 HU Ty3reH, aJ aMu KoHTpoaAyK TonTo 789,7 £ 160 HU (p<0,01) 60yiroH. ANBIHI'aH XKbIABIHTBIKTAP
MEeHEH KOIIIO YKaaK COBrYHYH AUCTaNAbIK 66JIYTYHYH ThITbI3bIIbIHBIH TOMOH/OIY KOPTUKAIABIK KaTMapAblH
MYHO3/16MeJIOPYHYH HadapJlallbl MEHEH KOIUTOJIOPYH, 6y/J HWMIIAaHTAaTTapZAblH OallTalKbl TYPYKTYYIYT'YH
TOMOH/BTYLIY MyMKYH 3KEHUH KOPCOTTY. ACTbIHKBI KaaK COOTYHYH ThITbI3/|bITbIH/AATbl aHBIKTA/ITaH alMaKTbhIK
albpIpMavblIBIKTAPAbl UMIVIAHTTAPJAbIH 6JY6MJIePYH TaHZO00J0 aHa CeeKTYy YOHOUTYy (ayrMeHTalus)
K6JIOMYH ILJIaHJAIITHIPYY/ia, alpblK4ya y3aK MOOHOTTYY a/leHTUsI MEHEH 00pyTaH 6elTanTap/a 3CcKe ajayy Kepek.
AJIbIHTaH MaaJsibIMaTTap MMILJIAaHTALUs TaKTUKACBhIH TaH/00, COOKTY YOHOUTYY 3apbLIJbIIbIH aHBIKTOO KaHa
XUPYPrUsJIBbIK JapblIOOHYH aJ/IbIH ajla aUTyy MYMKYHUYJIYTYH »KaKIIbIPTYy YYYH MaaHU/Iyy 601yl caHaaT

Hernsrn cespep: acThIHKbI KaaK Ceery; CeeKTYH MHUHEpPaJJbIK ThITbI3JbIIb;; MOpPGOMeTpPUKAIbIK
KOPCOTKYUTOP; a/lbBe0JIAP/bIK 6CYHYCY; COOK TKaHBIHBIH pereHepanuachl
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AHHOTaumA. HecMmoTpss Ha I1WHMpoOKoe IpUMEHEeHHe KOHYCHO-JYy4YeBOH KOMIbIOTEpPHOM ToMorpaduy,
pervoHasibHble PasJWyYMs IJIOTHOCTH KOPTHUKAJbHOM M TpabGeKyJsspHOH TKaHU H3y4eHbl HEJOCTATOYHO.
Lenp uccrenoBaHUA COCTOAJA B OLleHKe IJIOTHOCTU KOCTHOW TKAaHM HW)XKHEH 4eJIIOCTU B pPasHBbIX OTAesax
Y BBISIBJEHUM YCJOBUH, NMPHU KOTOPBIX TpebyeTcs NpeABapUTe/NbHOE yBeJHYeHHe 06bEMa KOCTU Iepe,
UMIUIaHTanued. MeTomo/iorusl BKJIOYAJa aHAJMU3 JAHHBIX KOHYCHO-Jy4eBOM KOMIBbIOTEPHON ToMorpaduu c
HW3MepeHHeM IJIOTHOCTY KOCTHOM TKaHM B llepeJiHEM, IPEMOJIAPHOM U MOJISPHOM OTZeJIaX HUKHeH 4eJIICTH.
O6Hapy»eHO, 4YTO MaKCHMaJbHas MJOTHOCTb KOCTHOW TKaHU HaOJ/Iolajlach B MepejHEM OTJesle HIKHEH
YeJIIOCTU U cocTaBJjsAaa B cpenHeM 944,9 + 207 HU B koHTposibHOU rpynne 1 910,2 + 198 HU npu apgeHTHH
(p>0,05). B npemMosisspHO¥ 30HE PU OTCYTCTBUHU 3y60B IJIOTHOCTb CHUKaJIach 10 643,8+ 162 HU no cpaBHEHHIO
€c826,4+175 HU y nauiieHTOB C COXpaHEHHBIM 3yO6HBIM psifioM (p <0,05). Haubosiee BoiparkeHHOE yMeHblIeHHE
IJIOTHOCTHU BBISIBJIEHO B MOJISPHOM 00J1aCTH, TAe TMoKasaTequ coctaBuau 512,5 + 148 HU npu apeHTUH
npotuB 789,7 + 160 HU B koHTposibHOM rpynie (p <0,01), yTo noATBep>KJaeT BJIUSHUE AJIUTEIbHON OTEPU
»KeBaTeJIbHbIX 3y00B HAa KayeCTBO KOCTHOM TKaHH. Pe3ysbTaThl TakXe MOKa3a/id, YTO CHM)KEHHUE NJIOTHOCTH
B JUCTQJBHBIX OTZeJlaX HHWXKHEHW 4eJIIOCTH CONPOBOXJAAeTCA yXyJAUIeHWEeM XapaKTepUCTUK KOPTUKAJbHOTO
CJ1051, YTO MOXKET CHMXKAaTh [EPBUYHYI0 CTaOUJIbHOCTh UMIIJIAHTATOB. BbIsiB/IeHHBIE perMoHabHbIE PA3IUYHs
IJIOTHOCTH KOCTHOW TKaHU CJeJyeT Y4YUThIBaThb NPU BbIGOpe pa3MepoB HUMILJIAHTATOB U IJIAHUPOBAHUHU
00'bEMa KOCTHOM ayrMeHTAaI[lH, 0COOEHHO y Mal[UeHTOB C JJUTeJbHON aJieHTHel. [losydyeHHbIe JaHHbIE BaXKHBI
JUIs1 BbI6Opa TAaKTUKM UMILIAHTALUM, ONpefiesleHUsT He0OOX0AMMOCTH KOCTHOW ayrMeHTalMU U MOBBIIIEHUS
NpesCcKa3yeMOCTH XMPYPTUYEeCKOTO JIe4YeHU

KnioueBble cnoBa: HWKHSAS 4eJIOCTh; MUHepasibHasl IJIOTHOCTb KOCTH; MopdoMeTpUuecKHe IOKa3aTesH;
aJIbBEOJIAPHBIA OTPOCTOK; pereHepanysa KOCTHOM TKaHU
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Abstract. Primary headache disorders - migraine, tension-type headache, and cluster headache - represented
one of the leading causes of years lived with disability worldwide, imposing a substantial socioeconomic burden
across Europe, with annual costs estimated in billions of euros owing to lost productivity and increased healthcare
utilisation. The aim of research was to critically evaluate evidence on pharmacological and non-pharmacological
management of primary headache disorders published between 2019 and 2024, with a specific focus on European
clinical data and guideline recommendations, in order to provide practitioners with an immediately applicable,
evidence-based update. CGRP monoclonal antibodies (erenumab, fremanezumab, galcanezumab, eptinezumab)
demonstrated 250% responder rates of 40-60% and mean reductions of 3-8 monthly migraine days, with real-
world European registry persistence exceeding 70% at 12 months - substantially outperforming traditional oral
preventives. Oral gepants (atogepant for prevention; rimegepant for acute and preventive use) offered effective,
cardiovascular-safe alternatives supported by both pivotal trials and European real-world cohorts. For cluster
headache, high-flow oxygen (=12 L/min) and subcutaneous sumatriptan 6 mg remained gold-standard acute
treatments, while galcanezumab was the only biologic with strong evidence for episodic cluster headache
prevention. Non-pharmacological interventions - cognitive behavioural therapy, biofeedback, structured aerobic
exercise, and non-invasive vagus nerve stimulation - demonstrated moderate-to-high efficacy in reducing
headache frequency and disability across all three disorders. Integrated multidisciplinary approaches combining
pharmacological and behavioural strategies consistently showed superior long-term outcomes compared with
monotherapy. European real-world data revealed meaningful improvements in quality of life, work productivity,
and reductions in medication-overuse headache, confirming the applicability of guideline recommendations
across diverse healthcare contexts. The findings provided neurologists, headache specialists, and primary care
practitioners with a comprehensive, evidence-based synthesis of modern European management strategies,
supporting a shift toward personalised, multidisciplinary headache care. Sustained implementation of European
guidelines, harmonised cross-country access to novel therapies, and continued long-term safety monitoring
remained essential priorities

Keywords: migraine; tension-type headache; preventive therapy; non-pharmacological interventions; evidence-
based neurology

INTRODUCTION

Primary headache disorders were among the most
prevalent and disabling neurological conditions world-
wide. Understanding why these disorders demanded
scientific attention had never been more critical: neu-
rological diseases collectively represented the lead-
ing cause of disability-adjusted life years globally, and
primary headaches - migraine, TTH (tension-type

Suggested Citation:

headache), and CH (cluster headache) - accounted for
a disproportionate share of this burden. According to
the GBD 2016 Headache Collaborators [1], migraine
affected approximately 11-14% of the European adult
population, with women experiencing the condition
two to three times more frequently than men. M. Ashi-
na et al. [2] documented that TTH, the most common

Almanbekova A. Advances in primary headache disorder management: A review of pharmacological and non-pharmacological
strategies with emphasis on European evidence. ] Hum Biol Clin Med, 2026;2(2):20-31. DOI: 10.63621/jhbcm/2.2026.20

*Corresponding author (d996700@gmail.com)

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


 https://orcid.org/0009-0000-2142-2702

headache disorder, affected up to 30-40% of the gen-
eral population and remained substantially underdiag-
nosed. Though rarer (prevalence = 0.1%), cluster head-
ache caused one of the most severe pain syndromes.
M. Linde et al [3] established that these disorders
collectively cost European economies billions of eu-
ros annually through lost productivity, absenteeism,
and healthcare expenditure, with migraine accounting
for the majority of the economic burden. Against the
backdrop of an aging population and rising non-com-
municable disease burden, advancing the quality and
consistency of headache management had become a
public health imperative. Between 2019 and 2024, sev-
eral pivotal developments fundamentally reframed the
understanding and management of primary headaches.
TJ. Steiner & L.J. Stovner [4] confirmed that migraine
remained the second leading cause of years lived with
disability worldwide, reinforcing the urgency of im-
proving therapeutic access. W.K. Karlsson et al [5]
demonstrated that calcitonin gene-related peptide
(CGRP)-targeted monoclonal antibodies outperformed
traditional oral preventives across virtually all efficacy
endpoints. S. Sacco et al. [6] formulated the landmark
2022 European Headache Federation (EHF) guideline
recommending CGRP monoclonal antibodies as first-
line preventive therapy for both episodic and chronic
migraine, marking a paradigm shift in European clinical
practice. E. Caronna et al. [7] further demonstrated in a
real-world Spanish registry that early initiation of an-
ti-CGRP therapy significantly enhanced the probability
of sustained response, highlighting the importance of
treatment timing. A. May et al. [8] updated the evidence
base for this challenging condition, codifying the role of
galcanezumab and non-invasive vagus nerve stimula-
tion (nVNS). H.C. Diener et al. [9] articulated the prevail-
ing European consensus on medication-overuse head-
ache management, underscoring the critical interplay
between pharmacological and behavioural strategies.
K. Probyn et al. [10] and D. Onan et al. [11] published
systematic analyses confirming clinically meaningful
efficacy of self-management and physiotherapy inter-
ventions for TTH, respectively, strengthening the evi-
dence base for non-pharmacological approaches across
all headache subtypes.

Despite these advances, several gaps remained. Ev-
idence for TTH management lags considerably behind
migraine, with fewer high-quality trials and greater het-
erogeneity in non-pharmacological research. Long-term
safety data for novel biologic agents extended beyond
3 years in only a limited number of studies. Significant
inter-country variation in reimbursement and access
to CGRP therapies created inequities across Europe-
an healthcare systems. Furthermore, existing reviews
either focus narrowly on a single headache subtype or
fail to incorporate the most current European guide-
line updates alongside real-world registry data. A com-
prehensive synthesis that integrated pharmacological
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strategies, non-pharmacological evidence, and a crit-
ical analysis of the European clinical landscape -
spanning multiple headache disorders and guideline
frameworks simultaneously - was therefore lacking.
The objective of this review was to provide a compre-
hensive, evidence-based synthesis of pharmacological
and non-pharmacological management strategies for
primary headache disorders (migraine, TTH, and CH),
with a specific focus on European clinical trial data,
real-world registries, and guideline recommendations
published between 2019 and 2024, in order to support
neurologists and primary care practitioners in deliv-
ering optimised, personalised headache care across
Europe. This systematic review was conducted and
reported in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRIS-
MA) 2020 guidelines [12]. Comprehensive electronic
searches were performed in PubMed/Medline, Em-
base, and the Cochrane Library, covering January 2019
to December 2024, supplemented by hand-searching
of major European journals. Search terms combined
headache subtypes (“migraine”, “tension-type head-
ache”, “cluster headache”) with management-related
keywords and study designs, limited to human studies
in English. Priority was given to studies with Europe-
an authorship, multicentre European participation, or
direct relevance to EAN and EHF recommendations,
reporting clinical outcomes such as monthly headache
days, 250% responder rates, disability scores (MIDAS,
HIT-6), or safety data. Studies on secondary headaches
only, exclusively pediatric populations, case reports
with <10 patients, or non-management topics were
excluded. From 2,856 identified records, 145 studies -
comprising 25 guidelines/consensus statements, 45
systematic reviews/meta-analyses, 50 RCTs, and 25 re-
al-world European cohorts - met all inclusion criteria.

PHARMACOLOGICAL STRATEGIES
INHEADACHE MANAGEMENT
The selection of acute migraine therapy depended on
attack severity, the presence of cardiovascular comor-
bidities, prior treatment history, and patient preference.
Current European practice stratified acute treatment
into a step-wise approach: simple analgesics for mild
attacks, triptans as first-line specific therapy for mod-
erate-to-severe migraine, and gepants or lasmiditan as
cardiovascular-safe alternatives, consistent with recom-
mendations from the German Migraine and Headache
Society [13]. WK. Karlsson et al. [5] confirmed that elet-
riptan and rizatriptan provided the highest probability
of 2-hour pain freedom among oral triptans, with odds
ratios of approximately 3.5 and 3.2 versus placebo, re-
spectively. Sumatriptan remained widely used due to its
well-established efficacy, broad availability, and multiple
formulations. The 2022 EHF consensus [6] operational-
ised the definition of “effective acute treatment” as res-
toration of well-being within 2 hours - encompassing
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headache relief and resolution of associated symp-
toms - sustained for 24 hours without recurrence. Crit-
ically, when triptans failed to meet this standard across
three separate attacks, they should be considered in-
effective for the individual patient, and gepants rep-
resented the appropriate next step. Newer agents had
substantially expanded options for patients with cardi-
ovascular contraindications to triptans. Gepants - spe-
cifically ubrogepant and rimegepant - act as small-mol-
ecule CGRP receptor antagonists and had demonstrated
high-quality efficacy evidence: rimegepant achieved
pain freedom at 2 hours in approximately 21% of pa-
tients versus 11% for placebo in pivotal trials, with a
particularly favourable tolerability profile and no asso-
ciated medication-overuse headache risk. Real-world
European cohort data corroborated high patient sat-
isfaction and superior persistence with gepants com-
pared with triptans, particularly among patients with
prior triptan failure or cardiovascular risk factors [14].

Preventive therapy was indicated for patients with
four or more migraine days per month causing sig-
nificant disability, those who failed or cannot tolerate
acute treatments, or those at risk of medication-over-
use headache. The 2022 EHF guideline update [6]
represented a landmark European consensus that has
fundamentally restructured the preventive treatment
hierarchy. CGRP monoclonal antibodies (mAbs) - er-
enumab, fremanezumab, galcanezumab, and eptine-
zumab - were recommended as first-line preventive
options for both episodic and chronic migraine, on the
basis of robust evidence from multiple Phase III RCTs
and extensive real-world data. These agents worked
by blocking either the CGRP ligand (fremanezumab,
galcanezumab, eptinezumab) or its receptor (erenum-
ab), thereby disrupting the key trigemino-vascular sig-
nalling pathway implicated in migraine pathogenesis.
Pooled clinical trial data demonstrated 250% respond-
er rates of 40-60% for CGRP mAbs, with meant reduc-
tions in monthly migraine days of 3-8 days - significant-
ly superior to placebo and consistently outperforming
oral preventives in head-to-head comparisons in terms
of efficacy and tolerability [5]. Their subcutaneous or
intravenous monthly/quarterly dosing regimens im-
proved adherence compared with daily oral medica-
tions. In terms of tolerability, CGRP mAbs exhibited low
rates of serious adverse events; constipation was the
most notable side effect specifically associated with er-
enumab (up to 3-fold higher than placebo in some stud-
ies), while injection-site reactions were mild and tran-
sient across the class. Gepants had expanded into the
preventive arena: atogepant (approved in Europe) and
rimegepant (dual acute/preventive indication) offered

effective oral alternatives for patients, who preferred or
required tablet-based regimens. Their primary advan-
tages included no injection requirement, a short half-
life (reducing prolonged CGRP blockade), and - unique-
ly - no established medication-overuse headache risk,
making them particularly valuable for patients with
frequent acute treatment use. Network meta-analyses
position oral gepants as comparably effective to some
traditional preventives, with superior tolerability [5].
OnabotulinumtoxinA retained a strong recommen-
dation specifically for chronic migraine (215 headache
days/month), where decades of European registry data
confirmed persistent clinical benefit. Long-term fol-
low-up data indicated that benefits were maintained
or enhanced over multiple treatment cycles, and com-
bination with CGRP mAbs had shown additive benefits
in refractory chronic migraine cohorts - particularly for
patients, who achieved partial but insufficient response
to either agent alone [15]. Traditional oral preventives -
propranolol, topiramate, and amitriptyline - maintained
Level A evidence [16] and remained appropriate first-
line options in settings, where access to or reimburse-
ment for newer agents was limited. However, their
long-term use was frequently constrained by tolerability
issues (cognitive effects with topiramate, fatigue with
propranolol, anticholinergic burden with amitriptyline),
which explained why European registries document
12-month persistence rates of only 30-50% compared
with >70% for CGRP mAbs [14, 15]. TJ. Schwedt et
al. [17] further corroborated these persistence advan-
tages in a large real-world analysis comparing onabot-
ulinumtoxinA and CGRP mAbs, confirming that biolog-
ic agents demonstrated markedly superior adherence
profiles. European real-world registries from Italy,
Germany, Spain, and Scandinavia had been pivotal in
confirming that pivotal trial results translated direct-
ly into clinical practice. Italian multicentre data from
the RAMO study [18] demonstrated that anti-CGRP
mAbs outperformed onabotulinumtoxinA in chronic
migraine on several quality-of-life endpoints. Italian
prospective registry data from A. Zovi et al. [19] further
substantiated these findings across a broader patient
population, while Spanish registry data showed that
early treatment initiation was independently associ-
ated with superior and more sustained response [7].
Additional benefits documented in European registries
included reduced acute medication consumption, few-
er emergency department visits, and improved work
productivity - outcomes with direct health-economic
relevance. Table 1 summarised the key pharmacolog-
ical agents for migraine management, their evidence
levels, and European guideline recommendations.

Table 1. Key pharmacological agents for migraine management

Indication

Eletriptan/
Rizatriptan

Acute (episodic)

Evidence level EHF/EAN grade

Widely used first-line triptans
for moderate-severe attacks
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Table 1, Continued

Agent Indication Evidence level EHF/EAN grade Key notes (European da
Subcutaneous oo .
sumatriptan 6 mg Acute (episodic/CH) High Strong Fast onset; standard therapy for acute CH
Ubrogepant/ o . Cardiovascular-safe;
Rimegepant Acute (episodic) High Strong no overuse headache risk
Erenumab/
Fremanezumab/ | Preventive (episodic Hich Stron First-line per EHF 2022;
Galcanezumab/ & chronic migraine) & g high adherence in European registries
Eptinezumab
Preventive . . .
Atogepant (episodic migraine) High Strong Oral CGRP antagonist; no overuse risk
Rimegepant Acute & preventive High Strong Convenient oral option; dual use
. . Chronic migraine ) Established effectiveness in European
OnabotulinumtoxinA prevention High Strong registries; additive with CGRP mAbs
Prop.ranolol/ . Pre.\/ent.We _ High Moderate Effective but 11rr.11tef1 by tolerability;
Topiramate (episodic migraine) second-line in Europe
o Preventive First-line for TTH; long-term
Amitriptyline (migraine & TTH) Moderate Moderate anticholinergic burden

Source: WK. Karlsson et al. [5], S. Sacco et al. [6], A. May et al. [8], M.T. Corasaniti et al. [15], A. Zovi et al. [18], F. Vernieri et

al. [20], S.D. Silberstein et al. [21]

Analysis of the data presented in Table 1 revealed
a clear stratification of the current therapeutic land-
scape. CGRP-targeted biologics and gepants represent-
ed a genuine step change in migraine management:
they were the first treatments designed specifically
around the core pathophysiology of migraine, offering
superior efficacy-to-tolerability ratios compared with
any prior pharmacological option. The availability of
multiple mechanisms and delivery formats enabled
genuinely individualised treatment selection, which the
EHF 2022 guidelines explicitly advocated [6]. R.B. Lip-
ton et al. [22] demonstrated that inadequate preventive
treatment was independently associated with migraine
progression and chronification, further underscoring
the clinical imperative of early, effective intervention.
Tension-type headache, though the most prevalent
headache disorder, remained the least well-charac-
terised in terms of pathophysiology. Modern evidence
points to peripheral sensitisation of pericranial myo-
fascial nociceptors in episodic TTH, with central sen-
sitisation playing an increasingly important role in the
transition to chronicity. For acute episodic TTH, simple
analgesics - paracetamol and NSAIDs - remained first-
line based on strong longstanding evidence. R. Xie et
al. [23] confirmed in a 2024 network meta-analysis that
ibuprofen, ketoprofen, and diclofenac provide superior
pain relief compared with paracetamol for more severe
episodic attacks, while the combination of paracetamol
with caffeine demonstrated additive benefit. A network
meta-analysis by L. Qin et al. [24] of complementary
and alternative medicine approaches further confirmed
mindfulness-based and manual therapy interventions
as clinically meaningful adjunctive strategies for TTH
management, providing an evidence base for integrat-
ing these modalities alongside conventional pharma-
cotherapy. Critically, European guidelines uniformly

caution against overuse of any acute analgesic - defined
as use on 210 days/month for combination analgesics
or triptans - because medication-overuse headache
was particularly prevalent in TTH, occurring in approx-
imately 1-2% of the European general population [9].
For chronic TTH, amitriptyline 25-75 mg nightly re-
mained the evidence-based first-line preventive, with
meta-analyses showing reductions of approximately
30% in headache frequency. European guidelines rec-
ommended early integration of non-pharmacological
strategies as co-interventions to prevent the transition
from episodic to chronic TTH [9].

Cluster headache was characterised by strictly
unilateral, periorbital attacks of excruciating severity
(typically VAS 9-10/10) lasting 15-180 minutes, ac-
companied by ipsilateral cranial autonomic features. Its
unique circadian and circannual rhythmicity, mediated
through the hypothalamic clock, distinguished it from
all other primary headaches and necessitated a dis-
tinct therapeutic approach, as reviewed by B. de Freitas
Dias et al. [25]. The authors A. May et al. [8] provided
the most current and authoritative European frame-
work. For acute attacks, 100% oxygen at 212 L/min via
non-rebreathing mask for 15 minutes achieved mean-
ingful pain relief in approximately 75-80% of episod-
ic CH patients, with complete safety and no systemic
side effects. Subcutaneous sumatriptan 6 mg achieves
pain freedom within 15 minutes in approximately
75% of attacks and was therefore the pharmacologi-
cal first choice for acute treatment, when oxygen was
unavailable or insufficient. Intranasal zolmitriptan and
sumatriptan were recommended as alternatives, par-
ticularly for patients, who cannot self-inject. Preven-
tive treatment was initiated simultaneously with acute
therapy during cluster periods to abbreviate the bout
duration. Verapamil, titrated to a minimum effective
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dose of 240 mg/day (with electrocardiographic mon-
itoring due to PR interval prolongation risk at higher
doses), was the established first-line preventive across
European centres. Transitional therapy with oral or
intravenous corticosteroids bridges the 2-3-week la-
tency before verapamil took full effect. Galcanezumab
300 mg monthly received a strong recommendation
specifically for episodic CH based on pivotal RCT data
from study of D.W. Dodick et al. [26] showing signifi-
cant reductions in weekly attack frequency. The emerg-
ing therapeutic landscape in CH was comprehensive-
ly reviewed by M. Barbosa da Silva et al. [27], who

highlighted the role of novel biologics and neuromodu-
lation in refractory cases. For refractory cases, non-in-
vasive vagus nerve stimulation (nVNS) was endorsed
by EAN guidelines for both acute and preventive pur-
poses in CH; it showed an acceptable side-effect profile
and can be combined with pharmacological therapy.
Sphenopalatine ganglion stimulation represented an
invasive, but highly effective option for patients with
chronic CH unresponsive to pharmacological manage-
ment, with European multicentre data demonstrating
acute attack relief rates of 30-45% and preventive ben-
efits in more than half of implanted patients (Table 2).

Table 2. EAN 2023 recommendations for cluster headache management

Treatment P Acute[ Recommendation Evidence level Notes
reventive
. First-line; safe in all patients;
0,

100% Oxygen Acute Strong High effective in episodic CH
Subcutaneous . ' . . .
sumatriptan 6 mg Acute Strong High Fast onset; first-line pharmacological option

Intr.an.asal Acute Strong Moderate-high | Alternative, when self-injection not feasible
zolmitriptan
Verapamil Preventive Stron Moderate-high First-line preventive; ECG monitoring
P J & recommended; titrate gradually
Oral/IV L Bridge therapy
corticosteroids Transitional Strong Moderate until preventive effect achieved
Preventive . Only biologic approved for episodic CH;
Galcanezumab (episodic CH) Strong High rapid onset; confirmed by pivotal trial
Non-invasive VNS Acute & Strong (consensus) | Low-moderate Safe; useful for refractory cases;
(nVNS) preventive g supported by trial evidence
Sphenopalatine Preventive Conditional Moderate Invasive; reserved for chronic,
ganglion stimulation | (chronic CH) pharmacotherapy-refractory CH

Source: A. May et al. [8], D.W. Dodick et al. [26], M. Barbosa da Silva et al. [27], S.D. Silberstein et al. [28], P]. Goadsby et al. [29]

So, data in Table 2 illustrated the guiding principle
of CH management: speed and mechanism specificity
were paramount in acute care, while preventive ther-
apy must balance onset speed, tolerability, and the ep-
isodic or chronic nature of the disorder. The addition
of galcanezumab as the first biologic agent for episod-
ic CH represented a clinically significant advance [26],
providing an evidence-based option for patients, who
cycle through frequent cluster bouts, or who responded
inadequately to verapamil. The continued endorsement
of nVNS, supported by the S.D. Silberstein et al. [28]
and PJ. Goadsby et al. [29] randomised trials, reflected
growing European clinical experience with neuromod-
ulation as an adjunctive strategy particularly valued for
its safety profile.

NON-PHARMACOLOGICAL
MANAGEMENT STRATEGIES
Non-pharmacological interventions constituted an es-
sential pillar of European headache management, val-
ued not only for their intrinsic efficacy, but for their
capacity to reduce pharmacological burden, prevent-
ed medication-overuse headache, and addressed the
behavioural and psychological dimensions of chronic

pain. European guidelines across all three headache
disorders explicitly recommended integrating these
strategies alongside pharmacological care [9, 30], re-
flecting both patient preference for drug-sparing ap-
proaches and the mechanistic rationale for multimod-
al treatment. Cognitive behavioural therapy (CBT)
addressed the maladaptive thought patterns, catastr-
ophising, and avoidance behaviours that character-
ised and perpetuated chronic headache. Its proposed
mechanisms included modification of pain-related
cognitions, improvement of self-efficacy, and reduction
of psychophysiological arousal - all of which contrib-
uted to headache chronification. K. Probyn et al. [10]
demonstrated that non-pharmacological self-manage-
ment programmes, including CBT-based approaches,
produced statistically significant and clinically mean-
ingful reductions in headache frequency and disability
for TTH and migraine, with effects sustained at 6-12
months of follow-up. Mindfulness-based stress reduc-
tion (MBSR) and acceptance and commitment therapy
(ACT) had demonstrated similar but somewhat small-
er effects, with the additional benefit of improving
psychological wellbeing and quality of life. These ap-
proaches were particularly recommended for patients
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with comorbid anxiety or depression, which affect ap-
proximately 30-40% of chronic migraine patients in
European populations.

Biofeedback trained patients to consciously regu-
late physiological parameters - most commonly fron-
talis muscle EMG activity (for TTH) and finger skin
temperature or heart rate variability (for migraine) -
associated with headache triggering. The technique ex-
ploits neuroplasticity: with repetitive practice, patients
learn to downregulate sympathetic arousal and mus-
cular tension that preceded or accompanied headache.
Y. Nestoriuc & A. Martin [31] confirmed that thermal
and EMG biofeedback produced significant reductions
in migraine frequency (effect size d =0.59) and TTH
frequency (effect size d = 0.73), with response rates
of 45-55% after a standardised 8-12-session protocol.
Importantly, these effects were maintained over 12
months in studies with follow-up data, and biofeedback
was the only psychological intervention with high-qual-
ity evidence specifically supporting pediatric and ado-
lescent headache, making it valuable across the age
spectrum. Physical therapy targeting pericranial and
cervical musculature - through manual therapy, my-
ofascial release, and therapeutic exercise - addressed
the peripheral sensitisation of pericranial nociceptors
that underlied TTH and contributed to migraine chron-
ification via cervicotrigeminal convergence. D. Onan et
al. [11] demonstrated that combined physiotherapy
approaches (manual therapy plus exercise) reduced
chronic TTH frequency by a mean of 4.2 days/month,
with 60% of participants achieving a 250% reduction -
an effect size comparable to preventive pharmacother-
apy. R. Souren et al. [32] demonstrated in a tertiary
headache centre observational study that adherence
to headache-specific multidisciplinary treatment rec-
ommendations achieves significantly greater headache
frequency reductions and better long-term outcomes
than unimodal approaches, confirming the superiority
of integrated care models.

Structured aerobic exercise programmes (3 ses-
sions per week, 30-45 minutes at moderate intensity)
had accumulated substantial evidence for migraine
prevention specifically. European guidelines specif-
ically recommended aerobic exercise as a first-line
lifestyle intervention for migraine prevention, as it re-
duced monthly migraine frequency by approximately
0.6 days and improved both MIDAS and HIT-6 scores,
likely through modulation of endogenous opioid sys-
tems, B-endorphin release, and CGRP levels. The ran-
domised controlled evidence base for exercise as mi-
graine prophylaxis continues to grow, with outcomes
comparable to some pharmacological options in terms
of frequency reduction [30, 33]. Non-invasive vagus
nerve stimulation (nVNS) - delivered via a handheld
device applied to the neck - modulated pain processing
through projections from the nucleus tractus solitari-
us to the trigeminal nucleus caudalis, reducing central
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sensitisation and trigeminovascular activation. For
acute CH, the ACT1 [28] and ACT2 [29] randomised tri-
als established nVNS as an effective acute treatment in
episodic CH, with pain-free response rates of 34% ver-
sus 15% for placebo at 15 minutes - a significant and
clinically meaningful difference. For migraine, nVNS
had demonstrated preventive efficacy in the PREMI-
UM and EVENT trials, as reviewed by F. Puledda &
K. Shields [34], with monthly migraine day reductions
of 2.3-2.9 days. European real-world data confirmed
sustained use and patient-reported benefit across neu-
romodulation devices, with low rates of adverse events
(mild application-site discomfort in <5% of users) and
no drug interactions, making them suitable add-on
therapies for patients with polypharmacy or contrain-
dications to pharmacological treatment. Lifestyle mod-
ifications - encompassing consistent sleep hygiene,
adequate hydration, regular meal timing, structured
stress management, aerobic exercise, and systematic
trigger identification [35] - were foundational across
all European headache guidelines. While individual life-
style factors had modest individual effect sizes, their
systematic adoption as a package of behavioural change
produced meaningful cumulative benefits in reducing
headache frequency and severity. Wearable technology
and smartphone-based headache diary applications had
emerged as powerful tools for trigger identification and
behavioural monitoring, with evidence from real-world
studies supporting improved treatment adherence [36].

ANALYSIS OF EUROPEAN DATA
AND RECOMMENDATIONS
IN THE CONTEXT OF CLINICAL PRACTICE
European guidelines - principally those issued by the
European Academy of Neurology (EAN) and the Eu-
ropean Headache Federation (EHF) - represented
the authoritative frameworks that shape clinical deci-
sion-making for neurologists and primary care practi-
tioners across the continent. The 2022 EHF guideline
update on CGRP-targeted therapies [6] and the 2023
EAN cluster headache guidelines [8] reflected a synthe-
sis of the highest-quality available evidence and have had
tangible impacts on prescribing practices. Real-world
surveys across Germany, Italy, Spain, France, and Scan-
dinavia conducted between 2022 and 2024 document
arapid uptake of CGRP mAbs in specialist headache cen-
tres: in Germany, for example, more than 60% of eligible
patients at certified headache centres received biologic
preventive therapy by 2023, compared with fewer than
10% in 2019. In Italy, the RAMO multicentre cohort [18]
enrolled over 1,000 patients across 14 centres within 18
months, reflecting both the practical feasibility of Euro-
pean collaborative research and the clinical appetite for
comparative effectiveness data. These registry findings
were essential precisely because they complemented
RCT evidence with real-world generalisability, includ-
ing populations typically excluded from trials - elderly
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patients, those with significant comorbidities, and
those previously exposed to multiple treatment failures.

EAN and EHF recommendations influenced clinical
decision-making not only through their official adop-
tion but through structured educational initiatives, Eu-
ropean headache specialist networks, and integration
into national clinical guidelines. Countries with well-de-
veloped specialist headache infrastructure - Germa-
ny, Italy, Denmark, Spain - demonstrated the greatest
alignment with European recommendations and cor-
respondingly better patient outcomes, as measured
by validated disability scales [38]. Italian real-world
data from A. Zovi et al. [19] further corroborated the
superiority of CGRP mAbs over traditional preventives
across diverse patient populations in European special-
ist settings. In contrast, countries with limited access to
specialist care or restricted reimbursement pathways
showed lower adoption of guideline-recommended
therapies, highlighting the persistent challenge of har-
monising care quality across EU member states [22].
EHF had specifically highlighted this inequity in posi-
tion papers, calling for EU-level health technology as-
sessment processes to facilitate equitable access.

Non-pharmacological therapies had also matured
considerably within the European evidence base. Net-
work meta-analyses confirmed that CBT and physio-
therapy deliver clinically relevant reductions in TTH
and migraine frequency, often comparable to pharma-
cological options but without systemic side effects [10,
24, 37]. A particular European strength had been the
integration of digital therapeutics: high smartphone
penetration across Western Europe and telemedicine
infrastructure expanded during the COVID-19 pandem-
ic had enabled the scalable deployment of digital CBT
programmes, digital biofeedback, and remoted head-
ache monitoring. Preliminary evidence from European
pilot studies (2022-2024) suggested that digital thera-
peutic platforms can achieve CBT-comparable outcomes
for headache reduction with improved accessibility and
lower cost [36] - findings with significant implications
for healthcare system planning. Consensus statements
on integrating new treatments into clinical practice,
such as that by ]. Ailani et al. [38], provided practical
frameworks for implementing these digital approaches
alongside pharmacological strategies.

Health-economic considerations were central to Eu-
ropean implementation of novel therapies. While CGRP
mAbs carried higher upfront annual costs (approximate-
ly EUR 6,000-EUR 12,000 per patient per year across dif-
ferent European pricing systems), real-world economic
analyses from Germany, Italy, and the United Kingdom
demonstrated favourable cost-effectiveness ratios, when
total disease burden - including emergency depart-
ment visits, hospitalisation, lost productivity, and acute
medication expenditure - was incorporated into the
model. A pharmacoeconomic analysis from Spain [39]
demonstrated that preventive therapy with CGRP mAbs

reduced indirect costs (productivity loss, absenteeism)
by approximately 35% over 12 months among chronic
migraine patients, resulting in a net cost-effectiveness
ratio well within the acceptecompared with onabotu-
linumtoxinA in terms of persistence and overall treat-
ment costs. However, reimbursement criteria remained
highly variable: while Germany, France, and Spain had
broad coverage for all four approved mAbs in both ep-
isodic and chronic migraine, several Eastern Europe-
an countries restricted coverage to chronic migraine
only or required documented failure of three prior
preventive agents - a requirement that delayed ac-
cess to effective treatment by years in some cases [22].

Safety profiles of novel agents remaind EU thresh-
old of EUR 30,000 per quality-adjusted life year.
T.J. Schwedt et al. [17] further confirmed the re-
al-world economic advantages of CGRP mAb therapy
ed reassuring based on accumulated European and
global evidence. CGRP pathway therapies showed low
rates of serious adverse events across all approved
agents. The most common issues - constipation (pri-
marily with erenumab, reported in 3-5% of patients),
injection-site reactions (typically mild and transient),
and mild fatigue - rarely necessitate treatment discon-
tinuation. Long-term European registry data extend-
ing to 3 years confirmed cardiovascular safety: while
CGRP played a physiological vasodilatory role, no in-
crease in cardiovascular events had been documented
in real-world populations, including those with hy-
pertension or controlled coronary artery disease [40].
Post-marketing pharmacovigilance systems across Eu-
ropean national regulatory authorities continued active
monitoring, with quarterly aggregated safety reports
providing robust population-level signal detection. For
CH preventives, standard ECG monitoring before and
during verapamil titration was well-established in Eu-
ropean practice to detect the PR interval prolongation
and rare atrioventricular block that can occur at dos-
es above 480 mg/day [8]. Taken together, the Europe-
an headache management landscape in 2019-2024
was characterised by three defining trends: 1) a shift
from empirical, trial-and-error preventive strategies
to mechanism-based precision medicine; 2) a strong
movement toward integrated, multidisciplinary care
models; 3) an increasing reliance on real-world regis-
try data - a domain in which Europe leads globally - to
complement and extend RCT findings.

CONCLUSIONS
This systematic review synthesised evidence from stud-
ies — comprising guidelines, meta-analyses, randomised
controlled trials, and real-world European cohorts - on
the management of migraine, tension-type headache,
and cluster headache, with a specific focus on Euro-
pean clinical data and guideline recommendations.
The strongest and most practice-changing evidence
concerned calcitonin gene-related peptide-targeted

Journal of Human Biology and Clinical Medicine. 2026. Vol. 2, No.2



therapies. Monoclonal antibodies against calcitonin
gene-related peptide or its receptor had demonstrated
consistent, clinically meaningful efficacy in migraine
prevention - with 250% responder rates of 40-60%, re-
ductions of 3-8 monthly migraine days, and real-world
persistence rates exceeding 70% at 12 months - estab-
lishing them as the new first-line standard per the 2022
European Headache Federation guideline. Oral gepants
offer effective, cardiovascular-safe alternatives for both
acute and preventive use. For cluster headache, it was
confirmed high-flow oxygen and subcutaneous su-
matriptan as gold-standard acute treatments, while gal-
canezumab was the only biologic with evidence in this
indication. Non-pharmacological strategies - cognitive
behavioural therapy, biofeedback, structured aerobic
exercise, physiotherapy, and neuromodulation (nVNS) -
individually demonstrated moderate-to-high effica-
cy across headache subtypes, with multidisciplinary
combinations producing superior long-term outcomes
compared with monotherapy. European real-world
registries from Italy, Germany, Spain, and Scandinavia
confirmed that guideline-concordant, multidiscipli-
nary management produced meaningful improvements
in quality of life, work productivity, and healthcare
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utilisation. Health-economic analysed support the
cost-effectiveness of calcitonin gene-related peptide-tar-
geted therapies, when total disease burden was consid-
ered, though substantial inter-country variation in reim-
bursement remained a significant barrier to equitable
care. Limitations included the comparatively underde-
veloped tension-type headache evidence base, limited
long-term data beyond 3 years for novel agents, under-
representation of pediatric and elderly populations, and
potential publication bias toward positive calcitonin
gene-related peptide results. Future research should
prioritise head-to-head comparative trials, long-term
safety registries beyond 5 years, and harmonised EU
health technology assessment processes to ensure eq-
uitable access to effective headache care across Europe.

ACKNOWLEDGEMENTS

None.

FUNDING

None.

CONFLICT OF INTEREST

None.

[1]

REFERENCES
GBD 2016 Headache Collaborators. Global, regional, and national burden of migraine and tension-type
headache, 1990-2016: A systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol.
2018;17(11):954-6.D0I: 10.1016/s1474-4422(18)30322-3
Ashina M, Katsarava Z, Do TP, Buse DC, Pozo-Rosich P, Ozge A, et al. Migraine: Epidemiology and systems
of care. The Lancet. 2021;397(10283):1485-95. DOI: 10.1016/S0140-6736(20)32160-7
Linde M, Gustavsson A, Stovner LJ, Steiner TJ], Barré ], Katsarava Z, et al. The cost of headache disorders
in Europe: The Eurolight project. Eur ] Neurol. 2012;19(5):703-11. DOI: 10.1016/j.jns.2011.12.008
Steiner TJ, Stovner LJ. Global epidemiology of migraine and its implications for public health and health policy.
Nat Rev Neurol. 2023;19(2):109-17.DOI: 10.1038/s41582-022-00763-1
Karlsson WK, Zhuang ZA, Al-Khazali HM, Tomlison A, de la Torre ER, Cipriani A, et al. Comparative effects
of drug interventions for the acute management of migraine episodes in adults: Systematic review and network
meta-analysis. BM]. 2024;386:e080107. DOI: 10.1136/bmj-2024-080107
Sacco S, Amin FM, Ashina M, Bendtsen L, Deligianni CI, Gil-Gouveia R, et al. European Headache Federation
guideline on the use of monoclonal antibodies targeting the calcitonin gene related peptide pathway
for migraine prevention — 2022 update. ] Headache Pain. 2022;23:67. DOI: 10.1186/s10194-022-01431-x
Caronna E, Gallardo V], Egeo G, Vazquez MM, Castellanos CN, Membrilla JA, et al. Redefining migraine
prevention: Early treatment with anti-CGRP monoclonal antibodies enhances response in the real world.
] Neurol Neurosurg Psychiatry. 2024;95:927-37. DOI: 10.1136/jnnp-2023-333295
May A, Evers S, Goadsby PJ, Leone M, Manzoni GC, Pascual ], et al. European Academy of Neurology guidelines
on the treatment of cluster headache. Eur ] Neurol. 2023;30(10):2955-79. D0OI: 10.1111/ene.15956
Diener HC, Kropp P, Dresler T, Evers S, Férderreuther S, Gaul C, et al. Management of medication overuse (MO)
and medication overuse headache (MOH) S1 guideline. Neurol Res Pract. 2022;4:37. DOI: 10.1186/s42466-
022-00200-0

[10] Probyn K, Bowers H, Mistry D, Caldwell F, Underwood M, Patel S, et al. Non-pharmacological self-management

for peoplelivingwith migraine or tension-type headache: A systematicreview including analysis of intervention

components. BM] Open. 2017;7(8):e016670. DOI: 10.1136 /bmjopen-2016-016670

[11] Onan D, Arikan H, Ekizoglu E, Tasdelen B, Ozge A, Martelletti P. The efficacy of physiotherapy approaches

in chronic tension-type headache: A systematic review and meta-analysis. ] Oral Facial Pain Headache.

2025;39(1);34-48.D0OI: 10.22514 /jofph.2025.003

[12] Page M], Boutron I, Tetziaff ]M, Chou R, Laiu MM, Mayo-Wilson E, et al. The PRISMA 2020 statement:

An updated guideline for reporting systematic reviews. BMJ. 2021;372:n71. DOI: 10.1136/bmj.n71

Journal of Human Biology and Clinical Medicine. 2026. Vol. 2, No. 2


https://doi.org/10.1016/s1474-4422(18)30322-3
https://doi.org/10.1016/S0140-6736(20)32160-7
https://doi.org/10.1111/j.1468-1331.2011.03612.x
https://doi.org/10.1038/s41582-022-00763-1
https://doi.org/10.1136/bmj-2024-080107
https://doi.org/10.1186/s10194-022-01431-x
https://doi.org/10.1136/jnnp-2023-333295
https://doi.org/10.1111/ene.15956
https://doi.org/10.1186/s42466-022-00200-0
https://doi.org/10.1186/s42466-022-00200-0
https://doi.org/10.1136/bmjopen-2017-016670
https://www.jofph.com/articles/10.22514/jofph.2025.003
https://doi.org/10.1136/bmj.n71

m Advances in primary headache disorder management...

[13] Diener HC, Holle-Lee D, Nagel S, Dresler T, Gaul C, Gobel H, et al. Treatment of migraine attacks and prevention
of migraine: Guidelines by the German Migraine and Headache Society and the German Society of Neurology.
Clin Transl Neurosci. 2019;3(1). DOI: 10.1177/2514183X18823377

[14] Fernandez-Bravo-Rodrigo ], Cavero-Redondo I, Lucerén-Lucas-Torres M, Martinez-Garcia I, Flor-Garcia A,
Barreda-Hernandez D, et al. Real-world effectiveness and safety of erenumab for the treatment of migraine:
A systematic review and meta-analysis. Eur ] Pharmacol. 2024;976:176702. D0I: 10.1016/j.ejphar.2024.176702

[15] Corasaniti MT, Lawrence GW, Bagetta G, lannacchero R, Tarsitano A, Monteleone A, et al. Combination
of anti-CGRP/CGRP-R mAbs with onabotulinumtoxin A as a novel therapeutic approach for refractory chronic
migraine: A retrospective study of real-world clinical evidence and a protocol for a double-blind, randomized
clinical trial to establish the efficacy and safety. Front Pharmacol. 2023;14:1296577. DOI: 10.3389/
fphar.2023.1296577

[16] Silberstein SD, Holland S, Freitag F, Dodick DW, Argoff C, Ashman E. Evidence-based guideline update:
Pharmacological treatment for episodic migraine prevention in adults. Neurology. 2012;78(17):1337-45.
DOI: 10.1212/WNL.0b013e3182535d20

[17] Schwedt T], Lee ], Knievel K, McVige ], Wang W, Wu Z, et al. Real-world persistence and costs among patients
with chronic migraine treated with onabotulinumtoxinA or calcitonin gene-related peptide monoclonal
antibodies. ] Manag Care Spec Pharm. 2023;29(10):1119-31. DOI: 10.18553/jmcp.2023.29.10.1119

[18] Grazzi L, Montisano DA, Canella M, Marcosano M, Altamura C, et al. Real-world effectiveness of anti-CGRP
monoclonal antibodies compared to onabotulinumtoxinA (RAMO) in chronic migraine: A retrospective
observational multicenter cohort study. ] Headache Pain. 2024;25:14. DOI: 10.1186/s10194-024-01721-6

[19] Zovi A, Langella R, Aloisi AC, De Giorgio C, Del Vecchio M, Dondi C, et al. Real-world effectiveness of calcitonin
gene-related peptide-binding monoclonal antibodies for migraine prevention: A systematic review. Can ] Hosp
Pharm. 2024;77(1):e3382. DOI: 10.4212/cjhp.3382

[20] Vernieri F, Brunelli N, Guerzoni S, [annone LF, Baraldi C, Rao R, et al. Retreating migraine patients in the second
year with monoclonal antibodies anti-CGRP pathway: The multicenter prospective cohort RE-DO study.
] Neurol. 2023;270:5436-48. DOI: 10.1007/s00415-023-11872-2

[21] Silberstein SD, Holland S, Freitag F, Dodick DW, Argoff C, Ashman E. Evidence-based guideline update:
Pharmacological treatment for episodic migraine prevention in adults. Neurology. 2012;78(17):1337-45.
DOI: 10.1212/WNL.0b013e3182535d20

[22] Lipton RB, Fanning KM, Buse DC, Martin VT, Hohaia LB, Adams AM, et al. Migraine progression in subgroups
of migraine based on comorbidities: Results of the CaMEO study. Neurology. 2019;93(24):e2224-e36.
DOI:10.1212/wnl.0000000000008589

[23]Xie R, Li ], Jing Y, Tian ], Li H, Cai Y, et al. Efficacy and safety of simple analgesics for acute treatment
of episodic tension-type headache in adults: A network meta-analysis. Ann Med. 2024;56(1):2357235.
DOI:10.1080/07853890.2024.2357235

[24]Qin L, Song P, Li X, Yang L, Xu, F, Zhu X, et al. Tension-type headache management: A systematic review
and network meta-analysis of complementary and alternative medicine. Pain Ther. 2024;13:691-717.
DOI:10.1007/s40122-024-00600-x

[25] de Freitas Dias B, Robinson CL, Villar-Martinez MD, Ashina S, Goadsby P]. Current and novel therapies
for cluster headache: A narrative review. Pain Ther. 2025;14:1-19. DOI: 10.1007/s40122-024-00674-7

[26] Dodick DW, Goadsby PJ, Spierings ELH, Scherer JC, Sweeney SP, Grayzel DS. Safety and efficacy of LY2951742,
a monoclonal antibody to calcitonin gene-related peptide, for the prevention of migraine: A phase 2,
randomised, double-blind, placebo-controlled study. Lancet Neurol. 2014;13(9):885-92. DOI: 10.1016/
s1474-4422(14)70128-0

[27] Barbosa da Silva M, de Oliveira Ferreira DBC, Mendieta CD, da Silva HP, Nogueira-Rosa LA, Moraes-Figueiredo
N. Efficacy and safety of galcanezumab for cluster headache preventive treatment: A systematic review
and meta-analysis. Neurol Res. 2025;47(1):63-76. DOI: 10.1080/01616412.2024.2440022

[28] Silberstein SD, Mechtler LL, Kudrow DB, Calhoun AH, McClure C, Saper JR, et al. Non-invasive vagus nerve
stimulation for the acute treatment of cluster-type headaches: Findings from the randomized, double-blind,
sham-controlled ACT1 study. Headache. 2016;56(8):1317-32. DOI: 10.1111/head.12896

[29] Goadsby PJ, de Coo IF, Silver N, Tyagi A, Ahmed F, Gaul C, et al. Non-invasive vagus nerve stimulation for the
acute treatment of episodic and chronic cluster headache: A randomized, double-blind, sham-controlled ACT2
study. Cephalalgia. 2018;38(5):959-69. DOI: 10.1177/0333102417744362

[30] Eigenbrodt AK, Ashina H, Khan S, Diener HC, Mitsikostas DD, Sinclair A], et al. Diagnosis and management
of migraine in ten steps. Nat Rev Neurol. 2021;17:501-14. DOI: 10.1038/s41582-021-00509-5

[31] Nestoriuc Y, Martin A. Efficacy of biofeedback for migraine: A meta-analysis. Pain. 2007;128(1):111-27.

DOI: 10.1016/j.pain.2006.09.007

Journal of Human Biology and Clinical Medicine. 2026. Vol. 2, No.2


https://doi.org/10.1177/2514183X18823377
https://doi.org/10.1016/j.ejphar.2024.176702
https://doi.org/10.3389/fphar.2023.1296577
https://doi.org/10.3389/fphar.2023.1296577
https://doi.org/10.1212/WNL.0b013e3182535d20
https://doi.org/10.18553/jmcp.2023.29.10.1119
https://link.springer.com/article/10.1186/s10194-024-01721-6
https://doi.org/10.4212/cjhp.3382
https://doi.org/10.1007/s00415-023-11872-2
https://doi.org/10.1212/WNL.0b013e3182535d20
https://doi.org/10.1212/wnl.0000000000008589
https://doi.org/10.1080/07853890.2024.2357235
https://doi.org/10.1007/s40122-024-00600-x
https://doi.org/10.1007/s40122-024-00674-7
https://doi.org/10.1016/s1474-4422(14)70128-0
https://doi.org/10.1016/s1474-4422(14)70128-0
https://doi.org/10.1080/01616412.2024.2440022
https://doi.org/10.1111/head.12896
https://doi.org/10.1177/0333102417744362
https://doi.org/10.1038/s41582-021-00509-5
https://doi.org/10.1016/j.pain.2006.09.007

Almanbekova m

[32] Souren R, Winteler BR, Bischoff N, Fluri O, Grolimund ], Scutelnic A, et al. Effectiveness of a multidisciplinary
headache management program: An open-label pilot study. Clin Transl Neurosci. 2025;9(2):27. DOI: 10.3390/
ctn9020027

[33] Dittrich SM, Giinther V, Franz G, Burtscher M, Holzner B, Kopp M. Aerobic exercise with relaxation: Influence
on pain and psychological well-being in female migraine patients. Clin ] Sport Med. 2008;18(4):363-5.

DOI: 10.1097/jsm.0b013e31817efac9
[34] Puledda E Shields K. Non-pharmacological approaches for migraine. Neurotherapeutics. 2018;15(2):336-45.

DOI: 10.1007/s13311-018-0623-6
[35] Rains ]C, Poceta ]S, Penzien DB. Sleep disorders and headache. Curr Neurol Neurosci Rep. 2008;8:167-5.

DOI: 10.1007/s11910-008-0027-9

[36] Minen MT, Adhikari S, Seng EK, Berk T, Jinich S, Powers SW, et al. Smartphone-based migraine behavioral
therapy: A single-arm study with assessment of mental health predictors. NP] Digit Med. 2019;2:46.
DOI: 10.1038/s41746-019-0116-y

[37] Headache Classification Committee of the International Headache Society (IHS). The International
Classification of Headache Disorders. Cephalalgia. 2018;38(1):1-211. DOI: 10.1177/0333102417738202

[38] Ailani ], Burch RC, Robbins MS. The American Headache Society Consensus Statement: Update on integrating
new migraine treatments into clinical practice. Headache. 2021;61(7):1021-39. DOI: 10.1111/head.14153

[39] Yang S, Orlova Yu, Park H. Cardiovascular safety of anti-CGRP Monoclonal antibodies in older adults or adults
with disability with migraine. JAMA Neurol. 2024;82(2):132-41. D0OI1:10.1001 /jamaneurol.2024.4537

[40] Van der Arend BWH, Van Veelen N, De Ruijter JET, Olsen MH, MaassenVanDenBrink A, Terwindt GM. Safety
considerations in the treatment with anti-CGRP(R) monoclonal antibodies in patients with migraine. Front

Neurol. 2024;15:1387044. DOI: 10.3389 /fneur.2024.1387044

Journal of Human Biology and Clinical Medicine. 2026. Vol. 2, No. 2


https://doi.org/10.3390/ctn9020027
https://doi.org/10.3390/ctn9020027
https://doi.org/10.1097/jsm.0b013e31817efac9
https://doi.org/10.1007/s13311-018-0623-6
https://doi.org/10.1007/s11910-008-0027-9
https://doi.org/10.1038/s41746-019-0116-y
https://doi.org/10.1177/0333102417738202
https://doi.org/10.1111/head.14153
https://doi.org/10.1001/jamaneurol.2024.4537
https://doi.org/10.3389/fneur.2024.1387044

m Advances in primary headache disorder management...

BawTankbl 6aw 0OpPYHY AaPbINIOOAOIY XEeTULLKEHAUKTEP:
eBponanbiK MaanbiMaTTapra )xaHa CyHywtTaManapra Herusaenun
paspaanradH papMakonorusnbik XxaHa papMakonoruanbik
BMec cTpaTeruanapra cepen

Arinepu AimaHG6€eKOBa

HeBposior-opaunatop
«['es1MOC» KJIMHUKACHI
75175, Kannsiepirrpacce ked., 2-6, [Ipopixaiim mr., lepmanus
https://orcid.org/0009-0000-2142-2702

AHHOTaumsA. Baumtankel 6aur oopysiaphl - MAKbIH, YblHAJIYY/AaH Naija 60JroH 6all 00pyy »aHa KJacTepAUK
6ai oopyy - AYWH6 >Xy3y 0OIOHYAa MaHBbIITBIK MEHEH 6TKepYJI'eH >KbIAApAbIH aJ/blHKbl ce6eNTepuHUH
KaTapblHa Kupun, EBpoma ydyH OJIyTTyy cOLMa/JbIK-95KOHOMHKAJbIK KeWred 60Jiyn caHajJaT: 3MIeKKe
KApaMAYYAYKTYH >KOTOJIYIIYHAH »KaHa CajJaMaTTbIKThl CAaKTOO YbITbIMJIAPbIHBIH OCYIUYHOH yJaM >bLI
CaWbIHKBI YBITBIMJAp MUWJLIMAapAAaraH eBporo 6GaasnaHaT. M3unzeeHyH MakcaTel — 2019-2024-xbLagapsl
»KapblsJlaHTraH, 6alITalKbl 6all 00py/IapblH JAapblJIOOHYH $GapMaKoJOTUsJIbIK KaHa $apMaKoJI0TUsJIbIK 3MeC
bIKMaJslapbl 0OIOHYA MaaJbIMaTTap/bl CbIHYbLI 6aajioo, eBpONaJbIK KJWHHUKAJIBIK MaasJbIMaTTapra »aHa
KOJIJJOHMO CyHyLlITaMa/lapra 6acblM )Kacoo MeHeH, aiucTepre NpakTHKa/Aa KOJA0HCO 60J10 TypraH Aajujepre
cepen 6epyy. TangooHyH XbIUBIHTEITBIHAA CGRP MOHOK/I0HANIBIK aHTUTEJ0J10pY (3peHyMab, dpemMaHe3yMao,
rajikaHe3yma0, snTuHe3yMab6) 6etantapabid 40-60 nakbi3piHga 250 % >xoon 6epyyHY »KaHa aliblIHa MUTPEHb
KYHZ®PYHYH CaHbIH 3-8 KYHre a3alTyyHy KepCOTKOHY, a1 3MU eBpOMNaJbIK peaayy KIMHUKAJIbIK NPaKTUKa
peectpsepuHze 12 aiifjaH KMWUH TapTUNTYY KOJLOHYY KepceTkydy 70 maibI3flaH allKaHbl aHBIKTaJJbI.
Opan/blk renaHTTap (aTorenaHT — ajJiblH ajlyy Y4yH; PUMerenaHT — ©TKYpP »KaHa a/liblH aJlyy MaKcaTbIH/A
KOJIIOHYY Y4YYH) HaTbIIKaJyy »KaHa KYPOKKe KOOICYy3 ajbTepHaTHBa 6oJsiyn caHaiaApl. Knactepauk 6Garun
00pyyAa KbIYKbLITEK (212 s1/MUH) KaHa TepU acTblHA CAaHbLIYy4Yy CyMaTpUNTaH 6 MI 6TKYp AapbLIOOHYH
«aJITBIH CTaHAAPTBI» CTATYyCyH CcaKTall Ka/Jbl, ajJl 3MU rajkaHe3yMab — 3NU30AAYK KJacTepAUK 6all 00pyHY
aJIbIH aJyy Y4YH JKOTOPKY JaJUIAMK 6asackl 6ap »KalajaH-Ka/Irbl3 GMOJIOTUSJIBIK IpenapaT 60JyH YbIKTHI.
®apMaKoJIOTUANBIK 3MeC apaKeTTep - KOTHUTUBJUK-XYPYM-TYpPYM Tepanuschl, GHUOJIOTUSJIBIK TeCKepH
6aiJaHbIll, a3pO6AYK KOHYTYYJIep KaHa Baryc HepBUH HWHBA3UBJAUK 3MeC CTUMYJSLMANOO — Y4 OOPYHYH
6aapblH/a TeH 6alll 00PYYHYH KbILITBITBIH KaHa KYYyH a3aiTyyZa opTo4o »KaHa »KOrOPKY HaThIMKaNAYYJIYKTY
KepceTTy. EBpomasiblk peecTpsiepJUH MaajbIMaTTapbl 3aMaH6an KOMILJIEKCTYY JapblJIOOHY aJblll >KaTKaH
G6edTanTap/blH Kalloo CallaThIHbIH, 3MI'eK 6HAYPYMAYYJAYTYHYH Oy TTYY *KaKUIbIPraHAbITbIH XKaHa aby3yCTyK
(MesuKaMeHTO3/YK) 6all 00pyy TOGOKENJUTUHUH a3alraH/ibIrbIH Ky0e1eHAYPAY. CepenTHH XbIHbIHTBIKTAPbl
HeBpoJIOT, 6all oopyy 60IHYA aJiUC KaHa OMPUHYM 3BEHOHYH JlapbIrepJepruH OUPUHYMIIHNK O6all 00pyaapAbl
JlapblI00/0 3aMaHban eBpoNasblK CTpaTerusijiap/ibl KOJAJAOHYY YUYH Aa/IUAJUK 6a3a MeHEH KaMCbI3 KblJIbIII,
MepCOHAIAALITHIPBIITAH, KO TapMaKTYy »KapjAaMra eTyYHY KoszoLy. EBponablk KOJA0HMOJIOPAY TYPYKTYY
HIIKe alllblpyy, MHHOBAIMSAJIBIK JapblJI00 bIKMaJapblHA »KETYYHY FapMOHHUSAJALITBIPYY KaHa KOOICY3AYKTY
y3aK MEOHOTTYY MOHUTOPHHT KYPIy3Yy apThIKYBLIBIKTYY Macese 60H/I0H Kaayyaa

Heruaru cespep: wakblif; YblHaIyyZaH naija 60/rod 6ai 0opyy; ajJblH alyydy Tepanusi; ¢apMaKoJa0rusibIK
3Mec KUHJIMTUILYYIep; AATUAYY HEBPOJIOTHS
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AHHOTaums. [lepBrUyHbIe TOJIOBHBIE 60JIM — MUTPEeHb, FOJIOBHAsA 60JIb HANPSXKEHUsI U KJAacTepHas roJoBHas
60J1b — BXOAWJIM B YUCJIO BeAYLIMX IPUYHH JIET, IPOKUTHIX C UHBAJHU/AHOCTbIO, BO BCEM MUpPE U IpeJCTaBUIN
3HAYUTEJNbHYI0 COIMaJbHO-IKOHOMUYECKYI0 NpobyeMy A1 EBponbl: exxerofgHble 3aTpaThl, 00YC/I0BIEHHbIE
oTepei TPYLOCHOCOGHOCTH U POCTOM PACX0/l0B Ha 3/IpaBOOXpaHeHHUe, KOTOPbIe OLeHUBAIOTCA B MUJIJIMAPABI
eBpo. lles1b uccef0BaHUSA — KPUTHUYECKU OLLEHUTh JaHHble 0 papMaKoJoruyeckux U HedpapMaKoJI0THYeCKUX
MeTo/axX JieYeHHUsI NMEePBUYHBIX I'OJIOBHBIX 6GoJiel, onmyb6sinkoBaHHble B 2019-2024 rogax, ¢ akLeHTOM Ha
eBpoNelcKie KJWHHWYeCKHe [JaHHble M PEeKOMEHJAMU PYKOBOJCTB, YTOObI MPEAOCTAaBUTh CIlelUaJUCTaM
NpUMEHUMBIH B INpaKTHKe 0630p J0Ka3aTeJbCTB. B pesynbTaTe aHajivW3a [JaHHBIX ObLIO YCTAaHOBJIEHO,
YTO MOHOKJIOHaJbHble aHTUTesa K CGRP (apeHyma6, ¢pemane3zymab, rajkaHesymab, 3nTUHe3yMal)
npojieMoHcTpupoBaiu oTBeT 250 % y 40-60 % marMeHTOB U CHUXKeHHe YHCJa JHEW MUTPEHH B Mecsl Ha
3-8, npy 3TOM IOKa3aTeJHU NPHUBEPKEHHOCTH B eBPOIENCKUX peecTpax peasbHOM KJIMHWUYECKOW MPaKTHUKHU
npesbimannd 70 % depes 12 mecsaueB. OpajibHble TeNaHThl (aTOreNaHT - AJis NPOPUIAKTUKH; pUMerenaHT -
JUIs1 OCTPOTO U NPOGUIAKTUYECKOI0 TPUMEHEHUS) ABASANUCH 3G PEeKTUBHON U KapANOJIOTHIECKHU 6e30macHOH
asbTepHaTUBOM. [IpU KJIacTepHON roloBHOM 6011 KUCaA0pog (212 j1/MUH) U NOJKOXKHBINA CyMaTPHUIITaH 6 MI
COXPaHMJIM CTATYC «30JI0TOTO CTAaHAAPTa» OCTPOTO JIeYeHHs], a FTaJIKaHe3yMab — eJUHCTBEHHbI 6H0JIOrHYeCKUH
Mpenapar ¢ BEICOKOH 0Ka3aTeJbHON 62301 AJis NPOPUIAKTHUKY 3MU30JU4ECKOM KJIAaCTEPHOM rOJIOBHOM GOJIH.
Hedapmakosiornyeckre BMelIaTeJbCTBA — KOTHUTUBHO-IIOBeJleHUeCKas Tepamnus, 6hoJsioruyeckass obpaTHas
CBS13b, A3POOHBIE YIPAXKHEHUS] U HEMHBA3UBHAs CTUMYJALUSA GJIyK/al0Ilero HepBa — MPoJeMOHCTPUPOBAJIH
yMepeHHY0 U BbICOKYI0 3G PEKTUBHOCTb B CHHXKEHHUH YAaCTOThl U UHTEHCHBHOCTU TOJIOBHOM 60J1M pU BCeX
TPEX HO30JI0TUSX. [laHHbIe eBPONENCKUX PeeCTPOB CBU/IETEbCTBOBAJIM O 3HAYMTENbHOM Y/IY4YLIEHUH KauecTBa
YKU3HH, IPOU3BOAUTEIBHOCTH TPY/a U CHHXKEHUU PUCKa aby3YCHOM roJIOBHOM 60J11 y MaljMeHTOB, MOJIYYarINX
COBpeMeHHOe KOMIIJIEKCHOe JedeHHe. Pe3ysbTaThl 0630pa o6ecneyusd HEBPOJIOTOB, CHELHAIHUCTOB MO
roJIOBHOW 60JM U Bpayel NepBUYHOrO 3BeHa J0Ka3aTeJbHOM 6a30i [Jisi NpPUMeEHEeHUs COBpPEMEHHBIX
eBpONEeNCKUX CTpaTerni JedeHus, Mo Jep>KuBad lepexo/ K IepCOHaJIU3UPOBaHHOM, MYJIbTUAMCLUIIIMHAPHON
MOMOIIY [TPU IEPBUYHBIX I'0JIOBHBIX 60JISIX. YCTOMYMBOE BHEeJ[peHHe eBPONENCKUX PYKOBO/CTB, FapMOHHU3aL s
JlOCTyNla K MHHOBAI[MOHHBIM MeTOJAaM JieueHHUs U JO0JTOCPOYHbIM MOHHUTOPHUHI 6e30MacHOCTH OCTaJUCh
NPUOPUTETHBIMH 33/jla4aMHU

KnioueBble crnoBa: MurpeHs; rojioBHasi 60J1b HanpsHKeHust; NpoduIaKTHYeCcKasl Tepanus; HepapMaKoJIoruiecKre
BMelIllaTebCTBa; JJoKa3aTe bHasi HEBPOJIOTHsI
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Abstract. Lumbar disc surgery remains a widely performed intervention; however, uncertainty persists regarding
long-term outcomes and recurrence differences between conventional microdiscectomy and minimally invasive
percutaneous endoscopic lumbar discectomy, particularly beyond the first postoperative year. The aim of this
systematic review was to compare the clinical effectiveness, perioperative characteristics, and time-dependent
recurrence rates of microdiscectomy versus percutaneous endoscopic lumbar discectomy in the treatment of
lumbar prolapsed intervertebral disc, and to identify key patient- and procedure-related factors influencing
recurrence. A systematic search was undertaken for studies published between 2000 and 2026 in accordance
with PRISMA 2020 guidelines, including randomised controlled trials, cohort studies, and meta-analyses with
at least 12 months of follow-up. It was found that both microdiscectomy and percutaneous endoscopic lumbar
discectomy provide comparable long-term clinical outcomes, with significant pain reduction and high functional
recovery rates exceeding 85% in most studies. Endoscopic techniques demonstrated clear perioperative
advantages, including reduced blood loss, shorter hospital stay, and faster return to work, although these do not
result in meaningful differences in long-term recurrence. Recurrence rates were shown to be similar between
techniques across 1-, 3-, and 5-year follow-up periods, generally ranging from 3% to 12%, with no statistically
significant differences. Patient-related factors, including younger age, higher body mass index, smoking, large
annular defects, and physically demanding occupations, were identified as stronger predictors of recurrence than
surgical method. A learning-curve effect was also observed for endoscopic procedures, with improved outcomes
following increased surgeon experience. The findings support the conclusion that surgical decision-making
should prioritise patient characteristics and surgical expertise rather than concerns about recurrence, thereby
facilitating evidence-based, individualised approaches in spinal surgery and healthcare planning

Keywords: spinal decompression; minimally invasive spine surgery; surgical outcomes; recurrence rate;
percutaneous endoscopic lumbar discectomy; nerve root compression

INTRODUCTION

Lumbar disc disease and its surgical management repre-
sent one of the most clinically and economically signifi-
cant domains in contemporary spine surgery. The global
burden of lumbar disc herniation requiring operative in-
tervention has grown steadily over the past two decades,
driven by population ageing, rising rates of sedentary
work, and expanding availability of MRI-based diagnosis.
Despite high overall surgical success rates, the persistent

Suggested Citation:

risk of symptomatic recurrence - affecting 5-15% of
operated patients over a five-year horizon - constitutes
a critical unresolved challenge with substantial qual-
ity-of-life, occupational, and healthcare-cost implica-
tions [1]. The progressive adoption of minimally invasive
endoscopic techniques has intensified a fundamental
debate: whether these approaches, despite offering supe-
rior perioperative recovery profiles, maintain equivalent
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or superior long-term durability compared with the es-
tablished gold standard of conventional microdiscec-
tomy. From a public health standpoint, resolving this
question is essential for guiding surgical training, tech-
nology procurement, and patient counseling in an era
of rapidly expanding minimally invasive spine surgery.

A substantial body of secondary literature has ad-
dressed this question across the last decade, yielding
converging yet nuanced conclusions. S.M. Barber et
al. [1], in a 2019 meta-analysis of 22 comparative stud-
ies, found that endoscopic discectomy achieves clinical
outcomes equivalent to conventional microdiscectomy
across leg pain, disability, and patient satisfaction meas-
ures, while consistently demonstrating perioperative
superiority. S. Muthu et al. [2], in their 2021 systematic
review and superiority analysis in Global Spine Journal,
evaluated whether endoscopic discectomy is ready to
supplant microdiscectomy as the gold standard, conclud-
ing that endoscopic techniques perform at least equiva-
lently in efficacy outcomes but require further evidence
on long-term recurrence from multicentre prospective
trials. G. Meyer et al. [3], in a 2020 randomised clinical
trial published in World Neurosurgery, confirmed these
findings in a European population, demonstrating no
significant difference in pain, disability, or complication
rates between PELD and microdiscectomy at 12-month
follow-up, while endoscopic patients returned to work
significantly earlier. X. Bai et al. [4], in a 2021 network
meta-analysis in Medicine, synthesised data from multi-
ple surgical approaches for lumbar disc herniation and
demonstrated that PELD ranks among the most effective
interventions for short-term leg pain reduction. M. Kim et
al. [5], in a foundational 2016 meta-analysis in the Inter-
national Journal of Surgery encompassing 12 studies
and 1,208 patients, confirmed perioperative superior-
ity of PELD without compromising efficacy. The 5-year
comparative data remain less abundant: C.C. Yang et
al. [6], in a 2024 Neurospine study with follow-up ex-
ceeding 5 years, found comparable recurrence and reop-
eration rates between TELD and microdiscectomy, while
Y. Ahn et al. [7] reached similar conclusions in a dedicat-
ed 5-year cohort study. T. Li et al. [8],in a 2024 retrospec-
tive propensity-score-matched study with more than 5
years of follow-up, reported 4.49% recurrence in TELD
versus 1.54% in microdiscectomy (p =0.31), confirming
statistical equivalence despite numerically higher endo-
scopic recurrence attributable to learning-curve and pa-
tient-selection effects. T. Patel et al. [9], in the most recent
2025 Journal of Neurosurgery: Spine analysis, reinforced
the conclusion that minimally invasive endoscopic tech-
niques are competitively effective across all clinically
relevant outcome domains. S. Ruetten et al. [10], in a
prospective RCT of full-endoscopic versus conventional
microsurgical discectomy, provided foundational evi-
dence for the efficacy of full-endoscopic techniques that
underpins subsequent comparative work. Neverthe-
less, critical gaps remain: heterogeneity in recurrence
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definitions, variable follow-up completeness, and the rela-
tive paucity of head-to-head RCTs with standardised long-
term endpoints limit the strength of existing conclusions.

The objective of this review was to systematical-
ly compare conventional microdiscectomy and endo-
scopic discectomy (PELD/TELD) for lumbar PIVD, with
emphasis on recurrence and reoperation outcomes
stratified at 1-, 3-, and 5-year follow-up intervals. Three
specific objectives guided the analysis: (1) to compare
perioperative and short-term clinical outcomes be-
tween the two techniques; (2) to analyse time-strati-
fied recurrence and reoperation rates across the avail-
able high-quality evidence base; and (3) to identify
patient-specific, anatomical, and technical factors that
serve as primary determinants of recurrence risk irre-
spective of surgical approach.

A systematic literature search adhering to PRISMA
2020 methodology was conducted across PubMed, Em-
base, Cochrane Library, Scopus, and Google Scholar from
January 2000 to March 2026. Search terms combined
MeSH descriptors and free-text keywords: “lumbar disc
herniation” OR “PIVD” OR “lumbar disc prolapse” AND
(“microdiscectomy” OR “open microdiscectomy” OR
“tubular microdiscectomy”) AND (“endoscopic discec-
tomy” OR “percutaneous endoscopic lumbar discecto-
my” OR “PELD” OR “TELD” OR “full-endoscopic”) AND
(“recurrence” OR “re-herniation” OR “reoperation”)
AND (“follow-up” OR “long-term” OR “1-year” OR “3-
year” OR “5-year”). Inclusion criteria encompassed Eng-
lish-language peer-reviewed publications: meta-analy-
ses of RCTs or cohorts, individual RCTs, and prospective
or retrospective comparative studies reporting quanti-
fiable recurrence or reoperation data with a minimum
12-month follow-up. Recurrence was defined as ipsilat-
eral same-level symptomatic re-herniation following a
pain-free interval of 26 months, confirmed by MRI and
necessitating surgical intervention. Exclusion criteria
comprised single-arm case series, cervical or thoracic
herniations, revision surgeries at the index level, and
non-surgical comparisons. Data extraction captured
Visual Analogue Scale (VAS) scores for leg and back
pain, Oswestry Disability Index (ODI), MacNab criteria,
operative time, blood loss, hospital stay, complication
profiles, and time-stratified recurrence and reopera-
tion rates. Study quality was assessed using AMSTAR-2
for systematic reviews and the Cochrane risk-of-bias
tool (RoB 2.0) for RCTs. Narrative synthesis was per-
formed given clinically significant heterogeneity in
follow-up completeness, surgical technique protocols,
and recurrence definitions across included studies.

SURGICAL TECHNIQUES OVERVIEW
Microdiscectomy is performed under general an-
aesthesia through a 2-4 ¢cm midline or paramedian
incision, with the patient positioned prone [11, 12].
Subperiosteal muscle dissection exposes the lami-
na; a hemilaminotomy or minimal laminectomy is
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performed, followed by ligamentum flavum resection
with curettes and Kerrison rongeurs [13]. Under mi-
croscopic magnification (x5-20), the thecal sac and
nerve root are gently retracted medially, the annulus
incised if needed, and the herniated nuclear frag-
ment removed with pituitary rongeurs and disc for-
ceps [11]. Limited nucleotomy is typically performed
to reduce intradiscal pressure and minimise residual
fragment risk [12]. Tubular retractor systems, as used
in microendoscopic discectomy (MED), further min-
imise paraspinal muscle trauma while maintaining
equivalent microscopic visualisation [14]. The pro-
cedure emphasises careful preservation of facet joint
integrity and the medial pars interarticularis to avoid
iatrogenic segmental instability [12, 15].
Percutaneous endoscopic lumbar discectomy utilis-
es a 6-8 mm working-channel endoscope inserted via a
posterolateral transforaminal (TELD) or posterior inter-
laminar approach under biplanar fluoroscopic and/or
endoscopic guidance [16, 17]. Regional or local anaes-
thesia is feasible in the majority of transforaminal cas-
es, conferring a significant advantage for patients with
cardiopulmonary comorbidities or who are intolerant
of general anaesthesia. The transforaminal “outside-in”
technique - pioneered by A.T. Yeung & P.M. Tsou [17] -
involves sequential dilation from skin to the target disc
level, with foraminoplasty performed using endoscopic
trephines to enlarge the Kambin [18] triangle working

Vertebral
body ~~°*

o

) Bone @ pisc @ Herniated fragment

s

" Intact — not retracted

\,

" Nucleus pulposus

“*~~.__Compressed nerve root

space when required for access to migrated or forami-
nal fragments [19, 20]. The “inside-out” variant begins
with intradiscal discectomy before transitioning to epi-
dural decompression under direct endoscopic visual-
isation [16]. High-definition endoscopic visualisation,
continuous saline irrigation for haemostasis and field
clarity, and integrated working-channel instruments
(bipolar radiofrequency, graspers, shavers) enable pre-
cise targeted fragmentectomy with minimal collater-
al tissue injury [20]. Minimal or no bone resection in
most cases preserves facet joint integrity and paraspinal
musculature, theoretically reducing the biomechanical
consequences of repeated surgical episodes [21]. The
interlaminar endoscopic approach provides superior ac-
cess to large central and paracentral herniations at the
L4-L5 and L5-S1 levels, where transforaminal access is
constrained by the iliac crest and steep disc angle [22].

Both techniques aim for complete neural decom-
pression - restoration of free nerve root mobility and
elimination of epidural compression - without fusion
unless pre-existing or iatrogenic segmental instabil-
ity is present [12, 23]. As demonstrated in Figure 1,
the transforaminal endoscopic approach achieves this
through a direct posterolateral trajectory to the disc
cavity, avoiding paraspinal muscle disruption. Figure 1
illustrates the high-definition endoscopic visualisation
and instrumentation that enable precise intradiscal
work through a single small portal.

Posterolateral approach ~
() -+ Skin surface / entry point

Working cannula (8 mm)
No muscle incision

Paraspinal muscles

Lamina / ligamentum flavum
" Minimal bone removal

Herniated disc fragment

Thecal sac / spinal canal

"~ Decompressed post-TELD

O Nerveroot @ Cannula @ Muscle @ Lig. flavum

a « Anterior (front) Posterior (back) — Cannula trajectory: posterolateral transforaminal

Figure 1. Schematic illustration of the transforaminal endoscopic lumbar discectomy (PELD/TELD) “inside-out”
technique and endoscopic instrumentation with high-definition visualisation for minimally invasive intradiscal
and epidural procedures
Note: a - schematic illustration of the transforaminal endoscopic lumbar discectomy (PELD/TELD) “inside-out” technique. The
working cannula is leveraged against the ventral facet to direct trajectory toward the disc cavity for targeted fragment removal.
This approach minimises paraspinal muscle damage compared with open methods; b - endoscopic instruments and high-
definition visualisation during transforaminal discectomy. Flexible forceps and bipolar radiofrequency probes enable precise

intradiscal and epidural work through a single 8 mm working-channel portal

Source: C.H. Kim et al. [22], S. Kapetanakis et al. [24]
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In conclusion, microdiscectomy and percutaneous
endoscopiclumbar discectomy represent two technical-
ly distinct yet conceptually aligned approaches aimed
at achieving effective neural decompression. Micro-
discectomy relies on direct microscopic visualisation
and limited tissue exposure, ensuring reliable access to
the pathology while maintaining structural stability. In
contrast, endoscopic techniques utilise minimally inva-
sive access routes and advanced visualisation systems
to reduce soft tissue trauma and expand applicability in
selected patient populations, including those unsuita-
ble for general anaesthesia. Each approach has specific
technical advantages and limitations related to anatom-
ical access, instrumentation, and operator experience.
Overall, the choice between these techniques should
be based on individual anatomical considerations, sur-
geon expertise, and the clinical context rather than in-
herent superiority of one method over the other.

COMPARATIVE CLINICAL

AND PERIOPERATIVE OUTCOMES
The systematic analysis incorporated data from over
40 eligible publications - comprising 12 meta-analyses
or systematic reviews, 11 RCTs, and 17 prospective or
retrospective comparative cohort studies - yielding a
pooled patient sample exceeding 18,000 surgical ep-
isodes across the two modalities. Across virtually all
efficacy dimensions, the evidence consistently demon-
strates clinical equivalence between MD and PELD/
TELD in long-term outcomes, while endoscopic tech-
niques demonstrate statistically and clinically signifi-
cant superiority in perioperative parameters.

Leg pain relief, quantified by the VAS-leg, shows
comparable improvement at final follow-up across
studies, with mean reductions of 5.0-6.3 points from
baseline in both groups [2-3, 25]. Back pain (VAS-back)
and ODI scores demonstrate slightly greater short-
term improvement with PELD due to reduced par-
aspinal muscle disruption and the associated inflam-
matory response; however, these differences diminish
by 6-12 months and are not statistically significant at
12-month or later assessments in the majority of com-
parative analyses [1, 2, 4]. MacNab “excellent” or “good”
outcomes are achieved by 85-92% of patients in both
groups at 2-5 years of follow-up, indicating consistently
high patient-reported satisfaction irrespective of surgi-
cal approach [6, 13, 27].

Perioperative advantages of endoscopic techniques
are robust and replicated across virtually all compara-
tive datasets. Operative blood loss is reduced by a mean
of 20-50 mL in endoscopic series versus microdiscecto-
my controls, with some high-volume endoscopic series
reporting near-bloodless operative fields attributable
to continuous saline irrigation and radiofrequency co-
agulation [3, 5, 28]. Hospital stay is shortened by 2-5
days, and return-to-work interval is 1-3 weeks earlier
in endoscopic cohorts - advantages that translate into
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meaningful reductions in indirect costs, particularly in
occupationally active patient populations [4, 9, 17]. Op-
erative time tends to be slightly longer in endoscopic
series during the learning curve phase (first 30-50 cas-
es) due to the additional steps of percutaneous access
and foraminoplasty; however, experienced endoscop-
ic surgeons achieve operative times equivalent to or
shorter than microdiscectomy [29, 39].

Wound-related complications, including superfi-
cial and deep surgical site infection and dehiscence, are
significantly less frequent with PELD (0-2%) than with
MD (3-5%), reflecting the substantially smaller skin in-
cision and preservation of paraspinal musculature [4].
Dural tears occur at broadly similar rates across tech-
niques (2-4%), though endoscopic management of in-
cidental durotomy requires specific technical expertise
and may demand conversion to open surgery in some
centres. Transient dysesthesia - mediated by direct or
thermal irritation of the dorsal root ganglion - is report-
ed more frequently following transforaminal TELD (3-
8%) than interlaminar PELD or microdiscectomy; how-
ever, this complication is self-limiting in the majority of
cases, resolving within 4-12 weeks without permanent
sequelae [21]. Overall major complication rates remain
low and comparable between techniques (3-10%), and
neither approach is associated with a higher rate of se-
rious neurological deficit in experienced hands [1-2].

In summary, the analysed evidence demonstrates
that microdiscectomy and percutaneous endoscop-
ic lumbar discectomy achieve comparable long-term
clinical outcomes, particularly in pain relief, function-
al recovery, and patient satisfaction. At the same time,
endoscopic techniques show consistent and clinically
meaningful advantages in perioperative parameters,
including reduced blood loss, shorter hospitalisation,
and faster return to work. Although certain differences
are observed in complication profiles - such as lower
wound-related complications but higher rates of tran-
sient dysesthesia in endoscopic procedures - overall
safety remains comparable between approaches. The
impact of the surgical learning curve is notable, par-
ticularly for endoscopic methods, but diminishes with
increasing operator experience. Taken together, these
findings support the view that the choice of surgical
technique should be guided by surgeon expertise, pa-
tient characteristics, and resource considerations rath-
er than expectations of superior long-term efficacy.

RECURRENCE OUTCOMES:
STRATIFIED ANALYSIS AT 1-, 3-,

AND S-YEAR FOLLOW-UP
Recurrence after lumbar discectomy is a multifactorial
phenomenon driven by a complex interaction of disc
biology, biomechanics, patient characteristics, and sur-
gical technique [14, 32]. Pathophysiologically, recur-
rence results from residual nuclear material extruding
through an incompetent annulus - either incompletely
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resected atindex surgery or progressively re-herniating
through an enlarged annular defect [32]. Biomechanical
overload, failure of fibrocartilaginous annular repair,
and ongoing intradiscal pressure elevation under axial
loading perpetuate this process [33]. Patient-specific
risk amplifiers - including age below 40 years (higher
intradiscal pressure and activity level), BMI exceeding
25 kg/m? (increased axial loading), active smoking
(impaired disc vascularity and healing), heavy manual
occupation, and Modic type 2 endplate changes - con-
sistently emerge as the dominant predictors of recur-
rence across datasets [6, 17]. Annular defect diameter
greater than 6 mm at the time of surgery represents the
single most powerful anatomical predictor, identifying
a high-risk subgroup with recurrence rates up to 27%
at 2 years [35]. Pooled literature across modalities indi-
cates symptomatic recurrence and reoperation rates of
5-15% at medium-to-long-term follow-up, with the ma-
jority of events clustering within the first 24 months -
the highest-risk interval for re-herniation through the
index annular disruption [4, 26].

Recurrence rates at 1 year range from 3-6% for
microdiscectomy and 4-7% for endoscopic techniques
across meta-analyses and RCTs [3-4, 5]. Events at this
early interval frequently represent incomplete decom-
pression - residual fragment effect - rather than true
spontaneous re-herniation through a repaired annu-
lus, underscoring the importance of rigorous intraop-
erative endpoint assessment [24]. Meta-analyses con-
sistently report no statistically significant difference
in 1-year recurrence between modalities (odds ratio:
1.0-1.5; p>0.05) [1, 2]. Some early PELD series noted
marginally higher 1-year reoperation rates attributed
to learning-curve effects or conservative fragment re-
moval strategies intended to preserve disc height and
annular integrity [5, 29]. As surgeons progress beyond
the threshold of 30-50 endoscopic procedures, 1-year
recurrence rates in high-volume PELD series approach
those of experienced microdiscectomy cohorts [6, 36].

Cumulative recurrence rates increase to -10% for
microdiscectomy and 5-11% for endoscopic approach-
es at 3 years, without statistically significant divergence
in any of the high-quality comparative analyses re-
viewed [2, 27, 37]. True re-herniation through progres-
sive annular weakening under repetitive axial loading

predominates at this interval, rather than the residual
fragment phenomenon seen in year 1. Studies with pro-
pensity-score matching to control for patient-selection
differences between technique cohorts confirm this
equivalence, with point estimates clustering around
OR =1.1-1.3 in favor of neither approach. Subgroup
analyses stratified by herniation morphology suggest
that patients with large contained herniations (low an-
nular defect risk) show particularly low 3-year recur-
rence in both groups (3-5%), while those with extruded
or sequestered fragments have higher rates (8-12%) ir-
respective of technique [14, 38].

Cumulative recurrence and reoperation rates at
5 years reach 5-12% across both modalities, with no
technique demonstrating statistically significant supe-
riority in any included study of adequate methodolog-
ical quality [6, 8]. X. Yang et al. [41], in a 2024 Neuros-
pine study with a mean follow-up exceeding 5 years,
reported comparable recurrence and clinical outcomes
between TELD and microdiscectomy across all patient
subgroups. T. Li et al. [8], in a retrospective propensi-
ty-score-matched cohort, reported 5-year recurrence
of 4.49% in TELD versus 1.54% in microdiscectomy
(p=0.31), with the numerical - but non-significant - ex-
cess in the endoscopic group driven by early recurrence
among young, high-BMI patients treated during the sur-
geon’s initial endoscopic case series. Y. Ahn et al. [39]
demonstrated equivalent 5-year cumulative outcomes
in a dedicated comparative cohort study. Large data-
base analyses of microendoscopic variants show 5-year
reoperation rates of 7-12%, while pooled full-endo-
scopic estimates range from 4.4-9.6% - again without
statistically significant differences [2, 40]. Multiple me-
ta-analyses incorporating RCT and observational study
data affirm non-inferiority of endoscopic techniques
for recurrence (pooled OR=~0.95-1.47; p>0.05 in most
analyses) [1, 4, 26]. When stratified by follow-up inter-
val, no surgical approach demonstrates a consistent du-
rability advantage; early endoscopic recurrence signals
in some series are offset by equivalent long-term out-
comes in mature endoscopic programmes and by the
established overall safety and morbidity advantages of
the approach. The data on time-stratified recurrence
are summarised in Table 1, derived from the meta-anal-
yses and long-term cohort studies reviewed.

Table 1. Pooled recurrence/reoperation rates by surgical technique and follow-up interval
(derived from meta-analyses and long-term cohorts)

Follow-up Microdiscectomy
interval (MD)

Endoscopic
(PELD/TELD)

Statistical significance

Key supporting studies

1 year 3-6% 4-7% | None (OR1.0-15;p>0.05)| M Barberlf/[t ‘}’;i'gl't (;IN[[;]Y eretal.[3],
X. Bai et al. [4], S. Muthu et al. [2],
- 0, - 0,
3 years 5-10% 5-11% None (p>0.05) Jong-term cohorts
S5years | 7-12% (reoperation) 4.5-12% None (p=0.31) X. Yang et ‘,Irl' L[,16]et§¢{1;q?8ri etal [39],

Source: developed by the author
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Analysis of Table 1 reveals that no follow-up inter-
val yields statistically significant differences in recur-
rence or reoperation rates between the two modalities.
This finding is particularly noteworthy at the 5-year
mark, where both techniques demonstrate cumula-
tive reoperation rates overlapping within the 5-12%
range - suggesting that the long-term structural dura-
bility of neural decompression does not differ meaning-
fully between open and endoscopic approaches when
surgeon experience is adequate. The slight widening of
the confidence interval at 5 years reflects the reduced
number of studies with this duration of follow-up and
the greater heterogeneity in patient risk profiles and
recurrence definitions at this timepoint.

The findings of this systematic review are consist-
ent with - and extend - the conclusions of the most
authoritative prior meta-analyses in this domain. The
pooled recurrence estimate of OR = 0.95-1.47 for en-
doscopic versus open discectomy is closely aligned
with the estimates reported by S.M. Barber et al. [1]
(OR=1.03; 95% CI: 0.71-1.49) and S. Muthu et al. [2]
(no statistically significant difference in any sub-
group), providing convergent validity for the conclu-
sion of statistical equivalence. However, the present re-
view incorporates the most recent 5-year comparative
data [6, 8] that were unavailable to prior meta-analy-
ses, strengthening the evidence for long-term equiva-
lence beyond the 1-2 year horizon where most earlier
work concentrated.

The degree of heterogeneity across included stud-
ies constitutes the most significant methodological
limitation of this evidence base. Clinically relevant
heterogeneity is present across three key dimensions.
First, the definition of recurrence varies substantially:
some studies define it as any radiographic re-hernia-
tion regardless of symptoms, others require both MRI
confirmation and clinical deterioration necessitating
reoperation, and some use the 6-month pain-free inter-
val criterion applied in the present review. This defini-
tional variability inflates observed variability in recur-
rence rates (reported range: 0-27%) beyond what is
attributable to true technique-related differences. Sec-
ond, patient populations differ significantly in terms of
age distribution, BMI profiles, herniation morphology,
annular defect size, and occupational demands - all es-
tablished recurrence risk factors [17] - making pooled
effect estimates applicable only as population-level ap-
proximations rather than individual predictions. Third,
surgical technique heterogeneity within the endoscopic
category itself is substantial: TELD, interlaminar PELD,
full-endoscopic bipetal approaches, and endoscope-as-
sisted tubular discectomy are often pooled under the
“endoscopic” umbrella despite meaningful technical
distinctions in access trajectory, bone resection, and
disc space management [17, 22, 25].

The observed heterogeneity (estimated I = 40-65%
across recurrence outcomes in the most methodologically
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rigorous meta-analyses [1-2]) is most plausibly ex-
plained by the interaction of learning-curve effects and
patient selection. The PELD learning curve - estimated
at 30-50 cases for transforaminal approaches and po-
tentially higher for interlaminar techniques in obese
patients - represents a systematic confound in obser-
vational endoscopic studies: recurrence rates in case
series published during the surgeon’s early endoscopic
experience are systematically higher than those from
the same surgeon after maturation [29, 30, 36]. This
phenomenon, not present in microdiscectomy series
(where operative learning is typically achieved during
residency training), creates a persistent upward bias
in endoscopic recurrence estimates that diminishes
as global endoscopic experience matures. Subgroup
analysis by surgeon experience level - when reported -
consistently shows PELD recurrence rates approaching
those of MD after the learning-curve threshold [29], re-
inforcing the interpretive importance of accounting for
this moderator variable.

Quality assessment of the included studies reveals
important limitations in the primary evidence base.
Among the 11 RCTs reviewed, risk of bias was rated
as moderate in the majority due to inherent challeng-
es in blinding patients and surgical teams, high cross-
over rates in some trials, and inadequate concealment
of allocation in two studies. Observational comparative
studies - which constitute the majority of the 5-year
follow-up data - carry substantial risks of selection
bias: endoscopic techniques are preferentially applied
to patients with less complex herniation morpholo-
gies, younger age, and fewer comorbidities in non-ran-
domised settings, potentially conferring an artificial
advantage on both efficacy and recurrence outcomes
in endoscopic cohorts [6, 40]. Propensity-score match-
ing, as employed by T. Li et al. [8] and X. Yang et al. [6],
partially mitigates this bias but cannot account for un-
measured confounders such as pre-operative physical
activity levels and disc degeneration severity.

From a cost-effectiveness perspective, the peri-
operative advantages of endoscopic discectomy - re-
duced hospitalisation, faster return to work, and lower
wound complication rates - translate into meaning-
ful reductions in both direct and indirect healthcare
costs [9]. Assuming equivalent long-term recurrence
rates, the incremental cost of endoscopic instrumen-
tation and extended operative time in early-career
surgeons is offset within the first 2-3 postoperative
years through reduced hospitalisation and productiv-
ity costs in the majority of health-economic analyses
reviewed [24]. This economic argument strengthens
the case for expanding endoscopic discectomy capac-
ity, particularly in high-volume centres where learn-
ing-curve effects can be efficiently managed through
structured training pathways [29].

These results should be interpreted with several
additional cautions. Publication bias toward positive
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outcomes in minimally invasive series - driven by the
novelty appeal of endoscopic techniques and the pro-
pensity of high-volume experienced centres to publish
outcomes - likely produces an optimistic skew in the
pooled endoscopic efficacy literature [2]. The relative
paucity of intention-to-treat analyses in RCTs, and the
tendency for some studies to exclude learning-curve
cases from primary analyses, may further inflate en-
doscopic outcomes in the published literature. Finally,
the definition of surgical failure as reoperation - while
clinically meaningful - underestimates the true bur-
den of recurrence: patients who experience sympto-
matic re-herniation managed conservatively or with
spinal injections are systematically missed by reopera-
tion-based metrics, and their inclusion might modestly
alter the comparative recurrence picture.

CONCLUSIONS
This systematic review set out to compare conven-
tional microdiscectomy and percutaneous endoscop-
ic lumbar discectomy across three domains - peri-
operative outcomes, long-term clinical efficacy, and
time-stratified recurrence - based on a comprehensive
synthesis of 40 peer-reviewed publications, includ-
ing 12 meta-analyses, 11 RCTs, and 17 comparative
cohort studies, collectively encompassing more than
18,000 surgical episodes. The review findings can be
summarised across four levels. At the perioperative
level, endoscopic discectomy consistently and signifi-
cantly outperforms conventional microdiscectomy in
operative blood loss (reduced by 20-50 mL), hospital
stay (shortened by 2-5 days), and return-to-work in-
terval (earlier by 1-3 weeks), alongside significantly
lower wound complication rates (0-2% vs. 3-5%). At
the short-term efficacy level (up to 12 months), both
techniques achieve comparable leg pain relief (VAS re-
duction of 5-6 points), ODI improvement, and MacNab
excellent/good rates exceeding 85%, with no clinical-
ly or statistically meaningful difference in neurolog-
ical outcome. At the medium-term level (1-3 years),
time-stratified recurrence analysis reveals pooled
rates of 3-7% at 1 year and 5-11% at 3 years for both
modalities, with no statistically significant inter-tech-
nique difference identified in any high-quality analysis

they establish that long-term disc surgery durability
is primarily a function of patient biology and biome-
chanical environment - not of incision size or approach
corridor. The dominant determinants of recurrence
across both modalities are patient-specific: age below
40 years, BMI above 25 kg/m? annular defect diame-
ter greater than 6 mm, smoking, Modic type 2 endplate
changes, and heavy manual occupation. These risk fac-
tors represent modifiable and non-modifiable targets
for pre-operative counselling and risk stratification
that should be integrated into standard surgical deci-
sion-making regardless of technique chosen. Surgeon
experience level constitutes an additional critical mod-
erator: PELD recurrence rates demonstrably decline af-
ter the 30-50 case learning-curve threshold, suggesting
that institutional investment in structured endoscopic
training will measurably improve long-term outcomes.

Several important limitations of the current evi-
dence base must be acknowledged. Heterogeneity in
recurrence definitions across studies (symptomatic vs.
radiographic; with or without the 6-month pain-free
criterion) inflates apparent variability in recurrence
estimates and complicates direct quantitative pooling.
The predominance of observational study designs -
with their inherent risk of indication bias toward endo-
scopic techniques in patients with simpler herniation
morphologies - limits the causal strength of equivalence
conclusions. Long-term RCT data extending beyond 5
years remain scarce for endoscopic approaches, which
are a newer technology than microdiscectomy. Fu-
ture research priorities include multicentre RCTs with
standardised recurrence definitions, intention-to-treat
analysis, and minimum 5-10-year follow-up; biomark-
er studies identifying biological predictors of annular
repair competency; and cost-effectiveness analyses
across diverse healthcare systems. The integration of
annular closure devices for high-risk annular defects
greater than 6 mm, artificial intelligence-assisted navi-
gation for complex migrated herniations, and biological
augmentation strategies represent the most promising
frontiers for further reducing the 5-12% recurrence
benchmark that currently represents the ceiling of sur-
gical durability for both approaches.

(pooled OR: 0.95-1.47; p>0.05). At the long-term level ACKNOWLEDGEMENTS
(5 years and beyond), cumulative recurrence and reop-  None.
eration rates converge at 5-12% across both approach-
es, again without statistically significant divergence, FUNDING
with the most recent propensity-matched 5-year data  None.
confirming this equivalence.

The conceptual significance of these findings ex- CONFLICT OF INTEREST
tends beyond the individual technique comparison: None.
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Ben oMypTKa apanbiK AUCK MPbDKACbIH XMPYPrUusasbiK )KON MEHEH
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AUCK3KTOMMSIHbI CanbIWTbIPYY, KaUTanaHyy KepcoeTKY4YyHe 6acbiM
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Jumnak Yaynaraun

MeaunyHa nanMu 60roH4a Guaocodurs JOKTOPY, LOLEHT
YKropog yiyTTyK YHUBEPCUTETH
88000, YuuBepcureT keu., 14, Ykropon, 1., YKparuHa
Kanan-Abaz a1 apasibIk YHUBEPCUTETH
720906, Kypman6ek ked., 24, Manac 1., Keiprei3 Peciy6inkacsr
https://orcid.org/0000-0001-6428-8371

AHHOTaumMA. bes oMypTKa apasblK JUCK XMPYPrUsacbl KEHUPHU TapaJ/iraH npoueaypa 60ioH kaayyza. Ouro aJe
yuypAa, CaJTTyy MUKPOAUCKIKTOMHUS MEeHEH MUHHUMaJ/JYy WHBA3UBJYY TePH apKbLIYy 3HJOCKOMUSJIBIK OeJs
JHUCK3KTOMMUSICBIHBIH OPTOCYH/Arbl y3aK MEeHeTTYY HaThliKajap »aHa KalTalaHyy KepCceTKYYTepyHAery
albIpMayYbLIbIKTAp 600HYA, Al pbIKYaoNeparysJaH KHAMHKU OUPUHUYMKbLIIAH KU UH 6 eJITUCU3IUK CAKTANTYy/a.
ByJs cucteManyy cepenTUH MakcaTbl — 6eJl AUCKUHUH MPOJIAIICHIH AapbLI00J0 MUKPOAMCKIKTOMHUAHBIH KaHa
TEPHU apKbLIYy 3H/J0CKONMHUSAJIBIK 6eJl AUCKIKTOMUSChIHBIH KJIMHUKAJIBIK HAThIMKaIYyJIyTyH, IepHonepaTUBAUK
MYHO3/16MOJIOPYH JKaHa y6aKbITKa K63 KapaHJbl KalTalaHyy KepCeTKYYTOPYH CaJbIITHIPYy KaHa
KaWTaJlaHyyra Taacup 3TYydy HErusru mnalueHTKe >KaHa Impoueaypara 6aiaHbllITyy QaKTopJIopay
aHbIKTOO Gosyn caHasnaT. PRISMA 2020 kepceTMesiepyHe blaaiibik, 2000- »kaHa 2026-XKbl1Aap apajbITblHAA
YKapblsiJIaHTaH U3WJ/ieeJiep 60I0HYA CUCTEeMayy U386 KYPTy3Y/Jy, aHbIH UYMH/le PaH/L0MU3alHsaJIaHTaH
K636M6JIZIOHI'6H CbIHOO0JIOP, KOTOPTTYK M3UJieesep *aHa 12 allJIbIk MUHUMaILyy 6alKoO XXYPry3yy MeHeH
MeTa-aHaIU3/ep KaMThLIraH. MUKPOAMCKIKTOMUSA [ja, TePU apKbLIYy 3HJAOCKOMUSIIBIK 6es AUCKIKTOMHUSCHI
Jla CaJbILITBIPMaIyy Vy3aK MOeHeTTYY KJIWHUKaJIbIK HaTblibKadapAbl 6epepd aHBIKTANJbl, KOMYYJIYK
HU3UI/I86J16P/le OOPYHY OJYTTYY TYpZAe 6acanfaTaT aHa (QYHKLHOHAJIJbIK KaJblObIHA KEeJYYHYH >KOTOPKY
KepceTKyuTepy 85 % AaH amaT. IHJ0CKOMUAIBbIK bIKMaJsap epronepaTUBAUK Naijamap/abl, aHbIH HYUH/E KaH
YKOTOTYYHY a3aiTyy, 00pyKaHa/ja )KaTYyHYH KbICKapPbILIbI KaHa }KyMYLIKa T€3UP3I3K KaUThII KeJYYHY KOpPCOTTY,
OUPOK OYJI y3aK MOOHOTTYY KalTa/llaHyy KepPCOTKYUYTOPYHAOIY OJYTTYY alblpMadblIbIKTapAbl OUIAUPOEHNT. 1,
3 kaHa 5 KbUIJBIK 6aMIK0O0 KYPTY3YYAe bIKMaJapblH KalTallaHyy KepCeTKY4YTOPY OKLIOL 3KEHU KOpCOTYIAY,
agatTa 3 % faH 12 % ra 4eluH, CTaTUCTUKAJIBIK )XaKTaH MaaHWJYY alblpMaYyblIBIKTAp XKOK. 2Kall Kypak, fieHe
caJIMarblHbIH UHJIEKCHHUH K0ropy 60JIy1y, TaMeKH yeryy, Gubpo3yK laKeKYeHUH YOH KeMUYUJIUKTEPH KaHa
dU3UKaJIBIK KaKTaH 00D XYMYUI ChIAKTYYy OelTanka 6ai/aHbIITYyy (GaKTOPJ0p XUPYPTUSJIBbIK bIKMajapra
Kaparaiia KalTa/JaHyyHYH KY4TYy O0XXOMoJ004y ¢aKTOpJOpY KaTapbl aHbIKTAAAbl. JHJOCKOMHUSJIBIK
nporefypasiap Y4YH Aa YUPeHYY UHPH ChI3bITbIHBIH TaacCUPU 6aiiKaJi/ibl, XUPYPIAYH TaXPbIM6ackl )KoropyJiarad
CaWblH HaTbIMXKasap KaKIbIPAbl. By )KbIMBIHTBIKTAP XUPYPrUAJIbIK YeUUM/AepAu KabbL1 anyyga 6edTanTbiH
MYHO3/16MeJIePY KaHa XUPYPrHUsJIbIK TaXKPbli6ackl KalTaJaHYy »K6HYH/I® KOONTOHYyJIapJaH *Ooropy Typyly
Kepek JiereH ThISHAKTbl TACTBIKTANT, OIIOHY MEHEH KYJYH XUPYPrUsChIH/A »aHa CaJaMaTThIKTbl CAKTOOHY
IJIaHJAIUTBIPYYAA AaJIAJepre Heru3/esreH, )xeKkede MaMUJIeHH KaublJITAT

Hernsrn cespep: Xy/JYHAYH [JAeKOMIPECCUsICbl; MHUHUMAJAYy HWHBAa3UBAYY OMYPTKa XUPYpPrHUsICHI;

XUPYPrHUsJIBIK HaThlMKalap; KalTalaHyy KepCeTKY4Y; TepPHU apKbLIYy 3HAO0CKONHUSAJIBIK 6esl JUCKIKTOMUSICH;
HepPB TaMbIpJIapblH KbICBLIBILIBI
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AHHOTauMA. XUpypruyeckoe BMeIIATeJbCTBO HA MOSICHUYHOM MEXXII03BOHOYHOM JHMCKE OCTAaeTCs IIHPOKO
pacnpocTpaHeHHOH NpoLeAYypoH; OAHAKO COXpaHSETCs HeOolpe/esleHHOCTb B OTHOLIEHHUHW JOJTOCPOYHBIX
pe3y/IbTaTOB U PA3JIMYHUM B 4aCTOTE PEIUAMBOB MEXAY TPAJUIMOHHON MUKPOJUCKIKTOMHUEN U MUHUMAJIbHO
WHBA3UBHOM YPECKOXXHOM 3H/IOCKONMHUYECKONW MOSICHUYHOW JUCKIKTOMHEH, 0CO6eHHO Ioc/e MepBOro roja
nocse omnepauuu. lleap JaHHOro cUcTeMaTH4YecKOoro 0630pa — CPaBHUTH KJIMHHUYECKYI0 3$QPEeKTHUBHOCTD,
nepuoIepalOHHbIE XapAKTEPUCTUKU U 3aBUCSIINE OT BpeMEHH MoKa3aTeJu PeUAUBOB MUKPOAUCKIKTOMUHU
U YPEeCKOXXHOW IHJOCKONUYECKOW MOSACHUYHOW JUCKIKTOMHUM NpPU JieYeHHHM TMpoJianca MHOSCHUYHOTO
MEXII03BOHOYHOTO JMCKA, a TaKXXe BBISBUTH KJII0UeBble (GAKTOPHI, CBS3aHHbIE C MALMEHTOM U MPOLEAYPOH,
BJIMSIIOIME HA peliuAuB. Bl MpoBeleH cucTeMaTHYeCKUH MOUCK UCCIeJOBAHUMN, ONYOJIUKOBAHHBIX B TEPUOJ,
¢ 2000 no 2026 rog, B cOOTBETCTBUM C pekoMeHAauussmMu PRISMA 2020, BkJoyass paHJOMHU3UpPOBaHHbIE
KOHTPOJIMpPYEMBIE UCCJIe/JOBaHHU S, KOTOPTHBIE UCCJIeJOBAHUS M MeTaaHaIU3bl C IEPHUOL0M HabJII0JeHUsI He MeHee
12 MecsneB. Bb1y10 yCTaHOBJIEHO, YTO KAaK MUKPOJUCKIKTOMUS, TAK M YpECKOKHASA IHAOCKOMUYEeCKas MOsICHUYHAsA
JHUCK3KTOMUS 00eCrneyruBalT CONOCTAaBHUMble JI0JIOCPOYHbIe KJIWHUYECKHE Pe3yJbTaThl, CO 3HAYHUTEJbHBIM
yMeHbllIeHHeM 60JIM U BBICOKMMH NTOKa3aTeas MU QYHKIIMOHAJbHOTO BOCCTAHOBJIEHHUS], TpeBbIaoIuMu 85 %
B GOJIBIIMHCTBE UCCJIeJ0BaHUHN. IHAOCKONIUYECKHE METOABI TPOJeMOHCTPUPOBAJIU SIBHbIE TepUONepalMOHHbIE
MpeNMyLIeCTBA, BKJIOYas CHUXKEHHe KPOBONIOTEPH, COKpalleHHe TPO/[0/KUTEbHOCTH Tpe6bIBaHUSA B 60JIbHULLE
1 GoJiee 6bICTPOE BO3BpallleHHEe K pab0Te, XOTs 3TO He MPUBOAUT K CYL[eCTBEHHBIM Pa3/IMYUSAM B JOJTOCPOUYHOMN
4acTOTe penu/UBOB. BbljIo MOKa3aHo, YTO YAaCTOTa PELUAUBOB ObLIA CXOXKeH MeX/[y MeTOJaMu B TeueHue 1, 3 u
5 sieT HaGJIIOAEHUS, 06BIYHO BapbUPYsCh OT 3 % 10 12 %, 6e3 CTaTUCTUYECKH 3HAYUMBIX pa3induil. PakTophl,
CBSI3aHHbIE C MalMeHTOM, BKJIo4yasi 60Jiee MOJIOJON BO3pacT, 60Jiee BbICOKMH HHJAEKC MacChl Tesa, KypeHHue,
6osibire edeKTbl GUOPO3HOI0 KoJIbLia M GU3UYECKU TSXKENYI0 paboTy, Obl/IN ONpe/ie/ieHbl KakK 60J/iee CU/IbHbIe
NpeJUKTOPhl peluJrBa, YeM XUpyprudyeckue MmeToJbl. Takxe Habsrofancsd 3dpdekT KpUBOH obydyeHHUS A
3H/0CKOMUYECKUX MPOLEAYP, C YIyYlIeHueM pe3ybTaTOB 10 Mepe YBeJUYeHHUs OnbITa Xupypra. [losydyeHHbIe
pe3y/sbTaThl MOATBEPXKAAIOT BbIBOJ, O TOM, YTO NPH MPUHATUM PelleHUH O XUPYPruiyecKOM BMeIIaTeJbCTBe
cjefyeT OTJaBaTh MPUOPUTET XapaKTEePUCTHUKAM Mal[MeHTa U XUPYPrUYeCcKOMy OIBITY, 3 He OMAaCeHHUSM MO0
MOBO/Y PElU/INBa, TEM CAMbIM CIIOCOGCTBYS MPUMEHEHHIO HAYYHO 060CHOBAHHBIX, UHAWBUAYAJTU3UPOBAHHbBIX
MOAXO/I0B B CHMHAJBHOW XUPYPTHUH U IIJIAHUPOBAHUHU 3/[paBOOXPaHEHHUS

Kniouesble cnoea: ACKOMIIpeCCUA MO3BOHOYHHKA; MAaJIOMHBAa3WBHAA XHUPYPIrud NMO3BOHOYHHKA; PE3yJIbTAThI

onepanguy; 4YacTtoTa peuruguBOB; 4YpPEeCKOXKHad 3SHAOCKOINYEeCKad IMOACHHYHAA AJUCK3KTOMHUA; KOMIIpecCud
KOpellKa HepBa
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Abstract. Given the high prevalence of hypovitaminosis D among the paediatric population in Ukraine, a need
has emerged to explore its role in regulating hepatic fibrogenesis in juvenile autoimmune liver diseases. The
aim of this study was to determine the effectiveness of long-term vitamin D supplementation in modifying
serological and imaging markers of fibrosis in children with autoimmune hepatitis and autoimmune sclerosing
cholangitis. The research was based on a prospective cohort observation conducted from March 2024 to
March 2025, involving patients from specialised medical centres in Ukraine, and applying laboratory testing,
two-dimensional shear wave elastography (2D-SWE), and statistical analysis. The results indicated that
with a high cumulative annual dose of vitamin D exceeding 500,000 IU, the mean 25-hydroxyvitamin D level
increased to 111.3 £ 19.9 nmol/L, while the level of hyaluronic acid decreased to 9.2 + 7.1 ng/mL, in contrast to
the control group where the respective figures were 63.5+19.9 nmol/L and 20.7 +9.2 ng/mL (p<0.0001 and
p=0.001, respectively). A statistically significant inverse correlation between these biomarkers was established
(r=-0.49; p=0.018) in the high-dose group, confirming a dose-dependent effect of the nutritional intervention.
Liver tissue stiffness parameters according to elastography remained stable, showing no significant changes
after 12 months of therapy. It was concluded that high-dose vitamin D supplementation was associated with
a reduction in fibrogenesis activity, as evidenced serologically, though not accompanied by morphological
changes in tissue stiffness. The study’s findings may be applied in clinical practice to facilitate non-invasive
monitoring of treatment efficacy and improve personalised nutritional support protocols for children with
chronic autoimmune liver diseases

Keywords: fibrosis; parenchymal stiffness; hyaluronic acid; nutritional therapy; two-dimensional shear wave
elastography; paediatric population; calcium-phosphate homeostasis

INTRODUCTION

Disorders of hepatic fibrogenesis in children with
chronic autoimmune liver diseases form a distinct clin-
ical and scientific domain requiring a comprehensive
pathogenetic analysis and the refinement of therapeu-
tic monitoring approaches. Among such conditions,
juvenile autoimmune liver diseases (JALD), including
autoimmune hepatitis (AIH) and autoimmune scle-
rosing cholangitis (ASC), are marked by early fibrosis
progression, persistent inflammation, and limited ef-
fectiveness of immunosuppressive therapy, especially
under coexisting metabolic disturbances. Deficiency of
25-hydroxyvitamin D (25(0H)D), frequently observed
in these patients, is associated with enhanced systemic
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inflammation, impaired hepatic tissue regeneration,
and activation of cellular fibrogenesis. In this context,
nutritional status is increasingly being considered not
merely as a background indicator but as a factor direct-
ly influencing the course of autoimmune pathology.

A review of current literature has revealed growing
scientific interest in the role of 25(0OH)D in systemic in-
flammation, metabolism, and liver fibrosis. N. Grygorie-
va et al. [1] substantiated national approaches to diag-
nosing and treating vitamin D deficiency in Ukraine’s
adult population; however, paediatric considerations
were lacking. S. Shatylo et al. [2] conducted a multicentre
study on vitamin D deficiency across Ukraine, without
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differentiating the metabolic peculiarities of patients with
chronic liver diseases. A.M. Shulhai et al. [3] described the
association between hypovitaminosis D and metabolic
syndrome in adolescents, partly overlapping with hepa-
tology but not addressing fibrogenesis specifically.

Epidemiological features of vitamin D deficiency
in Ukraine were highlighted by N. Grygorieva et al. [4],
who noted insufficient provision across age groups,
yet did not categorise results by nosological forms or
clinical complications. V. Theiler-Schwetz et al. [5] ex-
amined the influence of vitamin D on blood pressure,
demonstrating systemic effects, but findings could not
be extrapolated to tissue remodelling in fibrosis. S. Ka-
rahan & F. Katkat [6] discussed the correlation between
25(0H)D levels and COVID-19 mortality, though their
focus was confined to immune response mechanisms.
W.B. Grant et al. [7] summarised evidence on non-skel-
etal effects of vitamin D, without considering its impact
on hepatic tissue.

A randomised study by M. Cojic et al. [8] showed vi-
tamin D’s effects on metabolic and oxidative parameters
in diabetes mellitus, aligning with the organ-protective
concept, yet excluded fibrosis markers. M. Coskun et
al. [9] assessed biochemical and ultrasound features in
acromegaly, but their methodology was unsuitable for
paediatric hepatology. K. Zachou et al. [10] proposed
the FibroMeter to assess fibrosis in autoimmune liv-
er diseases, but it has not been validated for children.
S. Lee et al. [11] evaluated the accuracy of shear-wave
elastography in children, without considering vitamin
therapy. Finally, S.C. Nagamani et al. [12] focused on
biomarkers in hereditary metabolic liver disorders but
did not analyse inflammatory or fibrotic markers in au-
toimmune conditions.

Hence, none of the aforementioned studies com-
bined the analysis of serum HA levels, 2D-SWE param-
eters, and vitamin D status in paediatric patients with
JALD. This national study is the first to integrate these
elements. The proposed approach stands apart by dy-
namically correlating biochemical and imaging markers
under standardised high-dose nutritional therapy, ena-
bling evaluation of both functional and morphological
changes in fibrogenesis. Thus, the study’s relevance lies
not only in meeting the clinical needs of paediatric hepa-
tology butalso in addressing the limited informativeness
of certain non-invasive methods at early disease stages.
Evaluating the potential of vitamin D to affect biochemi-
cal and structural fibrosis markers, notably HA and liver
parenchymal stiffness according to 2D-SWE, presents a
promising direction for developing a multiparametric
model of non-invasive therapy monitoring,

The aim of this study was to assess the effect of
long-term high-dose vitamin D supplementation on
the dynamics of serum 25(0H)D levels, HA concentra-
tion as a biochemical marker of fibrosis, and liver pa-
renchymal stiffness based on 2D-SWE data in children
with JALD. Specific objectives included: to characterise
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the baseline 25(0H)D status in paediatric patients with
autoimmune liver diseases, based on disease type, du-
ration, and age; to analyse changes in 25(OH)D and
hyaluronic acid (HA) levels over a 12-month period in
relation to vitamin D supplementation dosage and to
establish their correlation; to assess the effectiveness of
non-invasive fibrosis monitoring through liver stiffness
parameters and a multiparametric approach, including
2D-SWE and biochemical markers.

MATERIALS AND METHODS

The study period covered March 2024 to March 2025
inclusive. Inclusion criteria were: age between 6 and
18 years, confirmed diagnosis of AIH or ASC according
to ESPGHAN criteria, and written informed consent
from parents or legal guardians. Exclusion criteria in-
cluded: presence of severe comorbidities (e.g.,, malig-
nancies, decompensated endocrinopathies), use of oth-
er vitamin D preparations in the preceding 6 months,
malabsorption syndromes, nephrotic syndrome, or
refusal to participate. The study employed a prospec-
tive observational design with repeated measurements
of biochemical markers and elastographic parameters
over a 12-month supplementation period.

Clinical data were collected at specialised paediat-
ric medical institutions in Ukraine, specifically within
departments managing children with chronic liver dis-
eases. Selection of centres was based on their speciali-
sation, geographic distribution, and access to modern
laboratory and imaging technologies. Participating
centres included the Centre for Paediatric Hepatology
at the Western Ukrainian Specialised Children’s Medi-
cal Centre (Lviv) [13], National Children’s Specialised
Hospital “Okhmatdyt” [14], and the State Institution
“Institute of Gastroenterology of the National Academy
of Medical Sciences of Ukraine” (Dnipro) [15]. Clinical
data were collected in gastroenterology departments
specialising in the treatment of AIH and ASC. The inclu-
sion of such patients was justified by the need to objec-
tively evaluate the impact of vitamin D on fibrotic mark-
ers within a unified pathogenetic model of JALD. The
study database was formed in accordance with meth-
odological recommendations from the European So-
ciety for Paediatric Gastroenterology, Hepatology and
Nutrition (ESPGHAN) [16], the Endocrine Society Clin-
ical Practice Guidelines [17], and guidelines from the
European Association for the Study of the Liver (EASL)
[18], adapted for paediatric hepatology. The use of se-
rological markers, elastography techniques, and nutri-
tional status indicators was based on interdisciplinary
approaches outlined in methodological documents on
biomarker stratification of fibrosis, laboratory mor-
phology, cytokine biology, and fibrogenesis genetics.

Clinical data were collected in gastroenterology
departments specialising in the treatment of AIH and
ASC. The inclusion of such patients was justified by the
need to objectively evaluate the impact of vitamin D on
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fibrotic markers within a unified pathogenetic model
JALD. The study database was formed in accordance
with methodological recommendations from the ES-
PGHAN [16], the Endocrine Society Clinical Practice
Guidelines [17], and guidelines from the EASL [18],
adapted for paediatric hepatology. The use of serolog-
ical markers, elastography techniques, and nutritional
status indicators was based on interdisciplinary ap-
proaches outlined in methodological documents on bi-
omarker stratification of fibrosis, laboratory morpholo-
gy, cytokine biology, and fibrogenesis genetics.

The total study sample comprised n=43 patients di-
agnosed with JALD, divided into two nosological groups:
AIH (n=24) and ASC (n=19). Stratification by vitamin D
dose was based on actual daily and annual intake as
recorded in medical records and nutritional therapy
plans. Patients receiving over 500,000 IU annually were
assigned to the high-dose group (n=24); the remainder,
with doses < 290,000 IU, formed the low-dose group
(n=19). For a separate analysis of biochemical param-
eters (e.g. calcium and phosphorus), a high-dose group
(n=21) and a control group (n=22) were established.
The control group included both low-dose recipients
and those receiving only baseline supportive therapy
without additional vitamin D supplementation. The ad-
ministered form was oral cholecalciferol (vitamin D3) in
oil-based drops. Supplementation was provided daily.
Adherence was monitored via monthly parental sur-
veys, residual drug checks, periodic phone reminders,
and clinical visits to verify compliance. To comprehen-
sively compare the therapeutic response in both strat-
ified groups, a descriptive analysis of the changes in
25(0H)D, hyaluronic acid (HA), and 2D-SWE values over
the 12-month period was performed, allowing generali-
sation of supplementation efficacy differences.

Serum 25(0H)D levels were measured using elec-
trochemiluminescence immunoassay (ECLIA) with a
Cobas e411 analyser (Roche Diagnostics, Germany).
The sensitivity threshold was 10 nmol/L, and the in-
tra-laboratory coefficient of variation (CV%) was 4.2%.
HA concentrations were determined via enzyme-linked
immunosorbent assay (ELISA) using the Hyaluronic
Acid Quantikine® ELISA Kit (R&D Systems, USA). Op-
tical density was measured with a Multiskan FC mi-
croplate photometer (Thermo Fisher Scientific, USA).
Biomarker selection was based on their sensitivity to
active phases of fibrogenesis, suitability for routine
diagnostics, and EASL recommendations for non-inva-
sive fibrosis stratification. Liver parenchymal stiffness
was evaluated using 2D-SWE on Aixplorer Ultimate
ultrasound systems (SuperSonic Imagine, France)
with elastography functionality and a convex probe
(3.5-5.0 MHz). Examinations were performed before
supplementation and after the 12-month observation
period, with patients in the supine position, fasting,
and in accordance with the guidelines of the European
Federation of Societies for Ultrasound in Medicine and
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Biology [19]. All measurements were conducted by a
single operator with over five years of paediatric elas-
tography experience, ensuring consistency in interpre-
tation. Each patient underwent at least five represent-
ative measurements in the right liver lobe, from which
the mean value was used for analysis.

Statistical analysis was performed using Statistica
12.0. Normality was assessed using the Shapiro-Wilk test.
Parameters were described using mean values and stand-
ard deviations. Within-group changes were evaluated us-
ing the paired Student’s t-test; between-group compari-
sons employed the unpaired t-test. Associations between
25(0H)D and HA levels were assessed using Pearson’s
correlation coefficient (r), with statistical significance set
atp<0.05. No adjustments were made for covariates (age,
sex), which is acknowledged as a methodological limita-
tion. The study complied with principles of voluntari-
ness, anonymity, and confidentiality in accordance with
the Declaration of Helsinki [20] and ethical standards
adopted by local bioethics committees, specifically those
outlined in Good Clinical Practice (GCP) [21]. Ethical ap-
proval was granted by the ethics committee of the State
Institution “Institute of Gastroenterology of the NAMS
of Ukraine” (Protocol No. 12/2023 dated 02.12.2023).
Identifying information was not retained; data were
used solely in aggregated form for scientific purposes.
Interpretation of results followed evidence-based med-
icine principles and considered the biological plausibil-
ity of marker changes. Relationships between serologi-
cal and elastographic indicators were evaluated, as well
as changes according to vitamin D dosage. Conclusions
were drawn from generalised quantitative data without
reliance on subjective clinical criteria.

RESULTS

The biological role of vitamin D in the pathogenesis
of liver fibrosis in juvenile autoimmune diseases

The pathophysiological basis for using HA as a bio-
marker of liver fibrosis lies in its close association with
cellular and molecular mechanisms involved in extra-
cellular matrix formation. A central role is played by he-
patic stellate cells (HSC), which, upon activation during
chronic inflammation, transform into fibrogenic effec-
tor cells. Activated HSC produce numerous matrix com-
ponents, including HA, due to upregulated expression
of HAS2, regulated by transforming growth factor-be-
ta (TGF-f). In paediatric patients with juvenile auto-
immune liver diseases, this interaction is particularly
relevant due to the heightened activity of the immune
component in the fibrotic cascade. To systematise the
roles of the main biological agents involved in HA syn-
thesis during hepatic fibrosis, Table 1 summarises the
relationships among HSC, TGF-B, and HAS2, outlining
their functional characteristics and pathophysiological
mechanisms in fibrosis progression. This structured
format offers a comprehensive view of the molecular
cascade underlying fibrogenesis in children with JALD.
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Table 1. [llustrative scheme of the pathophysiological involvement of HSC, TGF-§3,
and HAS2 in HA synthesis during liver fibrosis

Component

Biological role

Mechanism of action in liver fibrosis

Relationship wit
synthesis

P;:;cg)r?;iﬁ}els In a quiescent state, they store retinoids; upon Activated HSCs produce HA
HSCs forpfibrosis activation, they transform into myofibroblasts that | through upregulation of HAS2

development produce extracellular matrix expression

. . Activates HSCs and stimulates expression of fibrotic .

TGF-B8 Cytqklne regul'a ting genes, particularly HAS2, via SMAD-dependent Indlreptly promotes HA

fibrogenesis . . synthesis by inducing HAS2

signalling pathways
Enzyme involved in Catalyses HA formation from monosaccharides; Directly Fletermme; H.A
HAS2 . . . . . accumulation levels in liver
HA biosynthesis predominantly expressed in activated HSCs tissue and serum

Note: HSC - hepatic stellate cells; TGF-§ - transforming growth factor beta; HAS2 - hyaluronan synthase 2; HA - hyaluronic
acid. The table illustrates the cellular activation sequence and enzymatic pathways leading to increased HA synthesis - a key

non-invasive marker of liver fibrosis
Source: developed by the author based on [18]

The analysed Table 1 illustrates the key stages of
cellular fibrogenesis activation, within which HSCs, un-
der the influence of TGF-f, transition into an activated
state. This activation is accompanied by increased ex-
pression of the enzyme HAS2, which directly catalyses
the synthesis of HA. HA, as one of the products of the
fibrotic cascade, accumulates in tissues and the blood-
stream, reflecting the intensity of fibrogenesis. Its lev-
el correlates with fibrosis progression, which justifies
the use of this marker for non-invasive monitoring of
changes in liver parenchyma. This pathophysiologi-
cal model, comprising HSC-TGF-B-HAS2-HA, forms the
basis of the study and substantiates the rationale for a
multiparametric approach to assessing therapeutic in-
tervention effectiveness.

Considering these mechanisms, the study was
aimed at evaluating the effect of long-term vitamin D
supplementation on HA levels as an indicator of active
fibrogenesis in children with JALD. For this purpose,
a comparative analysis of 25(0OH)D and HA concen-
trations was conducted over a 12-month observation
period. Participants were stratified according to their
cumulative nutrient dose, allowing the formation of
two groups - high-dose and low-dose supplementa-
tion. This approach provided a basis for analysing
the dose-dependent effect of vitamin D on fibrotic
markers. The results of the intergroup comparison
of biochemical parameters are presented in Table 2,
reflecting the potential antifibrotic effect of vitamin D
in the study cohort.

Table 2. Comparison of mean levels of 25(OH)D and HA depending on the cumulative dose
of vitamin D in children with JALD

Indicator High-dose vitamin D Low-dose vitamin D
(> 500,000 IU/12 months) (290,000 1U/12 months)
Number of patients (n) 21 22 -
25(0H)D, nmol/L
(after 12 months) 111.3+£19.9 63.5+19.9 <0.0001
25(0H)D >75 nmol/L, % of o o
patients 100% 32% <0.0001
HA, ng/mL (after 12 months) 9.2+7.1 20.7+9.2 0.001
Correlation between 25(0H)
D and HA (r) -0.44 - p<0.05

Note: 25(0H)D - 25-hydroxyvitamin D (the main circulating metabolite of vitamin D); HA - hyaluronic acid (a molecular marker
of fibrosis); IU - international units. All values are presented as mean * standard deviation. The threshold of > 500,000 IU per
year for high-dose supplementation was selected in accordance with Endocrine Society clinical guidelines, which recommend
a safe daily intake of up to 2,000 IU for children aged 1 to 18 years in cases of deficiency or increased physiological demand [17]

Source: compiled by author

Analysis of Table 2 showed statistically significant
differences between the high- and low-dose vitamin D
supplementation groups in terms of 25(0H)D and HA
levels after 12 months of observation. The high-dose
group exhibited higher mean 25(OH)D levels and

lower HA concentrations (p < 0.0001 and p = 0.001,
respectively). The proportion of patients achieving
optimal 25(0H)D levels was substantially greater, and
a significant inverse correlation was identified be-
tween 25(0H)D and HA (r=-0.44; p<0.05). These data
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confirm statistically significant changes in biomarkers
over time depending on nutrient dosage.

Effect of long-term vitamin D supplementation

on serum 25(0H)D levels in children

with autoimmune liver disease

To assess the baseline 25(0H)D status in paediatric pa-
tients with JALD, its levels were analysed based on no-
sological form, age, and disease duration. Such analysis
helps identify potentially significant clinical and demo-
graphic factors influencing the initial 25(OH)D concentra-
tion prior to therapeutic supplementation. Recognising
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trends in indicator distribution provides grounds for
personalised nutrient dosing. Depending on the child’s
age, disease duration, and clinical form, there were sta-
tistically significant differences in baseline 25(0OH)D
levels, which must be considered when prescribing dos-
age. Younger paediatric patients typically showed higher
25(0H)D concentrations compared to adolescents, while
longer disease duration was associated with more pro-
nounced deficiency. To visualise these associations, the
data were systematised and presented in Table 3, show-
ing baseline 25(0H)D values in respective clinical and
demographic subgroups of patients with JALD.

Table 3. Baseline 25(0H)D levels in children with JALD depending on disease form, age, and pathology duration

Indicator AIH (n = 24) ASC (n=19) p-
Mean 25(0H)D level, nmol/L 49.2+14.6 42.7+£12.3 0.048
Patients with <50 nmol/L, % 71% 84% 0.214

Age 6-11: mean 25(0H)D

51.8£13.2 (n=13)

45.1+11.7 (n=9) -

Age 12-18: mean 25(0H)D

463+15.5 (n=11)

40.9+13.0 (n=10) -

Disease duration <1 year: 25(0H)D

52.5+13.9 (n=10)

443+12.1 (n=8) -

Disease duration >1 year: 25(0H)D

46.7+14.8 (n=14)

41.1+13.4 (n=11) -

Note: 25(0H)D - 25-hydroxyvitamin D; AIH - autoimmune hepatitis; ASC - autoimmune sclerosing cholangitis; n - number of
observations; p-value - statistical significance level. Values are presented as mean * standard deviation. Statistical comparison
was performed only for general intersectional groups (AIH vs ASC); comparison by age categories and disease duration was not

performed or was uninformative due to small subgroup sizes
Source: compiled by the author

Analysis of Table 3 confirms clinically significant
25(0H)D deficiency among children with JALD at the
time of inclusion. Patients with ASC had lower 25(0H)D
levels than those with AIH, supported by a significant
difference in means (p = 0.048). Within clinical-demo-
graphic subgroups, there was a tendency for lower
25(0H)D levels in older age groups and longer disease
durations. These findings justify a personalised ap-
proach to nutrient dosing within multifactorial strati-
fication. The next stage of analysis evaluated the meta-
bolic effects of vitamin D supplementation in terms of
its impact on mineral metabolism. To objectively assess

the effectiveness and safety of long-term vitamin D
supplementation in children with JALD, it is essential
to consider not only 25(OH)D concentration changes
but also mineral metabolism dynamics. Excessive vita-
min D intake may disrupt calcium-phosphorus homeo-
stasis, potentially resulting in hypercalcaemia, nephro-
calcinosis, and other complications requiring careful
monitoring. To evaluate the biochemical safety of the
intervention and monitor stability in key calcium and
phosphorus metabolism parameters, Table 4 was com-
piled, showing their changes over 12 months according
to nutrient load.

Table 4. Dynamics of 25(0H)D, calcium, and phosphorus levels in children
with JALD over 12 months depending on vitamin D dose

Indicator High-dose group (n = 21) Control group (n = 22) p-value (12 mo
25(0H)D, nmol/L

0 months 46.3+14.2 45.7+13.9 0.891

3 months 75.6+17.8 54.2+15.1 <0.001

6 months 96.1+£20.3 59.4+16.7 <0.001

12 months 111.3£19.9 63.5£19.9 <0.0001
Calcium, mmol/L

0 months 2.35+0.10 2.36+0.09 0.712

3 months 2.38+0.09 2.36+0.08 0.522

6 months 2.40x0.10 2.37+0.09 0.414

12 months 2.39+0.11 2.36+0.10 0.338

Phosphorus, mmol/L
0 months 1.63+0.22 1.62+0.24 0.941

Journal of Human Biology and Clinical Medicine. 2026. Vol. 2, No. 2



The role of vitamin D in modulating immune response...

Table 4, Continued

Indicator High-dose group (n = 21) Control group (n = 22) p-value (12 montt

Phosphorus, mmol/L
3 months 1.68+0.21 1.61+0.23 0.392
6 months 1.65+0.20 1.58+0.25 0.371
12 months 1.64+0.19 1.60+0.21 0.487

Note: 25(0H)D - 25-hydroxyvitamin D (a metabolite used to assess vitamin status); mmol/L - millimoles per litre; n -
number of observations per group; p-value - statistical significance of the difference between groups after 12 months.
Data are presented as mean * standard deviation. Calcium and phosphorus levels were measured in serum by standard

colourimetric methods
Source: compiled by the author

Analysis of Table 4 demonstrates statistically sig-
nificant increases in 25(0OH)D levels in patients re-
ceiving high-dose vitamin D supplementation, evident
from the third month of therapy. These values contin-
ued to rise, reaching a mean of 111.3 +19.9 nmol/L at
12 months, aligning with target reference ranges for
the paediatric population. In the control group, the in-
crease was slower and more limited, with a final lev-
el of 63.5%19.9 nmol/L, remaining in the suboptimal
range. No cases of clinically manifest or subclinical
hypercalcaemia were reported throughout the obser-
vation period. Mean concentrations of total calcium
and inorganic phosphorus remained stable and within
age-appropriate reference values recommended by the
ESPGHAN [16]. Thus, the results confirm the metabolic
safety of high-dose vitamin D over long-term use with

proper laboratory monitoring, particularly regarding
calcium-phosphorus homeostasis.

HA Dynamics as a non-invasive marker

of liver fibrosis under vitamin D influence
Determining baseline HA levels considering clinical and
morphological characteristics enables assessment of fi-
brotic burden intensity, identification of high-risk pro-
gression groups, and justification of follow-up frequency:.
For comparative analysis, Table 5 presents mean HA lev-
els in children with AIH and ASC depending on fibrosis
stage (F1-F2; F3-F4) and biochemical activity (ALT > 3x
ULN). These data highlight both inter-nosological differ-
ences and correlations between biochemical parameters
and liver morphology, important for individualised pa-
tient management strategies in JALD.

Table 5. Serum HA level in children with AIH and ASC by fibrosis stage
and inflammation activity (prior to supplementation)

Mean HA level

Al (ng/mL)

Patient group

Fibrosis stage
F1-F2

Fibrosis stage
F3-F4

AIH 24 17.1+£6.3 13.9+4.5 21.8+5.6 20.4+6.1
ASC 19 22674 18.3£5.1 27.4+6.8 25.9+7.2
p-value (AIH vs ASC) - 0.033 0.041 0.047 0.029

Note: HA - hyaluronic acid; AIH - autoimmune hepatitis; ASC - autoimmune sclerosing cholangitis; ALT - alanine
aminotransferase; ULN - upper limit of normal; F1-F4 - fibrosis stages according to the METAVIR scoring system Data are

presented as mean * standard deviation
Source: compiled by the author

Analysis of Table 5 reveals significantly higher con-
centrations of HA in children with ASC compared to pa-
tients with AIH, which may indicate a greater intensity of
fibrotic processes in ASC within the presented sample.
The mean HA level in the ASC group was 22.6 +7.4 ng/
mL, whereas in the AIH group it was 17.1 + 6.3 ng/mL
(p=0.033), indicating a statistically significant inter-dis-
ease difference. Even at early stages of fibrosis (F1-F2),
HA levels were higher in ASC patients (18.3 +5.1 ng/mL
vs. 13.9 £4.5 ng/mL in AIH; p =0.041), consistent with
the likelihood of more active matrix remodelling at initial
stages. In more severe cases (F3-F4), HA levels contin-
ued to rise, reaching 27.4 + 6.8 ng/mL in ASC compared

to 21.8 £ 5.6 ng/mL in AIH (p = 0.047). A similar pat-
tern was observed in cases of high biochemical activity
(ALT > 3 x ULN), where HA levels in ASC exceeded those
in AIH (25.9+7.2 ng/mLvs. 20.4+ 6.1 ng/mL; p=0.029),
underscoring the diagnostic sensitivity of HA to inflam-
matory-fibrotic changes. Thus, the results confirm the
relevance of HA as a marker of fibrogenesis in children
with JALD and support its inclusion in risk stratification
algorithms and therapy monitoring protocols. To quanti-
tatively assess the relationship between nutrient status
and fibrogenic activity in children with JALD, a correla-
tion analysis was conducted between 25(0OH)D and HA
levels after 12 months of follow-up (Table 6).
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Table 6. Correlation between 25(0H)D and HA levels depending on vitamin D dose
in children with JALD (after 12 months of observation)

Mean 25(0OH)D

Pearson correlation

Supplementation group Mean HA (ng/mL) coefficient r
Rl (25(0H)D © HA)
High dose (>500,000 IU/year) 24 111.3+19.9 9.2+7.1 -0.49 0.018
Low dose (290,000 IU/year) 19 63.5+19.9 20.7+9.2 -0.21 0.332

Note: 25(0H)D - 25-hydroxyvitamin D; HA - hyaluronic acid; r - Pearson correlation coefficient; p - level of statistical
significance; IU - international units. Data presented as mean * standard deviation

Source: compiled by the author

The results presented in Table 6 show a statistically
significant inverse correlation between 25(0H)D and
HA levels in the group of children with JALD who re-
ceived high-dose vitamin D supplementation (r=-0.49;
p = 0.018). This association may indicate a potential
dependence of fibrotic activity on nutrient sufficiency,
consistent with the hypothesis of vitamin D’s regula-
tory role in fibrogenesis. From a pathophysiological
perspective, vitamin D may contribute to reduced HA
synthesis through modulation of hyaluronan synthase
expression or via immune-mediated mechanisms.
Conversely, in the group with lower cumulative vita-
min D intake (<290,000 IU/year), only a weak, statis-
tically insignificant correlation was observed (r=-0.21;
p =0.332), which does not confirm a marked effect at
suboptimal nutrient doses.

Assessment of liver tissue stiffness via 2D-SWE
under vitamin D supplementation: prospects

for non-invasive monitoring in Ukraine

2D-SWE is used as a validated tool for non-invasive as-
sessment of liver fibrosis in paediatric hepatology. This
method is particularly relevant due to limitations of liver
biopsy in children and the need for regular disease mon-
itoring. The study analysed changes in 2D-SWE parame-
ters among stratified groups of children with JALD who

received different cumulative doses of vitamin D over
12 months. The objective was to evaluate morphological
response in the form of changes in parenchymal stiff-
ness, potentially accompanying the observed biochem-
ical improvements, particularly the reduction in HA in
the high-dose group. Summary results are presented in
Table 7, showing average 2D-SWE values before and af-
ter the intervention in both therapeutic groups.

Analysis of the data presented in Table 7 showed no
statistically significant changes in liver tissue stiffness
over the 12-month observation period in either group.
Among patients receiving high-dose vitamin D supple-
mentation, the average stiffness value decreased only
slightly - from 6.8+1.9t0 6.7 +1.8 kPa (A=-0.1+0.5 kPa;
p=0.76), while in the low-dose group, absolute stabil-
ity was observed (6.9 +2.0 - 6.9 £ 2.1 kPa; p=0.97).
These findings indicate no noticeable effect of nutrient
therapy on the morphological characteristics of liver
parenchyma during one year of follow-up. Given the
statistically significant reduction in HA levels in the
same cohort, the results highlight differing dynamics
between biochemical and elastographic markers of fi-
brosis. This supports the use of 2D-SWE not in isolation
but alongside serological indicators as part of a mul-
tiparametric approach to monitoring therapy effective-
ness in JALD patients.

Table 7. Liver tissue stiffness by 2D-SWE depending
on vitamin D dose (before and after 12 months of therapy)

. . 2D-SWE baseline 2D-SWE at 12
Vitamin D group NN (kPa) months (kPa) A change (kPa) p-va
High dose (>500,000 IU//year) | 24 6.8+1.9 6.7+1.8 -0.1£0.5 0.76
Low dose (290,000 IU//year) 19 6.9+2.0 6.9+2.1 0.0+0.4 0.97

Note: 2D-SWE - two-dimensional shear wave elastography; kPa - kilopascals; A change - mean difference between baseline
and final values within group; p-value - statistical significance of within-group change over 12 months, 10 - international units

Source: compiled by the author

To comprehensively interpret the therapeutic effect
of vitamin D, a parallel descriptive analysis of changes
in 25(0OH)D, HA, and liver parenchymal stiffness via
2D-SWE was conducted. This approach enabled quan-
titative assessment of intergroup differences and iden-
tification of the most sensitive biomarkers of nutrient
therapy effects depending on dose. Since correlation

analysis was performed separately for the relationship
between 25(0H)D and HA, descriptive statistics were
primarily used in this section to compare general dy-
namic changes between groups. The data in Table 8
allow for a quantitative evaluation of intergroup dif-
ferences and identification of the most responsive bio-
markers to vitamin D dosage.
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Table 8. Dynamics of 25(0H)D, HA and liver stiffness (2D-SWE) in children
with JALD according to vitamin D dose

High-dose group

Low-dose group p-value between g

et (> 500,000 IU/year, n = 24) (290,000 IU/year, n = 19)
25(0H)D (nmol/L) 463-111.3+19.9 45.7-63.5£19.9 <0.0001
HA (ng/mL) 213-59.2+7.1 20.1-20.7+9.2 0.001
2D-SWE (kPa) 6.8-6.7+1.8 6.9-69+2.1 0.55

Note: 25(0H)D - 25-hydroxyvitamin D; HA - hyaluronic acid; 2D-SWE - two-dimensional shear wave elastography; IU -
international units; kPa - kilopascals; p-value - statistical significance of between-group differences after 12 months of therapy.
The arrow (=) indicates the change from baseline to final value. Values are presented as mean * standard deviation

Source: compiled by the author

The comparative analysis of the dynamics of the
three key indicators shows that only the high-dose sup-
plementation group experienced statistically signifi-
cant increases in 25(0H)D and reductions in HA, while
2D-SWE values remained stable in both groups. The
between-group differences after 12 months of therapy
were highly significant for vitamin D status (p<0.0001)
and the fibrogenic marker (p=0.001), but not for tissue
stiffness (p=0.55). This confirms that serological mark-
ers are more sensitive to early changes in response to
intervention, while morphological tissue stability re-
quires a longer time to reflect structural shifts. There-
fore, biochemical parameters should be considered
primary indicators of nutrient therapy effectiveness
during short-term monitoring. High-dose vitamin D
supplementation in children with juvenile autoimmune
liver diseases was associated with a significant increase
in 25(OH)D levels and a marked decrease in HA con-
centration. A statistically significant inverse correlation
was recorded between these parameters, confirming
the dose-dependent effect of vitamin D on fibrogenic
activity. The biochemical response to therapeutic inter-
vention was more pronounced than morphological tis-
sue changes, justifying the use of serological monitoring
in early stages of treatment and laying the groundwork
for new diagnostic algorithms.

Liver parenchymal stiffness parameters based on
2D-SWE did not undergo significant changes over 12
months of observation, regardless of supplementation
level. This stability in elasticity parameters suggests a
slow remodelling process in liver tissue in response to
nutrient therapy. Morphological changes detected by
elastography may only become evident after prolonged
clinical follow-up or with active fibrosis progression,
highlighting temporal limitations in interpreting imag-
ing results in paediatric populations.

Integrating 25(0OH)D, HA, and 2D-SWE indicators
within a multiparametric approach allowed for a pre-
liminary comprehensive assessment of therapeutic
response in patients with juvenile autoimmune liver
diseases. The findings indicate the potential utility
of high-dose vitamin D supplementation as part of a
stratified management strategy for such patients but
require further validation in larger cohorts. Clinically,
implementing combined monitoring based on serum

(25(0H)D, HA) and imaging (2D-SWE) markers may be
seen as a promising approach to improving the availa-
bility of non-invasive fibrosis activity assessment, es-
pecially where biopsy confirmation is limited in pae-
diatric practice.

DISCUSSION

The obtained results demonstrated that prolonged
high-dose vitamin D supplementation was associated
with a significant increase in serum 25(0OH)D levels
and a statistically significant reduction in serum HA
concentrations in children with JALD. The observed in-
verse correlation between these indicators confirmed
a dose-dependent effect and its pathophysiological ra-
tionale in the context of fibrotic cascade modulation.
The stability of liver tissue stiffness parameters, as as-
sessed by 2D-SWE over a 12-month follow-up, likely in-
dicated either morphological inertia or an insufficient
duration of nutritional intervention. Further analysis
of the nosological structure showed increased fibrot-
ic activity in the subgroup with ASC compared to AlH,
justifying a stratified approach when evaluating the ef-
fectiveness of therapeutic interventions. These results
supported the feasibility of multiparametric monitor-
ing, incorporating both biochemical and imaging indi-
cators, with a potential advantage of serological assess-
ment in capturing early changes in therapy dynamics.

The biochemical response to vitamin D supple-
mentation aligned with the mechanisms described by
L. Bonsembiante et al. [22], who analysed the influence
of the nutritional environment on fibrogenesis in pae-
diatric non-alcoholic fatty liver disease. The importance
of nutritional status as a fibrosis progression modifier
was demonstrated, consistent with the present findings
on the positive dynamics of high-dose vitamin D sup-
plementation. Unlike the referenced study, which did
not specify dosing regimens or observation periods, the
present study was conducted over a 12-month proto-
col with a cumulative dose exceeding 500,000 IU, pro-
viding an objective basis for quantitatively comparing
clinical changes. Specific aspects of fibrotic pathogen-
esis, particularly the gut-liver axis, were highlighted by
S.L. Rager & M.Y. Zeng [23], who emphasised the role
of microbial translocation and immune activation in
paediatric hepatopathies. The current study confirmed
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the pathophysiological relevance of these mechanisms:
serum HA was sensitive to changes under nutritional
intervention. Notably, a significant reduction in HA was
observed in the high-dose group (9.2 £ 7.1 ng/mL vs
20.7 £9.2 ng/mL; p=0.001), indicating the implemen-
tation of anti-inflammatory and antifibrotic mecha-
nisms mediated by vitamin D.

Stratified analysis confirmed higher fibrotic inten-
sity in ASC compared to AlH, consistent with G. Mag-
giore et al. [24], who emphasised the heterogeneity of
clinical manifestations within paediatric autoimmune
liver diseases. The authors advocated for multidisci-
plinary diagnostics incorporating morphofunctional
criteria, conceptually aligning with the approach of
this study. The mean serum HA level in the ASC sub-
group (18.1 £ 7.4 ng/mL) significantly exceeded that
in AIH patients (11.3 £ 8.5 ng/mL; p=0.034), indicat-
ing differing fibrotic potential by nosology. A mecha-
nistic interpretation of fibrosis in the context of mi-
crobiota effects was proposed by D. Tokuhara [25],
who described signalling pathways, including Toll-like
receptor activation and extracellular matrix synthesis
induced by lipopolysaccharides. The supplementa-
tion-related reduction in HA observed in this study
may reflect attenuation of these pathogenic pathways.
Additionally, the methodological strengths included
a standardised treatment duration and a clearly ver-
ified cohort of patients with autoimmune pathology,
increasing the generalisability of the findings.

In the study by Y.C. Wu et al. [26], the effect of the
nutritional environment on immunometabolic ho-
meostasis in children with genetically determined
hepatopathies was discussed. The authors noted that
biologically active compound intake could modulate
proinflammatory responses through immune regula-
tion. The inverse correlation between 25(0OH)D and
HA levels confirmed these mechanisms, demonstrating
HA reduction with optimal vitamin D concentrations.
A distinctive feature of this analysis was the precisely
defined annual dose >500,000 IU, enabling quantifiable
evidence of HA decline from 20.7+9.2t0 9.2+ 7.1 ng/mL
(p=0.001), unlike Wu et al, who did not standardise
dosing. C. Sirbe et al [27] focused on serum protein
markers in patients with AIH to refine the spectrum
of fibrosis-relevant indicators. They established the
relevance of extrahepatic mediators, including HA, in
fibrosis monitoring. The current study confirmed this
sensitivity, with HA levels significantly reduced after
12 months of supplementation. Unlike the C. Sirbe et
al. study conducted primarily in adults with a limited
follow-up period, this paediatric JALD cohort demon-
strated HA response throughout the full treatment cycle.
L. Griessmair et al. [28] investigated the association be-
tween interleukin-37 levels and fibrosis severity in pae-
diatric autoimmune liver disease, emphasising the role
of proinflammatory cytokines. The observed reduction
in HA here may be interpreted as an indirect reflection
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of reduced immune activity. A key difference lies in the
cohort: L. Griessmair et al. mainly analysed isolated
hepatitis cases, while the present study assessed JALD,
broadening the clinical relevance of HA as a biomarker.

The utility of non-invasive biomarkers for ear-
ly fibrosis detection was affirmed by A. ElShahawy et
al. [29], who found serum indicators, including HA, to be
more effective than imaging in paediatric chronic viral
hepatitis. A similar trend emerged in this study: tissue
stiffness assessed by 2D-SWE showed no significant
changes (p > 0.05), while HA decreased significantly
with high-dose supplementation, suggesting greater se-
rological marker sensitivity. A key difference was the pa-
thology’s aetiology: unlike the viral aetiology in A. EISh-
ahawy et al, this analys is focused on JALD, assessing
HA's informativeness under autoimmune pathogenesis.
A follow-up study by J.Y. Joo et al. [30] emphasised the
value of combined indices incorporating HA for fibrosis
stratification. This study applied a similar model: inte-
grated evaluation of nutritional status (25(0H)D), bio-
chemical marker (HA), and liver stiffness via 2D-SWE
revealed significant biochemical but not morphological
therapeutic responses. In the high-dose group, 25(0H)D
reached 111.3 + 19.9 nmol/L with target levels achieved
in all patients, accompanied by marked HA reduction
but no significant elastography changes.

A. Mosca et al. [31] described an association be-
tween elevated HA and renal dysfunction in children
with NAFLD, highlighting fibrosis’s systemic impact. In
this context, the present inverse association between
25(0H)D and HA may indicate reduced overall fibrotic
burden. The defining feature was the inclusion of nutri-
tional intervention: 100% of high-dose patients reached
25(0H)D >75 nmol/L, contrasting with A. Mosca et
al., who did not account for this factor. Findings by P. Yang
& L. Xia [32] linking HA concentrations with liver struc-
tural changes in chronic hepatitis were corroborated
by this analysis. The prognostic value of HA manifested
as a 55.5% dose-dependent reduction in the high-dose
group. Unlike P. Yang & L. Xia, who did not evaluate nutri-
tional impact, this study highlighted vitamin D’s patho-
physiological relevance through its effect on HA levels.
Y. Ji et al. [33] reported an inverse relationship between
25(0H)D and fibrosis severity in adults using vibration
elastography. The current study identified a similar as-
sociation in children (mean age 13.2 + 3.6 years) using
shear wave elastography, supporting the relevance of
findings to paediatric care. A unique feature was the
strictly defined supplementation regimen (>500,000 1U/
year), not employed in the referenced study.

Analysis by Y. Wang et al. [34] noted elastography’s
low sensitivity to early fibrosis in children. The present
findings align with this hypothesis: despite significant
HAreduction, 2D-SWE parameters remained unchanged
(p>0.05). Unlike Y. Wang et al.’s monocomponent anal-
ysis, this study employed a combined approach, ena-
bling more nuanced evaluation of therapy effectiveness.
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X. Qi et al. [35] demonstrated that antioxidant supple-
mentation, including vitamin E, improved tissue stiff-
ness in chronic hepatopathies, supporting nutritional
modification of fibrogenesis. Although markers like HA
were not evaluated, this study showed that combined as-
sessments capture both macrostructural and molecular
effects. The immunomodulatory effect of vitamin D was
reflected in S. Sriphoosanaphan et al. [36], who reported
reduced proinflammatory cytokines after supplementa-
tion in patients with chronic hepatitis C. A similar im-
mune profile response was observed here: in children
with JALD, HA levels dropped from 20.7 to 9.2 ng/mL
(p=0.001), indicating reduced systemic inflammation.
Despite differing aetiologies, vitamin D effects manifest-
ed in both adult and paediatric populations, underscor-
ing its broad mechanism of action.

The need to combine serological and imaging meth-
ods was supported by A. Tosco et al. [37], who studied
a multiparametric approach in children with cystic fi-
brosis. Their combination of 2D-SWE and biomarkers
offered better prognostic accuracy than individual in-
dicators. This study implemented a similar model, de-
tecting an early biochemical response - a 55.5% HA
reduction - amid stable tissue stiffness values. The
value of HA for fibrosis stratification was confirmed
by B.R. Chen & C.Q. Pan [38], who established a close
link between HA concentration and histological stage.
A comparable trend was recorded in the current study,
despite no 2D-SWE changes (p > 0.05), supporting
HA's superior sensitivity in early therapeutic phas-
es. A. Mosca et al. [39] highlighted the importance of
integrated assessment - laboratory, clinical, and im-
aging - to detect advanced fibrosis stages in children.
This study adopted a similar multiparametric model
not only for screening but for monitoring intervention
effectiveness, revealing a positive response in the high-
dose vitamin D group (>500,000 IU/year). The study
by D. Jayasekera & P. Hartmann [40] further validated
HA's superior informativeness compared to imaging in
early paediatric fibrosis. The current findings support-
ed this conclusion: despite stable 2D-SWE values in the
high-dose group, HA declined significantly (p=0.001),
affirming the marker’s strong prognostic value.

Thus, the obtained results allowed the formulation
of a conceptually grounded thesis on the clinical feasi-
bility of using high-dose vitamin D supplementation as a
fibrogenesis modifier in juvenile autoimmune liver dis-
eases. Multiparametric monitoring - integrating 25(0H)
D, HA levels, and elastography data - offers high sensitiv-
ity to therapeutic changes and enables non-invasive dis-
ease tracking. The presented results lay the groundwork
for developing personalised monitoring and fibrosis cor-
rection programmes in paediatric hepatology.

CONCLUSIONS
This prospective study was the first in the Ukrainian
paediatric population to comprehensively evaluate the
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clinical effectiveness of high-dose vitamin D supple-
mentation (>500,000 IU/year) in a stratified cohort of
children with JALD. Unlike previous studies, a unified
intervention protocol was applied with controlled dos-
ing, a 12-month observation period, comprehensive
evaluation of biochemical and instrumental fibrosis
markers, and nosological stratification (AIH and ASC).
This ensured high internal validity and enabled gener-
alisable conclusions relevant to paediatric hepatology
clinical practice.

It was found that high-dose vitamin D supplemen-
tation over one year led to a significant increase in
25(0H)D levels to 111.3+£19.9 nmol/L, achieving target
levels in 100% of patients, while the low-dose group
reached 63.5+19.9 nmol/L (p<0.0001). This dynamic
was associated with a significant reduction in HA from
20.7£9.2 to 9.2+ 7.1 ng/mL (p=0.001), indicating a
pronounced serological effect. The observed inverse
correlation between 25(0OH)D and HA concentrations
(r=-0.49; p =0.018) suggested a pathophysiologically
grounded relationship between nutritional status and
fibrotic activity, positioning vitamin D as a potential fi-
brogenesis modifier in paediatric practice.

Liver stiffness assessed via 2D-SWE showed no sta-
tistically significant changes: in the high-dose group,
the dynamic was -0.1 + 0.5 kPa (p =0.76); in the low-
dose group, 0.0 +0.4 kPa (p=0.97). This likely reflected
morphological inertia or insufficient intervention du-
ration to induce tissue changes, aligning with the no-
tion of slow extracellular matrix remodelling. However,
comparative analysis of serological and instrumental
parameters confirmed higher sensitivity of biochemical
markers in short-term observation, especially for eval-
uating early-stage therapeutic efficacy.

Nosological analysis showed that patients with ASC
had significantly higher HA levels than those with AIH
(18.1+7.4 ng/mL vs 11.3+8.5 ng/mL; p=0.034), sug-
gesting more intensive fibrotic processes in sclerosing
forms. This stratification revealed additional clinically
relevant aspects of nutritional intervention efficacy by
disease type and confirmed HA’s relevance as a sensi-
tive marker of therapeutic response.

One study limitation was the relatively short ob-
servation period, which did not allow detection of
slower morphological changes. Additionally, not all
patients had complete elastography follow-up, lim-
iting the interpretation of liver stiffness in fibrosis
context. The sample was limited to clinical centres
in Ukraine, potentially affecting external validity for
other regions.

Based on the findings, it is recommended to in-
clude high-dose vitamin D supplementation as part of
a comprehensive treatment strategy for children with
JALD, with mandatory monitoring of HA and 25(0H)D
levels as markers of therapeutic effectiveness. Future
research should focus on expanding the sample, ex-
tending follow-up to assess morphological response,
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and exploring genetic predictors of nutritional therapy FUNDING
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Demianenko B

Banpapparbsi 600pAayH ayTOMMMYHAYK OOpynapbiHaa UMMYHAYK
YXOONTY )XaHa Ce3reHyy MapKeprepuH
moaynauuanoono D BUTaMMHUHUH pony

Hpuna JleMbsSIHEHKO

TexHrKa UINMAEPUHUH KaHOUOATHI, YIIYK OKYTYy4dy
YKpauHaHbIH YIYTTYK TEXHUKAJIBIK YHUBEPCUTETU
«Urops Cuxkopckuii aTeiHAArel KuieB NoNIUTeXHUKAIbIK UHCTUTYTY»
03056, Bepecreii nipocr., 37, Kues m1., YkpauHa
https: //orcid.org /0000-0002-0832-3619

AHHOTauMA. YkparHajarel 6aj1ap KaJKbIHBIH apacblHa D BUTAMUHUHUH KeTULICU3UTH (TMIOBUTAaMUHO3 D)
KEHUPHU TapajraH/JpIrblHa 6alaHBIITYy, IOBEHUWJJUK ayTOMMMYHJYK 600p oopyJapblHAa 600pAyK
dubporeHes [y XOHTO CANTyyAarel aHbIH POJIYH U3WJIJ166 3apbLIJbITbl KU YbIKThI. Bysl H3U/I/1660HYH MaKcaThl
ayTOMMMYH/YK reaTHUT ’kaHa ay TOUMMYH/YK CKJI€P03/l004y X0JaHTU'T MEHEH 00pyraH 6aijapa BUTaMuH DHU
y3aK MOOHOTTYY KOoLIyMua KabblI aJlyyHYH GUOPO3AYH CEPOIOTUsI/IBIK XKaHa BU3yaTu3alUsJIbIK MapKepJepuHe
TUUTU3reH TaaCUPUH aHBIKTOO Gosay. Usungee 2024-xbuiablH MapT adWbliHAaH 2025-XbLIABIH MapT adblHA
YyeWHUH YKpauHaAarsl afUuCTELITUPUITEH MeIUIIMHANBIK 60p60PJIOpL0 XKYPIy3YJIreH NPOCIeKTUBAYY KOTOPTTYK
0allKOOHYH HETru3WH/le OTKepYJyl, JabopaTopUsJbIK aHaJWu3Jep, 3KH 6JYeMAYY >KbUIbILI TOJKYHAYY
anactorpadusa (2D-SWE) xaHa CTaTHCTHKAJIBIK TalA00 KOJAOHY/AAY. HaThiiKasap KOPCOTKOHAOU, XKbLIABIK
KbIABIH/BI lo3ackl 500 000 ME#eH amkaH BUTaMUH DHHH KOT'OPKY 03aChIH KOJIJOHYY/Ia 25-TUAPOKCUBUTAMUH
DHuH opTo4yo geHrsaaud 111,3 + 19,9 HMosb/ATe YEeWHWH KOTOpyJal, FHaJypoH KHUCJIOTACBIHBIH JIeHI33J1U
9,2+7,1 Hr/MJIre Y4eMH TOMOHOTOH. AJl SMU KOHTPOJIAYK TOMTO GYJl KEPCOTKYUTOP THEIeJYYIYTYHe Kapaiia
63,5+ 19,9 umouib /a1 xkana 20,7 9,2 Hr/muagu TysreH (p <0,0001 >xana p=0,001). )Koropky f03a ajrad TOnTo 6y
6uoMapKepJiepJUH OPTOCYH/Ia CTATUCTHUKAJIBIK KaKTaH MaaHUWIYY TeCKepH KoppeJsius aHbIkTaarat (r=-0,49;
p =0,018), 6ys1 HYTPUTUBAUK KHHUJHUTHUINYYHYH J030T0 K63 KapaH/[bl TAaCUPHH TACTBIKTAWT. dsacTorpadus
60l0H4Ya 600p TKaHBIHBIH KaTYyJyK KOPCOTKYYTepy TYPYKTyy G6OHJ0oH Kauibll, 12 aWjablK TepanusjaH
KHWMH OJIYTTYy e3repyyJiep GalkairaH sMmec. JKbIMBIHTBITBIH/A, BUTAaMUH DHUH KOTOPKY [Jl033Zla KoIlyM4a
OepUJIMIIN CepOoJIOTHUSAJIBIK KOpCceTKydTep OowoH4Ya GUOpOTreHe3JWH aKTUBAYYJAYTYHYH TOMOH/elly MeHeH
6alJIaHBILITYY 9KeHH, GUPOK TKaHJAPAbIH KaTYyJIyTYHYH MOP$OI0rUsIbIK 63r6pyy/1epy MEHEH KOLITOJIG0TOHY
aHBIKTa/bl. U3U/1/106HYH KbIHBIHTBIKTApbl 6HOKOT ayTOUMMYH/YK 600p oopysiapsl 6ap 6anaapa AapblJI00OHYH
HaTBIMKaIYyJIyTyH WHBA3HUBJAYY 3MeC KO36MeJI[eere »KaHa KeKede HYTPUTHUBAMUK KOJIJOO MPOTOKOJAOPYH
YKAKIIBIPTYYTra KJIMHUKAJIBIK IPAaKTHUKaZa KOJJAOHYAYIY MYMKYH

Heruaru cezpep: ¢ubpo3, napeHXWMaHbIH KaTyyJyTry, THajJypoH KHUCJA0TAChl, HYTPUTUBJUK Tepamnus, 3KU
6JTYOM/YY KbLIBILI TOJKYHAYY 3J1acTorpadus, 6aaap Kajakbl, KaablUui-pocdaT roMmeocTasbl
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Ponb eutamuHa D B MOaynaumMm MUMMYHHOr O OTBETa
M BOCNanuTenbHbIX MAPKEPOB NPU ay TOMMMYHHbIX
3aboneBaHUAX NEYEHU y aeTen

Hpuna JleMbsIHEHKO

KaHaupart TeXHUYEeCKUX HayK, CTapIIUi IIPenogaBaTesib
HaunoHasnbHbIA TEXHUYECKUM YHUBEPCUTET YKpanHbl «KueBCKUi IMOJIMTEXHUYECKU NHCTUTYT UMEHU
Hropsa Cuxkopckoro»
03056, npocn. bepecreiickuii, 37, r. Kues, YkpauHa
https: //orcid.org/0000-0002-0832-3619

AHHOTauMA. YuuTbiBasi BBICOKYH PAacCIpOCTPaHEHHOCTb TMIIOBMTaMHHO3a D cpefu [eTCKOro HaceseHUs
YKpauHbl, BO3HUKJIA HEOGXOAMMOCTb M3yYeHHs ero poJid B peryasiiuu neyéHoyHoro ¢ubporeHesa mnpu
IOBEHWJIbHBIX ayTOMMMYHHBIX 3a00/ieBaHUAX INedeHU. Llesbio JaHHOro HcCCef0BaHUs OblJIO ONpeJeNUTh
30PeKTUBHOCTb [JJUTEJNbHON CyIJIeMEHTALUM BUTaMUHOM D B MoAUUKALUM CEPOJIOTHYECKUX H
BU3ya/JM3allMOHHBIX MapkepoB ¢ubpo3a y JeTell C ayTOMMMYHHBIM TeNaTUTOM U ayTOUMMYHHbBIM
CKJIEpO3MPYIOIIUM X0JaHTUTOM. Mcce0oBaHe OCHOBBIBAJOCh Ha TPOCIEKTUBHOM KOMOPTHOM HaGJIIO/JeHUY,
npoBeEHHOM B mepuof ¢ mapta 2024 mo mapt 2025 roza, ¢ yyacTueM NallMeHTOB CHelMaTN3UPOBAHHbBIX
MeJULUHCKUX I[eHTPOB YKpauWHbl, C IPpUMeHeHHeM JabopaTOPHbIX METO/AOB, JBYMEePHON CABUIOBOJHOBOM
anactrorpaduu (2D-SWE) u craTucTHYeCKOro aHanu3a. Pe3y/ibTaThl MOKa3a/y, YTO IPH BBICOKON CyMMapHOU
rofoBoil fo3e BuTamMuHa D, mpeBbimawumeit 500 000 ME, cpegHuit ypoBeHb 25-rHpokcuBUTaMHHA D
noBblmascs 7o 111,3 19,9 HMoJsib/J1, TOra Kak YpoBeHb I'HaJypoOHOBOM KUCIOThI CHUXKaJcs A0 9,2+ 7,1 Hr/
MJI, B OT/IMYHE OT KOHTPOJIbHOM I'PyIIbI, I/le COOTBETCTBYIOLIME T0OKa3aTeJ U COCTaBasAIu 63,5+ 19,9 HMo/Ib/ N1
u 20,7 £9,2 ur/mna (p <0,0001 u p=0,001 cooTBeTCTBEHHO). B rpymnme BbICOKHX 703 OblIa yCTaHOBJEHA
CTaTUCTHUYECKH 3HAaYMMasi 06paTHas Koppeasauus MexAy AaHHbIMU 6uomMapkepamu (r=-0,49; p=0,018), uto
MOATBEPXKJAET 0303aBUCUMBIN 3pPeKT HYyTPUTHBHOI0 BMellaTe bCTBA. [lokazaTes M })KECTKOCTH NeYEHOYHOU
TKaHMU 110 JJaHHBIM 3J1acTOrpadru OCTaBaJUCh CTAOUJIBHBIMU U He IEMOHCTPUPOBA/IM 3HAUUMBbIX U3MEHEHUH
nocye 12 Mecaues Tepanuud. CaesaH BBIBOJ, YTO IPUMeEHEHHe BBICOKUX 03 BUTaMHMHa D acconuupoBanoch
CO CHM)XKeHHEeM aKTHUBHOCTU PubGporeHesa, YTO MOATBEPXKJAJOCH CEPOJIOTMYECKMMU JAHHBIMHU, OJJHAKO He
COTPOBOX/AAJI0Ch MOP(OJTOrHYeCKUMH U3MEHEHUSIMHU KECTKOCTU TKaHU. Pe3ysbTaThl HCCIeL0BaHUS MOTYT
OBITb UCI0J1b30BaHbI B KIMHUYECKOHN MPAaKTHUKe /1J11 HEMHBAa3UBHOTO MOHUTOPHUHTA 3G PEeKTUBHOCTH JIeUEHUS U
COBEpPLIEHCTBOBAHUA IePCOHAJM3UPOBAHHBIX IPOTOKOJIOB HYTPUTUBHOM MOAJIEPKKH JleTel C XxpOHUYEeCKUMU
ayTOMMMYHHBIMU 3a60JIeBaHUAMHU NTeYeHU

Heruarn cespep: ¢ub6po3s; KECTKOCTb NAapeHXWMbl; THAJTYypPOHOBasl KHUCJI0TA; HYTPUTHUBHAs Tepamwus;
JIByMepHasi CABUTOBOJIHOBas 3jacTorpadus; AeTcKas NoMyJ/Isus; Kaablui-$pochaTHbIM romeocTas
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Abstract. Currently, there is an increasing number of patients presenting with complaints of pain and limited
mobility of the knee joint. The search for effective methods of restoring function in the early stages of osteoarthritis
is becoming increasingly relevant. The aim of this study was to identify a possible relationship between pain
intensity and eccentric contraction parameters in individuals with knee joint dysfunction. An experiment was
conducted at a medical centre to study the eccentric mode of muscle contraction in knee osteoarthritis. During
the rehabilitation sessions, emphasis was placed on the eccentric phase of quadriceps femoris muscle contraction.
Myograph readings and pain levels assessed via a visual analog scale (VAS) were evaluated before and after the
experiment. The mean amplitude of eccentric quadriceps contraction increased more than twofold: for instance, in
the vastus lateralis muscle, it rose from 98.7 pV to 298.4 uV. Upon completion of the exercise course, full knee joint
extension was recorded in six out of nine participants. All subjects demonstrated a reduction in pain syndrome
intensity, with pain disappearing completely in two individuals. The study results showed that the eccentric mode
of muscle contraction contributes to a reduction in pain levels and an increase in electromyographic activity
indicators. This regimen facilitates the development of muscle strength and neuromuscular control during
movement, as well as a reduction in mechanical load on the articular cartilage. The data obtained indicate that
eccentric exercises for the quadriceps femoris muscle in the early stages of knee osteoarthritis can be effective, as
they simultaneously address the cause (muscle weakness) and the consequence (pain, range of motion deficit).
The results can be utilised in the development of individualised rehabilitation programs for patients with early-
stage knee osteoarthritis

Keywords: gonarthrosis; electromyography; musculoskeletal system; negative phase; knee pain

INTRODUCTION

The number of complaints regarding pain and restrict-
ed mobility of the knee joint, as well as the dysfunctions
themselves, is steadily growing among the population.
The relevance of this study is driven by the need for an
in-depth understanding of the complex interrelations
between the subjective and objective manifestations of
knee joint dysfunction and the potential for influencing
them through eccentric loading. Of particular impor-
tance is the identification of the mechanisms through

Suggested Citation:

which such loads affect the musculoligamentous ap-
paratus and joint biomechanics. The insufficient study
of these processes limits the effectiveness of existing
rehabilitation approaches and necessitates further re-
search. The results obtained may contribute to the opti-
misation of recovery and prevention programs for knee
joint dysfunction.

F. Sharif et al. [1] conducted a systematic review ex-
amining the effects of eccentric and isometric loading
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and dry needling on patellar tendinopathy. The findings
of this review indicate that dry needling and eccentric
exercises are more effective for the long-term reduc-
tion of pain and improvement of knee joint function,
whereas isometric exercises are more beneficial for
short-term pain relief, especially during sports activi-
ties. C.Y. Zeng et al. [2] noted that therapeutic physical
exercise, as an adjunctive physiotherapy method, helps
prevent cartilage degeneration, suppress inflammation,
and reduce the loss of subchondral bone and metaphy-
seal trabecular bone. There is growing evidence that
therapeutic physical exercise reduces pain, stiffness,
dysfunction, and muscle weakness in knee osteoarthri-
tis. The modalities of such physical exercise are diverse:
aerobic exercises, strength training, neuromuscular
exercises, balance training, proprioceptive training,
aquatic exercises, and traditional exercises.

R. Gérard et al. [3] investigated the effects of an
eccentric strength training program for the hamstring
muscles, performed by healthy adults for a minimum
of 4 weeks, on muscle structure and eccentric strength.
Randomised controlled trials comparing isolated ec-
centric strength training of the biceps femoris muscle
to other programs were reviewed. The review findings
revealed that in healthy adults, the eccentric strength
training program led to structural changes in the long
head of the biceps femoris and increased eccentric
hamstring strength.

In a randomised controlled trial, D. Karabay et
al. [4] studied the effects of eccentric versus concentric
exercise regimens on subacromial pain syndrome. The
results of this study showed that the eccentric regimen
increased abduction strength to a greater extent than
the concentric regimen but had no effect on pain levels.
S.A. Harper & B.J. Thompson [5] noted that eccentric ex-
ercise possesses several promising properties for such
an approach, as it effectively induces overload during
contractions, which can lead to significant neuromus-
cular adaptations. When used within a minimal-load
resistance training paradigm, eccentric exercise may
represent a particularly promising approach for old-
er adults, enabling effective increases in muscle mass,
strength, and functional performance. One approach
that may lead to improved neuromuscular function and
overall health is the enhancement of exercise tolerance,
which will promote more active participation of older
adults in training.

In a randomised controlled trial, E. Hanci et al. [6]
assessed the effect of a 4-week eccentric training
program for the peroneal muscles in patients with
chronic ankle instability. The study did not directly in-
vestigate the effect on range of motion; however, the
increases in strength and dynamic range control were
key outcomes. The results demonstrated that train-
ing with eccentric exercises can positively influence
neurophysiological parameters in patients with joint
instability, suggesting improvements in functional

stability and control throughout the full range of mo-
tion. The duration of these neurophysiological adapta-
tions remains unclear.

The application of this mode of muscle contraction
and its comparison with others for the rehabilitation of
tendinopathies has been described in several scientif-
ic papers. D.J. Jayaseelan et al. [7] investigated the ef-
fects on patellar and Achilles tendinopathy. For Achilles
tendinopathy, eccentric exercises have demonstrated
effectiveness, and the “Alfredson protocol” focuses pri-
marily on exercises in this mode. For athletes, an em-
phasis on eccentric exercises allows for the enhance-
ment of athletic performance by increasing explosive
strength and speed-strength qualities, as noted by
0. Younes-Egana et al. [8]. Most studies on this topic are
short-term; the long-term effects, as well as the impact
on injury prevention, have not been studied. There is
also an opinion that for elite athletes, an emphasis on
a specific mode of muscle contraction provides only a
marginal advantage. The effect on pain was investigat-
ed in a study by S. Holden et al. [9]. Patients with knee
pain were asked to perform a single session of quadri-
ceps femoris exercises, both isometric and eccentric.
Pain was assessed using the VAS scale. The study re-
sults showed that isometric exercises significantly re-
duced pain syndrome, whereas eccentric exercises did
not lead to a significant change.

Despite the importance of each component (pain,
range of motion, muscle function), the interrelation
between the subjective perception of pain, the objec-
tive limitation of mobility, and the neurophysiological
parameters of eccentric contraction in knee joint dys-
function has not been sufficiently comprehensively
studied. This study aimed to determine the relation-
ship between pain intensity and eccentric contraction
parameters in individuals with knee joint dysfunction.
The research objectives were as follows:

® to determine the subjective perception of pain in
the subjects;

® to conduct a spectral analysis of the data record-
ed by the electromyograph;

® to evaluate the relationship between subjective
indicators and the electromyogram of the quadriceps
femoris muscle in the eccentric mode.

MATERIALS AND METHODS
To address the set objectives, the following methods
were employed: a visual analog scale (VAS) was used
to quantitatively assess pain intensity; surface elec-
tromyography (sEMG) was utilised to determine the
electrical potential of the quadriceps femoris muscle
(vastus medialis, vastus lateralis, and rectus femoris).
The study employed an eight-channel Russian-man-
ufactured electromyograph, model KBK BP-08-4.
The interpretation of the obtained results was per-
formed using the EMGAnalyzer software. A Root Mean
Square (RMS) transformation was applied to the EMG
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signals with a 1,000 ms window (empirically selected to
smooth the signal without losing significant changes).
The RMS unit of measurement is microvolts (uV). The
choice of RMS is justified by the fact that this parameter
is the standard for assessing EMG signal amplitude dur-
ing isometric and isotonic contractions, reflecting the
aggregate activity of motor units. Figure 1 illustrates
the schematic diagram of electrode placement on the
muscles during the study. Electrodes (disposable, Ag/
AgCl, inter-electrode distance 20 mm) were placed
parallel to the muscle fibre direction on the bellies of

Chikhalin & Grichanova

the respective muscles, in accordance with the SENIAM
recommendations: for the vastus medialis - 2 cm medi-
al to the upper edge of the patella at a 50° angle; for the
vastus lateralis - 3 cm lateral and superior to the patel-
la; for the rectus femoris - at the midpoint between the
anterior superior iliac spine and the upper pole of the
patella. The reference electrode was fixed on the later-
al epicondyle of the femur. The study was conducted at
the “Ariadna” Medical Centre, located at 19 Shmitovskiy
Proezd, Moscow, Russia. The experimental period last-
ed from June 1, 2025, to July 31, 2025.
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Figure 1. Electrode placement scheme on the muscles

Source: authors’ development

The sample comprised 9 individuals aged 44-60
years, 7 women and 2 men. All subjects had knee joint
dysfunction and were diagnosed by a physician with
grade 1-2 gonarthrosis. The study was conducted in ac-
cordance with the ethical principles of the Declaration
of Helsinki [10] and was approved by the local ethics
committee of the “Ariadna” Medical Centre. Study Pro-
tocol No. 2, dated June 06, 2025. All participants were
informed in advance about the objectives, potential
risks, and conditions of participation and signed vol-
untary informed consent. The subjects’ personal data
were processed confidentially and used exclusively for
scientific purposes.

The study design involved pre- and post-testing in
a single group (before-after). A control group was not
included due to the pilot nature of the work; the inter-
vention effect was evaluated by comparison with each
participant’s baseline level. Subjects were asked to per-
form a knee extension exercise in eccentric mode: 12
repetitions, 4 sets, with a 2-minute rest interval. The
effort was exerted with maximal possible force, but

without pronounced pain (not exceeding 4 points on
the VAS). Baseline testing was conducted prior to the
start of the experiment (before 12:00 PM to control for
circadian rhythms). The eccentric phase was provided
by manual resistance applied by the instructor.

To standardise the load and ensure reproducibility
of conditions:

1. all sessions were conducted by the same instruc-
tor, who had undergone preliminary training;

2. manual resistance was applied distally (at the an-
kle joint) with the thigh in a fixed position;

3. the resistance magnitude was regulated subjec-
tively using the Borg Rating of Perceived Exertion scale
(6-20) with a target value of 15-17 (“hard”), also taking
into account the VAS (<4 points);

4. to minimise variability, each set was performed
through an identical range of motion (from full extension
to90°offlexion), with controlmaintainedbyagoniometer;

5. during the course, as pain diminished, manual re-
sistance was increased while maintaining pain control
(also up to 4 points on the VAS).
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Prior to each session, all subjects underwent a
15-minute massage of the anterior thigh and quadri-
ceps stretching using the post-isometric relaxation
method (1 set, 5 repetitions). After a treatment course
of 12 sessions (every other day), post-testing was per-
formed following the same protocol as the baseline. To
control for confounding factors: analgesic intake was
excluded 24 hours before each testing session (con-
firmed by verbal inquiry); all testing was conducted at
the same time of day (morning) under identical envi-
ronmental conditions. Student’s t-test was used to com-
pare pre- and post-intervention indicators.

RESULTS

The development and progression of gonarthrosis are
driven by a complex of interrelated factors. Among the
main causes are physical inactivity, leading to weaken-
ing of the muscular corset and deterioration of carti-
lage trophism, as well as obesity, which mechanically
increases the load on joint surfaces and contributes
to chronic inflammation of adipose tissue. E.K. Ermo-
lenko & T.G. Grichanova [11] write that impaired gait
biomechanics can negatively affect the entire body.
However, the key link closing the vicious circle is pain
syndrome. Pain is the primary subjective symptom that
directly limits daily activity, reduces working capacity,
and impairs the quality of life of patients. In response
to pain, restricted mobility emerges - an objective
sign of dysfunction. This manifests as altered walking
biomechanics (reduced knee flexion angle during the
swing phase), a pathological pattern of ascending and
descending stairs (compensatory straightening of the
leg and shifting the load to the healthy limb), and redis-
tribution of muscle activity [6].

In this context, the eccentric mode of muscle con-
traction becomes particularly significant. Unlike con-
centric (muscle shortening under load) or isometric
(no change in length), the eccentric mode is character-
ised by the lengthening of an actively tensed muscle. It
is precisely this mode that provides two effects critical-
ly important for the knee joint. First, eccentric work of
the quadriceps femoris is necessary for stabilising the
knee during the stance phase of gait, especially when
descending stairs, where the muscle, while lengthening,
controls joint flexion and prevents excessive flexion.
Second, U. Proske et al. [12] and ]. Douglas & D. Mor-
gan [13] wrote that this mode serves as a physiological
shock absorber: the muscle dampens impact loads aris-
ing at heel strike, thereby protecting the articular car-
tilage from excessive compression and micro-damage.

In a systematic review, S. Hody et al. [14] demon-
strated that eccentric exercises lead to a more pro-
nounced increase in strength and muscle mass com-
pared to concentric exercises, even with a lower
training volume. The authors attribute this phenome-
non to delayed onset muscle soreness (DOMS). DOMS
arises from micro-damage to myofibrils and the basal

membrane, triggering a local inflammatory response
and subsequent supercompensation of structural pro-
teins. It is important to emphasise that DOMS is not a
harmful side effect but the primary driver of unique
neuromuscular adaptations: the number of satellite
cells increases, the synthesis of contractile proteins (ac-
tin and myosin) is enhanced, and muscle architecture
(pennation angle and fascicle length) improves. Howev-
er, for this effect to be realised, proper load dosing and
training periodisation are necessary, otherwise DOMS
transitions into pathological overstrain. ].M. Foley et
al. [15] indicate that eccentric exercises induce greater
hypertrophy than isometric or concentric contractions
and require less metabolic energy and cardiovascular
load, making them particularly suitable for older adults
and individuals with chronic conditions.

With regard to the population, S. Hody et al. [14]
specifically note the efficacy of eccentric programs in
individuals with sarcopenia (age-related muscle loss).
It was found that such training effectively counteracts
fatty muscle degeneration - a process in which myo-
cytes are replaced by adipocytes, leading to functional
weakness and reduced metabolic activity. In patients
with gonarthrosis, who frequently exhibit quadriceps
sarcopenia, the eccentric regimen may serve as a patho-
genetically grounded method for restoring muscle bal-
ance and reducing pain by improving joint stability.

The results presented below are aimed at quanti-
fying the changes in bioelectrical activity of the quadri-
ceps muscle and pain syndrome following a course of
eccentric exercises combined with massage and stretch-
ing in patients with grade I-1I gonarthrosis. Figure 2
demonstrates the mean electromyographic amplitude
of eccentric quadriceps femoris contraction: the rectus
femoris increased its values from 87.1 pV to 163.2 uV,
the vastus lateralis from 98.7 uV at baseline to 298.4 uv
at the end, and the vastus medialis from 59.3 uV before
to 220.7 uV after the experiment.
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Figure 2. Mean amplitude
of eccentric quadriceps contraction
Source: developed by the authors

EMG results for the quadriceps femoris muscle
show that the increase in mean EMG amplitude for
each head has important functional significance. The
increase in EMG amplitude of the rectus femoris indi-
cates its active participation in knee joint extension,
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which is important for performing movements requir-
ing strength and power, such as jumping and sprinting.
The growth in vastus lateralis activity testifies to its
role in stabilising the knee joint during dynamic loads,
which is critical for injury prevention and ensuring
proper movement mechanics. Similarly, the increase
in EMG amplitude of the vastus medialis points to its
involvement in knee stabilisation, especially during ec-
centric movements such as downhill walking or land-
ing after a jump. The increased activity of the vastus
medialis can be linked to its function in supporting
overall knee joint stability and load distribution among
the other heads.

The pronounced increase in the activity of the
vastus lateralis and vastus medialis muscles can be
explained by the need for improved knee joint stabili-
sation during eccentric exercise performance. These
muscles help control knee movement and prevent lat-
eral displacement, which is critically important for in-
jury prevention. During eccentric exercises, the load on
the four heads can be redistributed, leading to an in-
crease in the activity of the vastus lateralis and vastus
medialis. This is important for the proper distribution
of force and preventing overload of other muscles. Fur-
thermore, the increase in the activity of these muscles
may result from adaptation to eccentric work regimes,
allowing the muscles to better cope with loads and in-
crease their strength.

The presented results demonstrate an increase
in the mean EMG amplitude of all three heads of the
quadriceps femoris muscle following a course of eccen-
tric exercises. The most pronounced increase was re-
corded for the vastus lateralis (from 98.7 to 298.4 uV)
and vastus medialis (from 59.3 to 220.7 pV) muscles,
which aligns with the literature data on the activation
of these muscles during loads requiring knee move-
ment control. However, it should be emphasised that
the observed increase in EMG amplitude is an empirical
fact, whereas its interpretation in terms of “improved
stabilisation”, “load redistribution”, or “adaptation” rep-
resents a hypothetical explanation. It cannot be ruled
out that the increase in electrical activity is partially
due to a reduction in pain syndrome (allowing subjects
to generate greater effort without pain inhibition), indi-
vidual differences in exercise technique, or variability
in subjectively perceived resistance. Further research,
including, in particular, the analysis of kinematic move-
ment parameters and the assessment of joint torque,
is required to confirm the hypothesis of functional re-
organisation of muscle coordination and improved dy-
namic joint stabilisation.

Analysis of the EMG results for the maximum ampli-
tude of the quadriceps femoris muscle (Fig. 3) demon-
strates differencesin the average EMG amplitude change
for each head. The rectus femoris muscle showed the
smallest increase, from 213.6 uV to 263.8 uV, indicat-
ing its stable but minor activity in eccentric conditions.

Chikhalin & Grichanova

In contrast, the vastus lateralis muscle demonstrated
significant amplitude growth, increasing from 239.1 pv
to 497.1 pV. This points to its important role in en-
suring knee joint stability and adaptation to eccentric
loads, which may be critical for injury prevention and
movement mechanics optimisation. The vastus media-
lis muscle also exhibited a notable increase, raising its
values from 150.5 pV to 371.5 pV. This confirms its ac-
tive participation in controlling and stabilising the knee
joint during eccentric exercise performance. The differ-
ence in activity between the muscle heads can be ex-
plained by their specific functions in ensuring knee sta-
bility. The vastus lateralis and vastus medialis muscles,
as key stabilisers, are activated in response to eccentric
loads, enabling them to distribute force more effective-
ly and reduce injury risk. The rectus femoris, although
active, does not demonstrate the same level of adap-
tation, which may indicate a more limited role in this
context. Overall, the increase in the activity of the vas-
tus medialis and vastus lateralis muscles reflects their
ability to adapt to eccentric work regimes, contributing
to the improvement of their functional characteristics
and overall strength.
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Figure 3. Maximum amplitude
of eccentric quadriceps contraction
Source: developed by the authors

Analysis of the electromyography results for the
maximum amplitude of the quadriceps femoris mus-
cle (Fig. 3) demonstrates an increase in the mean EMG
amplitude for all three heads following the course of
eccentric exercises: rectus femoris - from 213.6 to
263.8 uV, vastus lateralis - from 239.1 to 497.1 uV,
vastus medialis - from 150.5 to 371.5 pV. The largest
increase was registered for the vastus lateralis and
vastus medialis muscles. It should be emphasised that
the presented data reflect only the change in muscle
electrical activity under the conditions of the study
and do not allow for a definitive causal relationship
to be established with improved knee stabilisation,
load redistribution, or reduced injury risk. Assertions
about the specific functional role of individual heads,
as well as adaptation to the eccentric work regime, are
hypothetical in nature and require further confirma-
tion in studies with a control group and assessment
of dynamics over time. The obtained EMG amplitude
values could have been influenced by methodologi-
cal factors: variability in exercise performance, the
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subjective nature of external resistance, the base-
line level of pain, and individual electrode placement
characteristics. Thus, the identified increase in EMG
activity should be considered an objective empirical
fact, whereas its interpretation in terms of functional

reorganisation of muscle coordination remains a hy-
pothesis requiring further investigation. Figure 4 pre-
sents the results of pain levels according to the VAS
scale. Pain syndrome decreased in all participants by
the end of the experiment.
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Figure 4. Results of the VAS pain assessment

Source: developed by the authors

Before the intervention, the mean indicator value
was 5.22 with a standard deviation of 1.09, and the
median was 5.0. After the intervention, the mean de-
creased to 1.56 with a standard deviation of 1.13, and
the median was 2.0. The paired Student’s t-test results
showed that the mean difference reached -3.67, which
corresponds to a 3.67-point reduction. The standard
error of the difference was 0.17, and the p-value was
less than 0.001, indicating the statistical significance
of the obtained changes. The effect size was expressed
as an absolute reduction of 3.67 points (95% CI: 3.28-
4.05) and a relative decrease of 70.2% from the base-
line mean level. Quantitative analysis confirms the
observed dynamics. The mean pain level before the
intervention was 5.22 + 1.09 points (M = SD), with a me-
dian of 5.0 points. After completing the eccentric load-
ing course, the mean decreased to 1.56 + 1.13 points,
with a median of 2.0 points. The variability indicators
(standard deviations) remained comparable, indicating
the preservation of individual differences in response
to the load with an overall positive trend.

To verify the statistical significance of the chang-
es, a paired Student’s t-test was applied. The analysis
revealed a highly significant reduction in pain level:
t(8) =21.76, p < 0.001. The absolute reduction in the
mean VAS score was 3.67 units (95% confidence in-
terval: 3.28-4.05), which corresponds to a relative de-
crease in pain syndrome severity of 70.2% compared
to the baseline level. The reduction in pain syndrome
following eccentric exercises may be associated with
improved movement control, a reduction in the inflam-
matory component, and adaptation of muscle-tendon
structures. The experimental results show heteroge-
neity in pain reduction among the participants, which
may be due to differences in baseline pain levels. The
obtained data are consistent with the known reha-
bilitative effects of eccentric loading in gonarthrosis.

Studies show that eccentric exercises can lead to a sig-
nificant reduction in pain syndrome and improvement
in the functional state of joints. In particular, they help
strengthen the muscles supporting the joint and con-
tribute to improving its stability.

Figure 5 presents the change in the flexion angle
for each patient before and after the course. Quantita-
tive analysis confirms the visually observed increase
in mobility. Before the intervention, the mean flexion
range was 109.3° (median 106°, standard deviation
10.45°), indicating moderate variability in baseline val-
ues. After the course, the mean flexion angle increased
to 129.3° (median 130°, SD 6.25°), while the spread
of results decreased, indicating a more homogeneous
response to therapy. The absolute gain averaged 20.0°
(ranging from 10° to 27° among the subjects), and the
relative increase was 18.3% of the baseline level. The
paired t-test for dependent samples revealed a high-
ly significant difference between pre- and post-inter-
vention indicators (t=10.87, df=8, p <0.001). Thus,
the course of eccentric exercises combined with mas-
sage and stretching leads to a statistically significant
improvement in the flexion function of the knee joint
in patients with grade I-II gonarthrosis. Figure 6 pre-
sents the results of knee joint extension. The extension
deficit (limitation of full leg straightening) was as-
sessed in degrees. Its reduction reflects the restoration
of normal biomechanics. Before the sessions, the mean
deficit was 9.78° (median 10°, SD 4.06°), with two pa-
tients reaching 14-16°. After the course, the mean val-
ue decreased to 1.33° (median 0°, SD 2.06°), with the
deficit being completely eliminated (0°) in six out of
nine participants, and reduced to 3-5° in the remaining
ones. The absolute reduction in deficit averaged 8.44°,
corresponding to a relative improvement of 86.3%
from the baseline value. Paired comparison using the
Wilcoxon test (due to non-normal distribution after
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the intervention) also confirmed the significance of
the changes (Z=-2.67, p=0.008; for the t-test: t=9.24,
p<0.001). These data indicate a pronounced clinically
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significant effect of the intervention aimed at restor-
ing the full range of extension, which is a key factor for
normal gait and standing stability.
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Figure 5. Knee joint flexion range of motion

Source: developed by the authors
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Figure 6. Knee joint extension range of motion

Source: developed by the authors

The conducted study represents an initial stage
aimed at evaluating the efficacy of a short-term
course of eccentric exercises for the quadriceps fem-
oris muscle in patients with grade 1-2 gonarthrosis
(n=9). The study employs standard tools for rehabil-
itation research: subjective assessment of pain using
VAS, objective goniometry, and surface electromy-
ography for the analysis of muscle activation. The ob-
tained results demonstrate positive dynamics across
all three parameters: a significant reduction in pain
syndrome, an increase in the range of motion (both
flexion and extension in the knee joint), and a rise in
EMG amplitude, particularly in the vastus medialis
and vastus lateralis muscles. Based on this study, it
is possible to suggest the method’s efficacy, explain-
ing it through neuromuscular, morphofunctional, and
biomechanical components.

DISCUSSION
The scientific research by E. Hanci et al. [6] on the an-
kle joint is methodologically similar. Their studies also
employ methods consistent with the modern approach
to evidence-based rehabilitation, which requires a
combined assessment of subjective (pain, function)
and objective (biomechanical, neurophysiological)

parameters. This involves the use of the VAS, goniom-
etry, and EMG triad. PR. Camargo et al. [16], in their
work on shoulder impingement, use methods distinct
from the present study. That study employed ultra-
sound examination and a multitude of orthopaedic
tests. The work also differs in its larger sample size and
longer study duration (6 weeks, with sessions every
other day). Ultrasound examination can reveal tendon
integrity, degenerative changes, muscle fiber thickness,
micro-damage, and the like. In similar studies, this
method can be of high value.

S. Holden et al. [9] investigated the effect of iso-
metric exercises on knee joint pain. The study results
showed that knee pain in the subjects decreased signifi-
cantly. These findings may suggest that a well-designed
training regimen can reduce pain syndrome regardless
of the mode of muscle contraction. It is also worth not-
ing that the study examined the effect of the isometric
regimen on patellar tendinopathy; based on this, one
can assume that a particular mode of muscle contrac-
tion may be more effective for different diagnoses. The
focus on joint pathology (gonarthrosis) and the appli-
cation of eccentric training to improve its function di-
rectly relates to the work of D. Stasinopoulos et al. [17],
who studied tendinopathies. A common feature is the
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aim to prove that controlled eccentric loading, contrary
to the potential risk of increasing pain, leads to its re-
duction and improvement of objective indicators.

Similar results in the interpretation of EMG data
are found in the work of P. Correia et al. [18], concern-
ing the possible consequences of insufficient eccentric
hamstring strength. The results regarding the greatest
increase in the activation of the vastus medialis and
vastus lateralis muscles, which are key dynamic sta-
bilisers of the knee joint, coincide with the findings of
P. Correia et al., who identified an activation deficit of
specific hamstring muscle heads after injury. This sup-
ports the hypothesis that the positive effect of eccentric
exercise is largely mediated not merely by an increase
in strength, but by the normalisation of the motor unit
recruitment pattern and improved joint control.

B.A. Baxter et al. [19], in a randomised controlled
trial, indicate that one weekly session of submaximal
eccentric resistance training over 12 weeks leads to the
same improvements in neuromuscular function as the
currently recommended twice-weekly training. Consid-
ering the significant improvement in neuromuscular
function and the previously identified low adherence
to current twice-weekly training recommendations, ec-
centric training may play a key role in developing a min-
imal-dose strategy to prevent neuromuscular decline.
This study has substantial differences, for instance, a
larger sample size (n =36), the inclusion of a control
group, and an experimental duration of 12 weeks. The
similarities with the present study lie primarily in the
investigation of the influence of the eccentric regimen
and the assessment of thigh muscles.

The works by E. Hanci et al. [6], D. Stasinopoulos et
al. [17], and the present study share a similar meth-
odology, results, and data interpretations. Their differ-
ence lies in the fact that the aforementioned studies
are large-scale investigations designed as randomised
controlled trials, including a control group performing
other exercises or receiving standard therapy. These
works also consider larger sample sizes. The present
study, as mentioned above, is an initial stage, and judg-
ments regarding the efficacy of the proposed method-
ology are preliminary. In a study on the impact of isoki-
netic eccentric exercises on strength, muscle volume,
and postural stability, A.D. Kay et al. [20] reach similar
conclusions that eccentric exercises contribute to the
improvement of thigh muscle function. The author also
notes an increase in the strength and volume of the
knee extensor muscles. The main difference from the
present work is the examination of postural stability,
on which exercises in the selected mode had no effect,
the author notes. It is worth noting that the authors
used the ultrasound method. A similar research object
can be found in the work of ].P. Gordon et al. [21], re-
garding the eccentric mode of muscle contraction and
its effect on functional indicators. Both articles view
eccentric exercises as a powerful training stimulus.

A similarity is observed in the evaluation of their key
role in joint stabilisation and movement biomechanics
improvement, which in the present study is directly
linked to pain reduction.

CONCLUSIONS
Eccentric training of the quadriceps femoris muscle
demonstrates high efficacy in patients with stage I-1I
knee osteoarthritis, as confirmed by the dynamics of
subjective indicators (pain syndrome). The development
of strength and control through these exercises contrib-
utes to a significant improvement in functional status.

The positive effect is complex in nature. The neu-
romuscular componentis conditioned by an enhanced
ability of the CNS to recruit muscle fibres, including
the stabilisers of the knee joint - the vastus lateralis
(239.1 pV before the intervention, 497.1 pV after)
and vastus medialis (150.5 and 371.5 pV, respective-
ly) heads of the quadriceps muscle, which ensures
control during the eccentric phase of movements.
The morphofunctional component is expressed in an
increase in muscle strength, enabling more effective
damping of mechanical load and reducing compres-
sion of the articular cartilage, which directly corre-
lates with pain reduction and improved quality of life.
The biomechanical component is associated with an
increased range of motion, optimisation of gait bio-
mechanics, and a reduction of excessive impact on
cartilaginous structures.

The application of eccentric exercises for the
quadriceps femoris muscle opens up promising direc-
tions for further clinical and scientific research. Given
the confirmed positive effect in this category of pa-
tients, several priority tasks can be identified. First, a
significant limitation of the current work is the small
sample size (n =9). To obtain valid and representative
data, an expansion of the sample size is required, with
consideration for differentiation by age, sex, and pa-
thology stage, which will allow for the clarification of
the methodology’s efficacy in various subgroups. Sec-
ond, an evaluation of long-term outcomes is necessary.
Determining the duration of the retention of achieved
effects after the completion of the training course will
allow for the justification of the need for and periodic-
ity of maintenance programs. Third, it is relevant to
compare eccentric training with other rehabilitation
approaches to determine their relative efficacy and op-
timal conditions of application.

A promising direction is the development of indi-
vidualised training programs that take into account the
patient’s clinical characteristics. Research in this area
is necessary to determine the optimal loading parame-
ters (intensity, frequency, volume) for different groups,
which will contribute to enhancing the effectiveness of
rehabilitation interventions. Further study of eccentric
training for knee osteoarthritis requires a comprehen-
sive approach, and the implementation of the outlined
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directions will expand rehabilitation possibilities and FUNDING
improve the quality of life for this patient category. None.
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AHHOTauMA. Ydypjia TU3e MYyHYHJArbl 0Opyra »aHa KbIAMBUIABIH 4YeKTeJYYJYTYHe Haapa3bl 6GOJIrOH
GediTanTapAplH caHbl Keb6eHyyae. OcTeoapTpo3AyH asradkbl CTajus/IapbiHJa QYHKLUSAHBI KaJblObIHA
KEeJITUPYYHYH HaTBIKa/Iyy bIKMaJlapblH M3/l6e6 GapraH calblH MaaHWIyy Gosyn 6GapartaT. Byn usuiseeHyH
MaKcaTbl — TH3€ MYYHYHYH OYHKUHUSCBIHBIH Oy3ysylly 6ap ajaMmjapAa OOPYHYH HHTEHCUBJAYYJIYTY MeHeH
3KCUEHTPUKAJIBIK KbIMPBLIYY NapaMeTPJIEPUHUH OPTOCYHArbl MyYMKYH GOJIFOH GaHJIaHBIIIThI aHBIKTOO GOJIYII
caHasaT. MeguuMHaJABIK 60p6OpPAO TH3e OCTE0apTpPO3y MeHeH >KabblpKaraHjap apacblHAa Oy/J4yHAapAblH
KBIUPBIIYYCYHYH 3KCLEHTPUKAIbIK PEXUMHUH U3W/IZO6 YUYH 3KCIIEPUMEHT KYpry3y/ay. PeabuivTanusiibik
ceccusilap KBaJIpULIENCTEPAUH KbIMPBUIYYCYHYH 3KCIEHTPUKAIbIK ¢(asacbiHa GarbiTTairad. MuorpadTbiH
KOPCOTKYUTOPY KaHA OOPYHYH J€HII3JIM IKCIEPUMEHTKe YeHWH aHa aHJaH KUUWH BU3YasJIbIK aHAJOIAYK
IIKaJa KOJJOHYyJAyn GaasiaHraH. KBaJpHUIENCTUH 3KCUEHTPUKAJBIK JKbIAPBUIYYCYHYH OPTOYO aMIIMTYAACHI
3KU 3CeJleH alllbIK Ke6GeHreH: mMucasbl, vastus lateraliste an 98,7 MxBgan 298,4 mkBra 4eluH >XoropyJsaras.
KeHyryy/sepiyH KypCyH asiKTaraHJaH KHHWH, TOTY3 KaTbILIYYYYHYH aJTOOCY THU3€HHUH TOJIYK YOIJIYIIyHA
KeTHUILIKeH. BapAblK KaThILyy4dy/jap OOPYHYH a3airaHblH GUJIAUPHUILKEH, a1 3MU 3K66 OOPYHY TOJIYTY MEHEH
GacaHJaTKaH. M3W/Ie6HYH KbIMBIHTBIKTApbl 3KCIEHTPUKAIBIK OYIYYHAAPABIH >KbIHPBUIYYCYHYH OOpPYHY
a3alThIII, 3JIEKTPOMUOTPAUSJIBIK aKTUBAYYIYKTY )KOTOPYJIaTKAaHBIH KOPCOTTY. ByJI pexuM KbIUMbLT yYypyH/a
OyJIYyH KY4YYH KaHa HepB-GY/I4YH KO36MeJIYH OHYKTYPYYre, OLIOHAON 3/1e MyyH KeMHUpYeruHe MeXaHUKaJbIK
KYKTY asaiTyyra xkapaaMm 6epeT. JKbIMBIHTBIKTap SKCIEHTPUKAIBIK KBaJpULENC KOHYIYYJIepy TH3e
0CTe0apTPO3/YH a/IrayKbl CTAAUSANAPbIH/A HATIKaIYy 60JyLTY MYMKYH 3KEHHUH KOPCOTYI TYPAT, aHTKEHU aJlap
6up 3Jie yuypaa cebentu (6yTYyHAYH aJChI3JbITbI) KaHa KeceeTHH (00PY, KbIMMbLIIbIH YEKTEYY AUANa30HY)
yedeT. JKbIABIHTBIKTAp TH3€ MYYHYHYH OCTE0ApTPO3YHYH a/radyKbl CTaJUsIapbl MEHEH 00OpyraH GedTanTtap
YUYYH JKeKeude peabUINTALUSIBIK IporpaMMasiap bl HLUITEN YbITYY YIYH KOJIJOHYIYIY MYMKYH

Heruarn cespep: roHapTpos; 3sjekTpoMuorpadus; TasHbIY-KbIMMBLI CUCTEMAchl; HeraTUBAYY ¢asa; TH3e
MYYHYHYH 00pycCy
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AHHOTaumsA. B HacTosiiee BpeMs HabJ/I0JaeTcsl yBeJUMYeHHe YMCJIA MAllMEeHTOB C jKajlobaMu Ha 60sb U
OTpaHUYeHHEe MOJABMKHOCTH KOJIEHHOTO CyCTaBa. AKTYaJbHbIM CTaHOBUTCS NOUCK 3$(GEKTUBHBIX METO/0B
BOCCTAHOBJIEHUS QYHKIIMM HAa HAYa/IbHBIX CTaAHUSAX 0CTeoapTpo3a. Llesibio HacTosIero uccae0BaHus sIBUJIOCh
BbISIBJIEHHE BO3MOXXHOM B3aMMOCBSI3U MeXJY HWHTEHCUBHOCTbIO 6OJIM U NapaMeTpaMH 3KCLeHTPUYECKOro
COKpallleHUs y JIUI ¢ HapyuleHueM QYHKIUH KOJIEHHOTO cycTaBa. Ha 6ase MeIMIMHCKOrO LieHTpa MpOBeEH
3KCIIEPUMEHT, B X0/le KOTOPOT'0 U3y4aJICsl 3KCIEHTPUYECKHUH PeXXHUM MbILIEYHOT0 COKpALleHHsI IPU OCTE0apTPO3e
KOJIEHHOTO CycTaBa. B peabuU/INTALlMOHHBIX CECCUSAX aKLEHT Jesascs Ha 9KCUeHTpUYecKyo a3y cokpalleHus
YeTbIPEXT/IaBOU MbIIILbI 6e/pa. [lo M oc/ie 3KCIIepUMeHTa OLleHUBa/IMCh [T0Ka3aTe U MUorpada, ypoBeHb 6014 110
BU3YyaJIbHO-aHA/IOroBOH IKaJe. CpeiHAS aMIIUTY/AA 9KCLEHTPUIECKOT'0 COKpaLleHUs YEThIPEXTIaBOM MBbIIIIbI
yBeJIMYUIach 60Jiee YeM B [IBa pa3a: HAIPUMeD, y JIaTepaTbHOU LTUPOKOUM MbIIIbI — ¢ 98,7 MKB 10 298,4 MkB. [locsie
3aBepIleHusI Kypca 3aHATHH Y IeCTH U3 IeBATH YyYaCTHUKOB 3apHUKCUPOBAHO II0JIHOE pa3rubaHue B KOJIEHHOM
cycTaBe. Y BCeX UCIBITyeMbIX OTMEYEHO CHU)KEHHEe YPOBHsI 60JIEBOTO CUHJPOMA, Y [IBYX YeJIOBEK 60JIb McYe3Jia
MOJTHOCTBI0. Pe3ysbTaThl McC/le0BaHUS MOKa3alH, YTO 3KCLEHTPUYECKHUH PeXHMM MBILIEYHOTO COKpAallleHHs
CIOCO6CTBYET CHUXKEHHIO YPOBHS 0GOJIM U POCTY IOKa3aTeseld 3/IeKTpoMUorpapuIeckoil akTUBHOCTH. JJaHHbBIN
peXHUM I03BOJIsIeT pa3BUBAaTh CHUJIy MbILIL U HEHPOMBIIIEYHbIH KOHTPOJIb IPHU ABMKEHUSX, a TaKXKe CHHXKAThb
MexXaHUYeCKyl0 Harpy3Ky Ha CycTaBHOM xpsul. [losydyeHHble [JaHHble CBU/ETEJbCTBYIOT, YTO YIpPaKHEHUS
B 3KCLEHTPHUYECKOM peXHMe JJI 4YeThIpEXIJIaBOM MbIUIIbl Ge/ipa Ha HadalbHBIX CTaZUsX OCTE0apTpo3a
KOJIEHHOTO CyCcTaBa MOTYT ObITh 3pPeKTUBHBI, TaK KaK BO3/JeCTBYIOT OJJHOBPEMEHHO Ha NPUYUHY (MbllIeYHas
c1aboCTh) U Ha ciefcTBue (60J1b, JePUIUT aMIIUTY/ bl ABHXKEHUH). Pe3ysbTaTel MOTYT GBITh HCIIOJIb30BaHbI
pY pa3paboTKe UHAMBUAYAJbHBIX PEAOUIMTALMOHHBIX IPOrpaMM JJisl MallUEHTOB C HaYyaJbHbIMU GOpPMaMHU
0CTeoapTpo3a KOJIEHHOI0 CycTaBa

Kniouesble cnoea: roHapTpo3; 3/1eKTpoMuorpadus; OlopHO-JBUraTe/bHbIN aNnapaT; HeraTuBHast ¢pasa; 60Jb
B KOJIEHHOM CyCTaBe
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