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Blast trauma is one of the most challenging problems in modern ophthalmology
and neurology, as it is often accompanied by severe injuries of the visual
system. According to various authors, ocular involvement accounts for up to
28% of all blast-related injuries. Traumatic brain injury (TBI), which frequently
coexists with blast trauma, is complicated by ophthalmic disorders in 84% of
cases. This highlights the exceptional vulnerability of the eye to blast-related
factors — shock wave, thermal effects, and fragments.

The most common injuries include open globe trauma, intraocular foreign
bodies, globe rupture, retinal detachment, and traumatic optic neuropathy.
Secondary factors (shrapnel, building debris, soil, metal) markedly increase
the risk of severe complications such as endophthalmitis, post-traumatic
glaucoma, and retinal neovascularization, which often lead to disability.

Diagnosis requires a comprehensive approach involving ophthalmological
methods (ophthalmoscopy, ultrasound, optical coherence tomography),
neurophysiological techniques (visual evoked potentials, electroretinography),
and neuroimaging (CT/MRI of the orbits and brain). Their combination enables
detection of both local ocular damage and central visual pathway impairment.

Treatment includes emergency surgery (globe repair, removal of foreign
bodies, vitreoretinal interventions), infection prophylaxis (systemic and local
antibiotic therapy), as well as anti-inflammatory and immunomodulatory
therapy. Timely prevention of sympathetic ophthalmia is of particular
importance. Further rehabilitation involves restorative and functional methods
aimed at preserving residual vision and improving patient adaptation.

Thus, blast-related injury of the visual analyzer is characterized by multifactorial
mechanisms and a high risk of permanent vision loss. Optimal diagnosis
and treatment are possible only through a comprehensive multidisciplinary
approach with an emphasis on early intervention and long-term rehabilitation.

Keywords: blast trauma;, visual analyzer,; visual analyzer contusion; traumatic
optic neuropathy; diagnosis; rehabilitation

Introduction

damage [5]. Traumatic brain injuries (TBI) are frequently

In the context of contemporary armed conflicts,
the number of patients with blast traumas (BT)
accompanied by damage to the organ of vision has
been steadily increasing. Given the extraordinary
diversity, combined effects, and complexity of blast
injury mechanisms, ocular trauma resulting from
explosive injuries represents one of the most severe
and challenging problems in modern ophthalmology
and neurology [1]. Studies have demonstrated that a
substantial proportion of blast-related injuries to the
visual analyzer are associated with persistent visual
impairment or complete vision loss [2]. According to
various authors, blast-related ocular injuries account
for approximately 28% of the total number of injuries
caused by blast wave exposure [3, 4]. During Operations
Enduring Freedom (OEF) and Operation Iraqi Freedom
(OIF), 10-15% of combat-related injuries involved ocular

accompanied by visual system complications, with a
reported incidence of up to 84% [6]. These findings
indicate a high vulnerability of the visual analyzer to both
direct and indirect effects of blast waves, fragments,
and thermal factors.

Explosive devices widely used in modern warfare
and terrorist attacks often result in severe damage to
the visual analyzer. The most typical injuries associated
with such trauma include open globe injury, intraocular
foreign bodies, globe rupture, as well as complications
such as retinal detachment and traumatic optic
neuropathy [7].

Secondary blast factors—such as shrapnel, building
debris, soil particles, and metal fragments—pose a
particular threat, as they penetrate the structures of the
eyeball at high velocity. Even small intraocular foreign
bodies may lead to serious complications, including
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endophthalmitis, post-traumatic glaucoma, and retinal
neovascularization, resulting in a high rate of patient
disability [8, 9].

Issues related to timely diagnosis, surgical
management, and rehabilitation of patients with blast-
related ocular injuries have become increasingly relevant
in modern armed conflicts. Early and high-quality
diagnosis of visual impairments is critically important
for preventing long-term disability in affected patients.

Mechanisms of visual analyzer injury in
blast trauma

The eyeball is an exceptionally vulnerable anatomical
structure when exposed to blast-related factors,
owing to its spherical shape, high fluid content, rich
vascularization, and the delicate architecture of its
internal tissues [10]. Its exposed anatomical position and
the absence of rigid bony protection render the organ
of vision particularly susceptible to the mechanical,
thermal, and barometric effects of blast waves. Even
brief exposure to overpressure or fragment-related
injury may result in profound structural damage, ranging
from contusion to complete globe rupture [11, 12].

Explosive devices cause four principal types of BT,
which differ in their mechanisms of action and in their
effects on the visual analyzer [13].

Primary BT results from the impact of the shock
wave, which generates excessive overpressure
propagating through media of varying densities. Organs
containing air—such as the lungs, intestines, and
tympanic membrane—are the most vulnerable [14]. In
the visual system, the shock wave may induce globe
contusion, retinal detachment, intraocular hemorrhage,
and traumatic optic neuropathy. The shock wave leads
to an abrupt rise in intraocular pressure (IOP), posing
a significant threat to the integrity of the ocular coats.
Peak intraocular pressure during a blast may reach 0.29
MPa (= 2175 mmHg) as early as 1.63 ms after shock
wave exposure, which is more than twice the normal
physiological IOP (~ 15 mmHg) in healthy eyes [15].
Additional factors determining the pattern and severity
of blast-related ocular injury include peak overpressure,
the duration of blast wave exposure (pressure impulse),
distance from the explosion epicenter, head orientation,
and gaze direction at the moment of the explosion (i.e.,
whether the eyes were directed toward the source of the
shock wave). These parameters substantially influence
intraocular pressure elevation, the degree of globe
deformation, and the likelihood of optic nerve and retinal
damage [16, 17].

Secondary BT represents the most common
mechanism of ocular trauma [18]. It is caused by
direct impact of fragments from the explosive device
itself or exogenous debris propelled by the blast wave,
including shrapnel, glass, metal, and soil particles. Such
fragments may result in open penetrating globe injuries
and rupture of the cornea or sclera [19]. Damage to
superficial ocular structures is also possible, manifesting
as closed globe injuries, including superficial foreign
bodies, lamellar (partial-thickness) lacerations, or
non-penetrating blunt trauma with or without globe
rupture. These injuries are frequently associated with
combined craniofacial and abdominal trauma [20, 21].
From a physiological standpoint, the primary blast wave

http://theunj.org
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reaches the eye significantly earlier than the fragments it
carries; however, once fragments strike the eyeball, the
intensity and severity of injury increase sharply. Thus,
secondary injuries are “secondary” not only in terms of
their underlying mechanism but also in the sequence of
their occurrence. They rarely occur in isolation and are
almost always accompanied by primary blast injuries,
resulting in complex and combined trauma patterns of
varying severity [22].

Tertiary BT occurs when the “blast wind” propels the
injured individual against solid surfaces or objects [23].
This mechanism results in blunt trauma, including closed
globe injuries, orbital fractures, compressive injury to the
optic nerve, and damage to the extraocular nerves and
muscles. Characteristic manifestations include orbital
trauma (bone fractures), globe compression, optic nerve
injury at the level of the optic canal (traumatic optic
neuropathy), ptosis, and paralysis of the extraocular
muscles due to cranial nerve damage [24].

Quaternary BT encompasses additional
pathophysiological effects not directly related to the
blast wave or fragment impact. These include exposure
to high temperatures, intense light (flash), and toxic
substances. Such injuries comprise thermal burns of the
eyelids, cornea, conjunctiva, and facial tissues caused
by extreme heat; photochemical retinal damage (“flash
blindness”); and chemical burns of the eyes resulting
from explosive materials [25, 26]. Quaternary injuries
may also be associated with respiratory tract damage,
falling debris, leading to craniofacial trauma, including
skull base fractures and orbital involvement [27].

A study by Ying-Ying Zou et al. (2013) demonstrated
that blast wave exposure induces pathological changes
in the retina, accompanied by increased expression of
proteins involved in inflammation, edema, and apoptotic
processes, including vascular endothelial growth factor,
aquaporin-4, and glutamate synthetase etc. These
changes were detected immediately after blast wave
exposure and persisted for up to two weeks. The most
pronounced alterations were observed in astrocytes
and Miller cells, indicating their critical role in the
retinal pathophysiological processes triggered by blast
injury [28].

Combined injuries are of particular clinical
significance. Numerous studies have demonstrated a
close association between blast-related ocular trauma
and systemic injuries. In the study by Erdurman et al.,
the incidence of combined injuries was 69.0%; Weichel
et al. reported 66.0%, while Kalayci et al. reported 60.7%
[9, 13, 20]. The most common associated injuries involve
the makxillofacial region, musculoskeletal system, and
thorax. In cases of concussion, visual manifestations are
frequently observed due to the extensive integration of
the visual system within the cerebral cortex.

Blast trauma is often accompanied by TBI,
which may affect higher levels of the visual analyzer,
including the optic nerve, optic chiasm, optic tracts,
and the visual cortex of the occipital lobe [29]. Such
injuries may result in partial or complete vision loss,
homonymous hemianopia, visual agnosia, and other
visual dysfunctions. TBI is frequently the consequence
of diffuse axonal injury caused by rapid acceleration,
deceleration, or rotational movements of the head. These
mechanical forces lead to abrupt neuronal dysfunction
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with massive release of accumulated neurotransmitters,
resulting in excessive activation of postsynaptic
membranes. This process initiates a pathophysiological
cascade characterized by increased energy demand,
metabolic crisis, and impaired glucose metabolism in
neurons [30, 31].

Acute symptomatology typically persists for 7-10
days and is transient in nature, with gradual functional
recovery over several weeks. However, in a subset of
patients, residual or persistent symptoms may remain
for months or even years [32]. The most common
manifestations of post-concussive syndrome include
headache, migraine, cognitive impairment, reduced
concentration, and prolonged reaction time. In some
cases, these conditions may be associated with delayed
and long-term neurodegenerative processes [33].

In blast-related injury to the visual analyzer, damage
is frequently bilateral. According to the literature,
binocular involvement in BT occurs in 3.33-72.91% of
cases, whereas in “conventional” causes of ocular injury
(domestic, sports-related, or occupational trauma), the
incidence of bilateral involvement is only 0-2.13% [2, 13].

Diagnosis

Assessment of the visual analyzer in patients who
have sustained BT is a complex multidisciplinary task
requiring the involvement of not only an ophthalmologist
but also a neuro-ophthalmologist, neurologist,
otolaryngologist, neurophysiologist, and, in some
cases, a neurosurgeon. The primary objectives include
identifying ocular and optic nerve disorders, detecting
damage to the central components of the visual analyzer
(cortical visual areas), and determining the extent and
nature of injury (mechanical, ischemic, compressive,
contusive, or combined).

Careful collection of medical history is of critical
importance. The evaluation should include a detailed
analysis of the circumstances of the explosion, such
as distance from the epicenter, intensity of exposure,
duration of blast impact, and use of personal protective
equipment. Particular attention should be paid to a
history of loss of consciousness and to patient-reported
symptoms, including decreased visual acuity, diplopia,
ocular pain, and tearing [34].

In addition, prior ophthalmic history and the
presence of concomitant systemic diseases that may
affect visual function or hinder recovery should be
assessed.

Clinical examination includes evaluation of the
eyelids and conjunctiva, identification of foreign bodies,
hematomas, hemorrhages, and orbital deformities.
Despite the possible absence of overt external ocular
or adnexal injuries in patients with BT, comprehensive
ophthalmological examination remains essential. This
should include assessment of visual acuity (visometry),
tonometry (measurement of intraocular pressure),
evaluation of pupillary responses (including relative
afferent pupillary defect), analysis of extraocular
motility, and slit-lamp examination to detect traumatic
lesions of the cornea, anterior chamber, and lens [35].

Cockerham et al. emphasize the importance of
assessing not only visual acuity using high-contrast
charts but also spatial contrast sensitivity and visual
fields [36]. Retinal or central nervous system damage

may not reduce standard visual acuity yet may be
associated with abnormalities in visual fields, contrast
sensitivity, or color perception [34].

Perimetry is a method used to examine and evaluate
the visual field, defined as the area visible to an individual
with a fixed gaze and stationary head position. It is a
key test for glaucoma diagnosis as well as for assessing
the condition of the optic nerve and retina [37]. The
main types of perimetry include kinetic perimetry, which
employs a moving light stimulus, and static perimetry,
in which stationary stimuli of varying intensities are
presented. Standard automated perimetry (SAP) is
currently the most widely used technique, utilizing
automated static testing to achieve more standardized
and reproducible results [38].

Imaging studies may be useful for clarifying the
nature and extent of injury. Computed tomography
(CT) and magnetic resonance imaging (MRI) of the orbit
allow visualization of the optic nerve and optic canal and
enable assessment of orbital fractures, bone fragments,
or optic nerve sheath hematoma [39].

Ophthalmic imaging modalities, such as
ophthalmoscopy and optical coherence tomography
(OCT), can detect subtle but clinically significant
changes, including optic disc edema or thinning of the
retinal nerve fiber layer, as well as the presence of
hemorrhages, tears, or retinal detachment, etc [40].

Optical coherence tomography is a modern
noninvasive diagnostic technique in ophthalmology
that uses the properties of coherent light to obtain
high-resolution three-dimensional images of intraocular
structures, including the retina, optic nerve, and cornea.
This method enables detection of pathological conditions
such as degenerative processes, glaucoma, optic nerve
disorders, and minute tissue alterations, making OCT
a versatile diagnostic tool in ophthalmic practice [41].

The operation of an optical coherence tomograph
is based on the principle of light interferometry. Light
interference refers to the spatial redistribution of radiant
energy resulting from the superposition of two or more
light waves.

On OCT images, retinal layers are differentiated
according to their reflectivity. A standard color scale
is used for image reconstruction: highly reflective
structures are displayed in red and white tones, whereas
weakly reflective structures appear in dark colors (black,
blue, or dark green) [42, 43].

Retinal thickness is defined as the distance from
the inner retinal surface to the level of the retinal
pigment epithelium (RPE). However, an important
methodological consideration should be noted: some
OCT devices measure thickness to the inner boundary of
the RPE, whereas others measure to its outer boundary.
Consequently, discrepancies may arise, complicating
comparisons of retinal thickness obtained using different
OCT systems [44].

To obtain tomographic images of the optic nerve
head, both longitudinal and circular linear scanning are
employed. OCT allows assessment of optic disc diameter,
excavation size and depth, cup-to-disc ratio (area-based
as well as horizontal and vertical meridians), and retinal
nerve fiber layer thickness in the peripapillary region [45].

An important technical feature of optical coherence
tomography is the use of an infrared light beam with an
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average wavelength of approximately 830 nm, which
enables layer-by-layer retinal imaging, quantitative
assessment of retinal thickness, and evaluation of the
extent and distribution of pathological changes [43].

Functional magnetic resonance imaging (fMRI) is
a neuroimaging technique that enables assessment
of brain functional activity based on changes in
cerebral blood flow (blood oxygen level-dependent,
BOLD, signal). In studies of the visual analyzer, fMRI
is used to map the visual cortex, analyze functional
organization and neuroplasticity following traumatic
injury, and investigate cortical responses to visual
stimuli [46]. This method is particularly valuable in
comprehensive diagnostics, as it complements structural
neuroimaging data and allows correlations between
morphological alterations and functional activity to be
established [47].

In addition to clinical ophthalmological examination
and neuroimaging techniques, neurophysiological
methods are also employed in the diagnosis of visual
analyzer injury. The most widely used include visual
evoked potentials (VEPs), which provide an objective
assessment of visual signal conduction along the visual
pathways from the retina to the cerebral cortex, and
electroretinography, which is used to evaluate retinal
function and electrophysiological activity [48]. These
methods have considerable potential for comprehensive
diagnosis and patient monitoring and will be discussed
in greater detail in subsequent publications.

The principal diagnostic methods for assessing visual
analyzer injury in BT are presented in Table 1.

Therapeutic Approaches and Rehabilitation
Treatment of visual analyzer injury is often complex
and prolonged. Depending on the nature of the injury,

Ukrainian Neurosurgical Journal. Vol. 32, N1, 2026

patients may require different therapeutic modalities,
including conservative management, pharmacological
therapy, surgical intervention, or a combination thereof.
Primary care consists of applying a sterile dressing and
transporting the patient to a medical facility as rapidly
as possible. Hospitalization is frequently required, with
multiple surgical procedures aimed at preserving globe
integrity and restoring visual function. Appropriate
surgical techniques are selected on an individual basis
according to the clinical scenario [49]. At the initial stage,
the most common interventions include globe repair,
enucleation with implantation of an ocular prosthesis,
and removal of intraocular and orbital foreign bodies.
The second stage (planned procedures) may involve
enucleation and orbital reconstruction, pars plana
vitrectomy, including potential use of silicone oil to
maintain globe configuration and normal intraocular
pressure [50, 51]. Following surgery, patients with
significant retinal fibrosis or scarring are at increased
risk of tractional retinal detachment or may experience
difficulty in achieving retinal reattachment, necessitating
prolonged retention of silicone oil within the eye.

Proliferative vitreoretinopathy is a process of
intraocular scarring characterized by the growth
and contraction of cellular membranes within the
vitreous cavity, on both surfaces of the retina, as well
as intraretinal fibrosis [52, 53]. It typically develops
after retinal breaks, allowing retinal pigment epithelial
cells to migrate into the vitreous space. Currently,
no pharmacological agents have been proven to
prevent or modulate the development of proliferative
vitreoretinopathy. Vitrectomy remains the only effective
treatment; however, there is no consensus regarding
patient selection or the optimal timing of surgical
intervention [54, 55].

Table 1. Instrumental diagnostic methods for visual analyzer injury in blast trauma

Method

Level of injury assessed

Typical findings in BT

Ophtalmoscopy Retina, optic disc

Hemorrhages, retinal detachment,
secondary optic nerve atrophy

Optical Coherence
Tomography (OCT)

Retinal nerve fiber layer,
ganglion cell layer

Thinning of the retinal nerve fiber layer,
signs of optic nerve atrophy

Perimetry

Function of visual pathways
from the retina to the cortex

Scotomas, visual field defects (asymmetric,
often with non-classical topography)

ERG

Function of photoreceptors and
inner retinal layers

Reduced amplitudes or localized response
defects in contusion-related retinopathy

VEP, (conventional)

Conduction from the retina
to the cortex (optic nerve,
chiasm, optic tracts)

Reduced P100 amplitude, prolonged
latency, interhemispheric asymmetry,
absence of response in severe injury

mfVEP

Local assessment of conduction
within different sectors of the
visual field

Focal defects corresponding to localized
nerve fiber damage (partial involvement of
the optic nerve, chiasm, or optic tract)

CT/MRI of the orbits and
brain

Orbits, optic nerves, chiasm,
optic tracts, occipital cortex

Orbital fractures, hematomas, optic nerve
compression or rupture, diffuse axonal
injury

fMRI

Occipital cortex

Reduced or absent activation of the
primary visual cortex during stimulation of
the affected eye

Note. ERG — electroretinography; mfVEP — multifocal visual evoked potentials.
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In addition, many patients require oculoplastic,
corneal, or glaucoma surgery, while a smaller proportion
need consultation with a uveitis specialist, underscoring
the importance of a multidisciplinary approach.

One of the most serious complications is sympathetic
ophthalmia, a granulomatous autoimmune uveitis that
occurs in 0.06-0.19% of cases and may lead to vision
loss in the contralateral eye [56]. Historically, severely
injured eyes were believed to require enucleation
within two weeks after trauma to prevent sympathetic
ophthalmia; however, neither the timing nor the
effectiveness of this practice has been supported by
robust evidence. Prompt initiation of corticosteroid
therapy or immunosuppressive agents (cyclosporine,
azathioprine) in cases of sympathetic ophthalmia can
significantly improve treatment outcomes [57].

Therefore, available evidence supports the principle
that even in cases of severe open globe injury, every
effort should be made to preserve and reconstruct the
eye whenever clinically feasible.

Endophthalmitis ranks second after open globe
trauma and affects approximately 16.5% of patients. In
this context, systemic antibiotic prophylaxis has limited
evidence of efficacy, whereas intravitreal antibiotic
injections, although used less frequently, are supported
by stronger evidence [58, 59].

Prognosis

The prognosis of blast-related visual analyzer injury
remains variable and depends on multiple factors,
including the severity of the primary injury, involvement
of the optic nerve, timeliness and effectiveness of
therapeutic interventions, individual compensatory
capacity, and response to treatment. In some patients,
substantial recovery of visual function is possible,
whereas others experience persistent and disabling
visual impairment. Importantly, prognosis improves
significantly with early diagnosis and initiation of
treatment within the first hours to days following injury.

Conclusions

Combat-related blast trauma (BT) is a leading
cause of combined damage to the visual analyzer. The
pathophysiological mechanisms of such trauma are
complex and multifactorial, and the absence of visible
ocular damage does not preclude injury. Assessment
of the visual analyzer in patients after BT requires a
comprehensive approach, including the evaluation of
both structural and functional characteristics of the eye
and visual pathways. Blast injury may result in direct
mechanical damage to the eye as well as secondary
changes caused by the effects of the shock wave,
exposure to high temperatures, infrared radiation, toxic
substances, and other factors.

The examination of these patients should be
comprehensive and multidisciplinary, involving an
ophthalmologist, neurologist, neurosurgeon, and,
when necessary, a plastic surgeon. Careful collection of
the history of the blast event, when feasible, enables
initial risk stratification and helps in selecting optimal
diagnostic tools. Blast-related ocular injuries may
present with a wide spectrum of symptoms, ranging
from minimal discomfort to severe pain or complete
loss of vision.

A basic ophthalmological examination (visometry,
tonometry, pupillary reactions, slit-lamp examination,
assessment of ocular motility, and perimetry) is
mandatory even in the absence of obvious external
injuries. It is essential to perform not only an initial but
also a dynamic assessment, as a number of pathological
changes (e.g., optic nerve atrophy) may become
apparent in the delayed period.

Neuroimaging and neurophysiological methods play
an important role in the comprehensive diagnosis and
monitoring of patients with visual analyzer injuries. These
techniques allow not only for the precise determination
of the localization and nature of structural damage, but
also for objective assessment of the functional state
of the visual pathways and retina, which is crucial for
determining prognosis and selecting an appropriate
treatment strategy.

To improve long-term outcomes, regular
ophthalmological and neurophysiological monitoring
is required, along with active patient involvement in
visual rehabilitation programs, training in compensatory
strategies, and the use of a multidisciplinary approach.
Even in cases with unfavorable functional recovery,
comprehensive support and rehabilitation can
significantly improve patients’ quality of life.
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This paper presents current data on the clinical features, diagnosis, and
treatment of post-concussion syndrome (PCS) that develops after mild blast-
related traumatic brain injury (mbTBI). It is emphasized that PCS is one of the
most common long-term consequences of mbTBI among military personnel
exposed to blast waves, which determines the clinical and social relevance
of this problem. The diagnostic criteria for PCS according to the International
Statistical Classification of Diseases, 10th Revision (ICD-10), and the Diagnostic
and statistical manual of mental disorders, fourth edition (DSM-IV), are
described, as well as the difficulty of differentiating PCS from post-traumatic
stress disorder, which frequently co-occurs with PCS in combat veterans.
The following symptom groups are identified: cognitive, psychoemotional,
somatosensory, autonomic, and vestibular. Particular emphasis is placed
on the importance of using neurophysiological methods—quantitative
electroencephalography and P300 event-related potentials—to objectify
the diagnosis of PCS. The therapeutic approach should be multidisciplinary
and personalized, incorporating physical rehabilitation, cognitive-behavioral
therapy, sleep hygiene, and pharmacological management (antidepressants,
analgesics, botulinum toxin therapy, and hyperbaric oxygen therapy). Research
findings indicate the importance of early physical activity.

Keywords: post-concussion syndrome; mild blast-related traumatic

brain injury; cognitive impairment; post-traumatic stress disorder;
neurorehabilitation.

Post-concussion syndrome: clinical features,

diagnosis, and differential diagnosis

A blast wave may cause mild, moderate, or
severe traumatic brain injury (TBI). The clinical
manifestations of mild blast-related TBI (mbTBI) in the
acute phase are variable and include headache, fatigue,
tinnitus, irritability, as well as neuropsychiatric and
cognitive disturbances. Many injured military personnel
who sustained mbTBI during military operations in
Afghanistan and Iraq exhibited disorders of higher
nervous activity and behavior, characterized by memory
and cognitive impairments (reduced attention and
concentration, slowed cognitive processing, speech
changes), irritability, anxiety, and fatigue. Emotional
changes, including mood lability, anxiety, depression,
and personality alterations, are frequently observed
concurrently [1, 2].

Complete recovery after mbTBI may occur within
several days or weeks; however, many symptoms persist
for a prolonged period. Unlike patients with moderate or
severe TBI, individuals diagnosed with mbTBI typically
have no visible structural brain damage and remain
conscious, presenting with characteristic symptoms such
as headache, confusion, dizziness, memory impairment,
and behavioral changes. These disturbances may persist
long after the injury or become permanent, leading to

significant functional impairment. The chronic nature of
cognitive deficits may be related to the fact that blast-
related TBI increases the risk of delayed development
of neurodegenerative diseases, including Alzheimer’s
disease and chronic traumatic encephalopathy [1, 3-5].

Patients with a history of multiple mbTBIs may
experience more severe and persistent symptoms.
Such injuries can cause immediate and, in some cases,
prolonged neuronal damage and dysfunction, axonal
stretching and injury, and alterations in neuronal
plasticity. Thus, mbTBI may represent not a single
“event” but rather a progressive pathological “process”
of brain injury sustained by secondary molecular
mechanisms, including neuroinflammation, oxidative
damage, excitotoxicity, and other processes [4,6]. The
clinical manifestations of mbTBI should not be regarded
as purely “functional” due to the limited number of
abnormalities detected by conventional neuroimaging.
The underlying pathology involves both structural and
functional damage of varying severity, independent of
the type or apparent severity of injury. These changes
often remain undetectable using routine imaging
techniques such as computed tomography or magnetic
resonance imaging (CT/MRI) [7].

The possibility of long-term persistence of
neurological and cognitive deficits after mild TBI served
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as the basis for identifying a distinct nosological entity—
postconcussion syndrome (PCS).

The diagnostic criteria for PCS were developed by
the World Health Organization and further elaborated in
the Diagnostic and statistical manual of mental disorders,
fourth edition (DSM-1V). According to the International
statistical classification of diseases and related health
problems, Tenth Revision (ICD-10), a diagnosis of PCS
may be established when a TBI is sufficiently severe to
cause loss of consciousness and is subsequently (within 4
weeks after the injury) accompanied by the development
of at least three of the following features: 1) complaints
of unpleasant sensations (dizziness, general malaise,
excessive fatigue, or noise intolerance) and headache;
2) emotional changes (irritability, emotional lability,
or depression and/or anxiety of varying severity); 3)
subjective complaints of difficulties with concentration
and the performance of mental tasks, as well as
memory problems in the absence of clear objective
evidence; 4) insomnia; 5) reduced tolerance to alcohol;
and 6) preoccupation with these symptoms and fear
of persistent brain damage, potentially progressing
to hypochondriacal concerns and adoption of the sick
role [8].

According to DSM-1V, the diagnostic criteria for PCS
include: A) a history of TBI resulting in a “significant
cerebral concussion”; B) deficits in cognitive functioning,
specifically attention and/or memory; C) the presence
of at least three of eight symptoms (fatigue, sleep
disturbance, headache, dizziness, irritability, affective
disturbances, personality change, apathy) that emerge
after the injury and persist for 23 months; D) onset
or worsening of symptoms following the injury; E)
interference with social or role functioning; and F)
exclusion of dementia due to head trauma and other
disorders that better account for the symptoms. Criteria
C and D define a symptom threshold requiring that the
onset or exacerbation of symptoms be temporally related
to the injury, differ from pre-existing symptoms, and be
of sufficient duration [8,9]. It has been noted that the
symptoms listed in both ICD-10 and DSM-IV occur more
frequently in patients with traumatic brain injury than
in those with extracranial injuries. The ICD-10 criteria
encompass a broader range of symptoms than the
DSM-1V criteria; however, the latter are more specific
to traumatic brain injury [9].

According to V. Renga (2021) [7], the clinical
manifestations of PCS can be grouped into five
categories:

1) cognitive impairments: memory deficits;
difficulties with attention and concentration; speech
disturbances; executive function disorders; fine motor
impairment;

2) psychological disturbances: depression, anxiety,
irritability, personality changes, fatigue, derealization;

3) somatosensory and vestibulocochlear dysfunction:
headache, nausea and vomiting, hypersensitivity to light
and sound, hyperalgesia, tinnitus;

4) visual symptoms and oculomotor dysfunction:
photophobia, blurred vision, convergence insufficiency,
diplopia, Horner syndrome;

5) autonomic symptoms: fluctuations in heart
rate and blood pressure, sweating disorders, pupillary
abnormalities, impaired thermoregulation, sexual
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dysfunction, and sleep disturbances with reduced sleep
efficiency.

The pathophysiological mechanisms underlying
the delayed onset and prolonged persistence of PCS
symptoms have been addressed in several literature
reviews [6-8,10-13]. As noted above, the primary cause
of pathological changes is damage to neuronal axons
and small blood vessels, referred to as diffuse axonal
injury with molecular consequences. In mild TBI, diffuse
axonal injury most commonly involves the frontal and
frontotemporal regions of the brain. One of the most
significant consequences is disruption of functional brain
networks. The human brain contains more than 100
billion neurons interconnected by trillions of synaptic
connections. Neuroimaging studies (functional MRI
with BOLD sequences, positron emission tomography,
arterial spin labeling [ASL]) demonstrate disturbances
of these functional networks following mild TBI. Such
alterations persist for a prolonged period after the injury.
According to functional near-infrared spectroscopy data,
neurovascular coupling becomes inefficient even in the
presence of normal or increased cerebral blood flow,
indicating a functional mismatch between perfusion and
the metabolic demands of neuronal cells. In addition to
intracranial damage, the development of PCS may also be
influenced by whiplash injury involving the cervical nerve
roots, vestibular system, and cervical musculature.
These extracranial effects contribute to headache,
dizziness, visual disturbances, and balance problems.
Intracranial, extracranial, and functional components of
PCS pathogenesis are not mutually exclusive; they often
overlap and are difficult to distinguish. The combination
of these components shapes the clinical presentation of
PCS and determines its individual characteristics.

Headache develops as a result of activation of the
trigeminothalamic system. Activation of the trigeminal
nerve begins with stimulation of the orofacial skin
or cervical muscles. Whiplash injuries may initiate
this process through mechanisms of convergence of
sensory afferents within the trigeminocervical nucleus.
In particular, stimulation of the greater occipital nerves
(originating from the cervical roots) increases the
excitability of nociceptive afferents of the dura mater,
thereby activating the trigeminal pain system [7, 12, 13].

The vestibular system contributes to stabilization of
the neck and trunk via vestibulocollic and vestibulospinal
reflexes. Vestibular stem and peripheral disturbances
lead to impaired cervical muscle tone and disruption of
spinal balance mechanisms. Alterations of the vestibulo-
ocular reflex may compromise visual target stabilization,
resulting in blurred vision. Cervicovestibular dysfunction
underlies the majority of symptoms associated with
PCS. Cervical proprioceptors are synchronized with
vestibulo-ocular and optokinetic reflexes to maintain
gaze fixation on a visual target during head movements.
Increased tension of the cervical muscles due to
irritation of the cervical roots restricts the range of
active neck movements and disrupts convergence
mechanisms, leading to diplopia, dizziness, and postural
instability [7, 12].

In PCS, dysfunction of higher central autonomic
regulatory centers of the brain, as well as the
peripheral autonomic nervous system, is also observed.
Sympathetic innervation of the head and neck arises
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from the superior, middle, and inferior cervical ganglia.
The stellate ganglion gives rise to branches innervating
the heart and cerebral vessels. Its involvement may
result in impaired vascular regulation, leading to
tachycardia and fluctuations in arterial blood pressure. In
addition, disruption of central autonomic regulation also
contributes to changes in heart rate and blood pressure.
Ipsilateral partial Horner’s syndrome is a typical sign of
cervical injury. Conversely, sympathetic hyperactivity
may also occur, manifesting as mydriasis, facial flushing,
and hyperhidrosis [7].

A characteristic feature of mbTBI observed during
recent military conflicts is the frequent coexistence
of PCS and post-traumatic stress disorder (PTSD).
More than one third of U.S. veterans from recent wars
diagnosed with PCS following mbTBI also suffer from
PTSD or depression [14, 15].

In the fifth edition of the diagnostic and statistical
manual of mental disorders (DSM-5), PTSD is described
as a psychiatric disorder that develops following direct
or indirect exposure to life events that may result in
serious injury, sexual violence, or death. PTSD comprises
four symptom clusters: 1) various phenomena of
re-experiencing, including recurrent, intrusive, and
involuntary thoughts or images; distressing dreams;
dissociative reactions such as flashbacks, during which
the individual feels or acts as if the traumatic event were
recurring, often involving all five sensory modalities; as
well as marked emotional and physiological reactivity
to external environmental or internal psychological
cues associated with the traumatic experience; 2)
avoidance, manifested by efforts to avoid trauma-related
reminders, both internal (e.g., thoughts or memories)
and external (e.g., places, conversations, films, and
television programs), leading to social withdrawal and
isolation; 3) negative alterations in cognition and mood,
including cognitive distortions, memory deficits (inability
to recall aspects of the traumatic experience), and
persistent negative emotional states, as a result of which
individuals with PTSD commonly experience fear, anger,
guilt, or shame; hold negative beliefs and expectations
about themselves (e.g., low self-esteem, self-blame,
a sense of impending death) or about the world (e.g.,
believing that no one can be trusted or that no one is
safe); exhibit diminished interest in activities, emotional
detachment from others, and difficulty experiencing
positive emotions; 4) marked alterations in arousal
and reactivity of the central and autonomic nervous
systems, manifested by irritability, verbal and/or physical
outbursts of anger, reckless and/or self-destructive
behavior, hypervigilance, exaggerated startle response,
impaired concentration, and insomnia [16].

Epidemiological studies indicate that PTSD is a
common problem among combat veterans. Between
4% and 33% of military personnel who served in Iraq
and/or Afghanistan are affected by this disorder [17].
In a study conducted in the United Kingdom among
active service members, 21.9% reported symptoms of
mental disorders, probable PTSD was identified in 6.2%,
and 10.0% reported alcohol misuse [18]. According
to other data, while the prevalence of probable PTSD
among active British military personnel was 4.8%, it
reached 17.0% among former service members who
had participated in combat operations [19]. Greater
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combat exposure is associated with more severe PTSD
symptoms, which hinder adaptation to civilian life and
adversely affect family relationships [20, 21].

When PCS and PTSD coexist, diagnostic evaluation
becomes more challenging, as clinically distinguishing
between these two conditions is often difficult due to
substantial symptom overlap [22]. The symptoms listed
in the diagnostic criteria are not specific to PCS alone;
they are also observed in non-injured populations and
in other non-traumatic conditions, such as depression,
anxiety disorders, and chronic pain [23, 24]. In some
cases, TBI and PTSD may coexist as a result of the
independent effects of physical trauma and psychological
stressors [22].

It has been noted that, in the absence of objective
diagnostic assessments, particularly during the chronic
phase of TBI, the validity of PCS as a diagnostic
entity is questioned by many specialists [13]. Notably,
observations indicate that the frequency of reported
symptoms increases when individuals are involved in
legal proceedings [25]. It has been suggested that
the apparent epidemic of PCS among Western military
personnel during the wars in Iraqg and Afghanistan may
represent an artifact resulting from a lowered diagnostic
“threshold” for mbTBI, including the consideration of
minor transient alterations in consciousness. Studies
have shown that PCS symptomatology can be attributed
solely to blast exposure only in cases involving a clear
loss of consciousness, which was reported by a minority
of veterans of these conflicts. A 2014 report by the U.S.
Institute of Medicine concluded that there is scientific
evidence indicating that, in affected individuals, most
shared symptoms are better explained by comorbid PTSD
rather than by the consequences of mbTBI alone [22,26].

Conversely, complaints of cognitive and behavioral
impairments often do not emerge immediately after the
injury but rather 1-3 months thereafter. This delay may
lead to their misinterpretation as being caused not by
TBI but by affective disorders [27,28].

Despite its apparent simplicity, the diagnosis of
PCS remains a subject of debate for several reasons,
including insufficient symptom specificity, the influence
of premorbid status on injury outcomes, “recall
bias”, and the impact of psychosocial factors [13].
“Recall bias”, also referred to as the “good old days”
phenomenon, occurs both in healthy individuals and in
various pathological conditions. It reflects a tendency
to underestimate the severity and extent of prior
symptoms, particularly during the premorbid period
[29]. A study involving children and adolescents with
PCS during the post-traumatic period demonstrated
that patients and their parents, when retrospectively
assessing premorbid symptomatology one month after
injury, underestimated its severity by approximately
80%. This level of underestimation persisted until the
end of follow-up (three months post-injury) [30]. These
findings indicate that the “good old days” phenomenon
may lead to underestimation of premorbid symptoms
and overestimation of PCS severity. Investigation of
this phenomenon and the development of methods to
mitigate “recall bias” may help reduce patients’ anxiety
regarding the severity of their condition and promote a
more accurate subjective perception of TBI severity and
its impact on quality of life [13, 31].
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The diagnosis of PCS following mbTBI may also be
complicated by additional factors. Clinicians may find
it difficult to accurately assess the true severity of TBI
due to limited information about the circumstances of
the injury, which may rely on the injured individual’s
subjective recollection months or even years after
the event(s). Furthermore, the absence of certain
objective characteristics of the injury circumstances may
compromise the accuracy of “blast self-assessment,”
particularly regarding distance from the explosion and
the severity of concussive forces—data that are often
missing from primary medical records. The lack of
reliable information on injury characteristics complicates
determination of cognitive recovery trajectories and
rehabilitation planning. Typically, the presence and
severity of PCS are assessed based on the current state
of neuropsychological and cognitive functioning using
screening scales, which are not necessarily specific to
TBI and may instead reflect the severity of comorbid
PTSD or depression [10, 32].

Thus, the symptom complexes of PCS and PTSD are
largely similar and may substantially “overlap” within an
individual patient. In patients with PCS, the likelihood
of comorbid PTSD is high due to its considerable
prevalence among combatants. The presence of PTSD
significantly complicates the diagnosis of PCS because
of the similarity of clinical manifestations. However, TBI
represents an organic injury to neural tissue, whereas
PTSD is a psychological response to a stressor and is not
accompanied by structural changes. This fundamental
distinction necessitates different therapeutic approaches
to these conditions. While the treatment of PTSD primarily
focuses on normalization of stress responses through
psychological and pharmacological interventions, the
management of TBI must account for structural and
molecular-biological alterations in order to prevent their
impact on the severity and duration of neurological
deficits [22, 33].

An important objective is to improve the diagnosis
of PCS following mbTBI by refining objective criteria for
structural and functional disturbances of the central
nervous system. This would enhance prognostic
assessment of mbTBI in injured individuals and
facilitate optimization of treatment strategies, including
personalized approaches aimed at preventing the
development of persistent neurological deficits.
Neurophysiological investigations hold substantial
potential for the objective verification of PCS following
mbTBI. According to previously published results of our
study, quantitative electroencephalography (qEEG) in
patients with PCS reveals alterations in the frequency
and topography of the a-rhythm, reduced a amplitude,
frequency-spatial inversion, and signs of dysfunction
of nonspecific brain structures; spectral analysis
demonstrates decreased a power, increased 3 power, and
elevated activity in the 8- and d-frequency bands. These
characteristics may persist into the long-term period
after mbTBI and should therefore be taken into account
in the differential diagnosis with PTSD [34]. The analysis
of event-related cognitive potentials (P300) has shown
that these parameters are statistically significantly
associated with the severity of cognitive impairment and
may serve as an effective tool for objective assessment
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of the degree of cognitive dysfunction in patients with
PCS [35].

Treatment of post-concussion syndrome
resulting from mild blast-related traumatic
brain injury

The management of PCS differs from therapeutic
approaches used in the acute and subacute phases of
mild TBI. Rather than emphasizing rest and inactivity,
the primary goals are to improve overall functioning,
restore daily activities, and facilitate a return to
normal life. This is achieved gradually, with active
involvement of the patient and their social environment.
Once the clinician has a clear understanding of the
clinical presentation, attention should be focused on
one or two of the most problematic symptoms, as
other symptoms often regress during the course of
treatment. Patients with persistent dizziness, balance
disturbances, or ongoing visual complaints should be
referred to appropriate specialists. Peripheral vestibular
dysfunction should initially be managed with specialized
physical therapy. Migraine-associated dizziness may be
treated with preventive migraine therapies. Convergence
insufficiency and persistent reading dysfunction may
respond to oculomotor neurorehabilitation. The most
common problems typically include sleep disturbances,
headaches, as well as cognitive and mood disorders [13].

Rest and sleep. According to polysomnographic
data, sleep disturbances in PCS are characterized by
reduced sleep efficiency, prolonged sleep latency,
and an increased number of nocturnal awakenings.
Their development correlates with structural changes
observed on magnetic resonance imaging, psychological
disorders (particularly anxiety), and decreased
melatonin production [7,36]. Adequate sleep and rest
are of crucial importance for both the prevention and
treatment of PCS. Rest should include both physical and
cognitive components; however, prolonged rest is not
recommended. Routine daily activities are necessary to
maintain basic functioning. The optimal duration of rest
varies between individuals. For physically active persons,
complete cessation of activity may be unnatural; in such
cases, maintaining a certain level of daily activity may
be beneficial. Individual characteristics related to age,
physical condition, and psychological factors should be
taken into account.

Brain recovery depends on sufficient sleep.
Sleep quality and rest are particularly important, as
deeper stages of sleep promote the reorganization of
neural connections. Waking up feeling refreshed is an
indicator of good sleep quality. In patients with PCS,
sleep quality is often impaired. Adjunctive measures
such as melatonin supplementation, sleep music, or
white noise may be helpful. Cyclobenzaprine provides
a dual effect by relaxing muscles and improving sleep.
It is especially important for patients with PCS to fall
asleep at the same time each night, as this may help
stabilize disrupted circadian rhythms [7, 13]. For the
management of sleep disturbances, amitriptyline may be
used; it can also be beneficial for headache treatment,
short courses of non-benzodiazepine hypnotics (e.g.,
zopiclone) and cognitive-behavioral therapy may also be
considered [13].

http://theunj.org



14

Physical therapy. It has been noted that restriction of
physical activity after mild TBI leads to delayed recovery
and greater severity of symptoms within the spectrum
of post-concussion syndrome (PCS) [38]. Prolonged
physical inactivity may exacerbate the development
of secondary symptoms, such as depression, anxiety,
and fatigue [39]. In contrast, early rather than delayed
initiation of moderate physical exercise improves clinical
outcomes in patients with PCS [40]. Improvements have
been demonstrated in patients who received physical
therapy compared with those who did not [12]. In the
study by [39], the PCS treatment program included
physical therapy in the form of jogging, cycling, joint
and soft tissue repositioning or mobilization procedures,
as well as vestibular and oculomotor rehabilitation
techniques. Physical therapy contributed to a greater
regression of post-traumatic symptoms. The authors
note that the absence of spontaneous recovery after
mild TBI may be partly attributable to concomitant
injuries of the spine and other body regions caused by
the traumatic physical force.

The cornerstone of PCS therapy is physical therapy
targeting the vestibular system and the cervical spine.
Vestibular therapy includes exercises aimed at training
the vestibular apparatus through oculomotor exercises,
as well as head and trunk exercises designed to improve
balance and visual stability. Visual and oculomotor
therapy may help restore smooth pursuit eye movements
and fixation. A normal range of cervical motion is
essential for balance reflexes that prevent falls. Most
patients with PCS exhibit components of cervicogenic
dizziness and balance impairment. Therefore, cervical
physical therapy should be an integral part of PCS
rehabilitation. Manual therapy and relaxation of the
cervical musculature using therapeutic exercises,
massage, warm compresses, and topical applications
may also be beneficial. Severe vestibular dysfunction,
particularly in the acute phase, can be difficult to manage
because of pronounced dizziness and nausea. In such
cases, the use of vestibular sedative agents, such as
benzodiazepines, flunarizine, or betahistine, may be
considered. Gabapentin and amitriptyline may also help
reduce sensitization phenomena, while cyclobenzaprine
is useful for muscle relaxation. All of these medications
also have sedative effects [7].

Behavioral interventions. Recovery involves
relearning previously acquired skills. Adherence to a
structured daily routine represents the most important
behavioral modification for restoring normal brain
function. Waking and going to sleep at consistent times
may help entrain the brain to a regular schedule. In the
evening, the use of stimulants, including caffeine and
alcohol, as well as substances that depress the central
nervous system, should be avoided. It is important
to avoid public gatherings, excessive social media
engagement, loud sounds, and rock music. Screen
time involving television, computers, or mobile phones
should be reduced. Beneficial activities include quiet
walks in nature at dawn or sunset, listening to calming
instrumental music, and reading printed books [7].

Hyperbaric oxygen therapy. This modality involves
placing the patient in a chamber in which the pressure
of pure oxygen is gradually increased to levels 1.5-3.0
times higher than normal atmospheric pressure. The
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mechanism of action is thought to involve stimulation
of angiogenesis, potentially leading to increased
cerebral perfusion. Enhanced blood supply to brain
regions that have become ischemic or hypoxic due to
vascular injury may accelerate recovery processes.
A study evaluating the neurotherapeutic effects of
hyperbaric oxygen therapy in PCS using cerebral
perfusion imaging and clinical assessment of cognitive
function demonstrated positive outcomes. Patients
showed significant improvements in cognitive domains
such as information processing, processing speed, and
visuospatial processing. In addition, cerebral blood flow
and cerebral blood volume increased in brain regions
responsible for visual, sensorimotor, memory, and
attentional functions [41].

Pharmacotherapy. Headache management.
Treatment of pain syndromes, including headache,
typically begins with the administration of anti-
inflammatory and analgesic agents such as acetylsalicylic
acid, ibuprofen, and paracetamol. Due to the similarity
between post-traumatic headache and migraine,
migraine-specific medications, such as triptans, are often
prescribed. However, frequent use of large quantities of
medications increases the risk of medication-overuse
headache. To prevent this condition, preventive therapy
with antidepressants, B-blockers, anticonvulsants, and
agents for neuropathic pain is recommended. More
invasive procedures, including botulinum toxin therapy
and nerve blocks, may also be effective. Botulinum
toxin therapy is an effective modality approved by the
U.S. FDA for the treatment of chronic migraine. The
neuromuscular blocker botulinum toxin type A is believed
to inhibit peripheral signal transmission to the central
nervous system, thereby preventing central sensitization
and reducing pain perception in both migraine and post-
traumatic headache. A common cause of headache in
PCS is irritation of the cervical nerve roots. Irritation of
the occipital nerves resulting from whiplash injury often
leads to migraine attacks, dizziness, and cervical muscle
spasm. Occipital nerve blocks may help interrupt the
headache pathway between the cervical nerve roots and
the spinal trigeminal nucleus [7, 12, 42, 43].

Antidepressants — are among the most commonly
prescribed medications for the symptomatic treatment
of post-concussion syndrome (PCS). Patients with
depression exhibit deficits in cerebral monoaminergic
neurotransmitters (norepinephrine, serotonin, and/
or dopamine). The balance and levels of these
neurotransmitters play a crucial role in many behavioral
symptoms, including mood, fatigue, and psychomotor
activity. The etiology of comorbid depression in patients
with PCS is associated with post-traumatic chemical
imbalance of these neurotransmitters in the brain.
Certain selective serotonin reuptake inhibitors have
been widely used in the management of PCS. Correction
of post-traumatic depression and anxiety has been
achieved with sertraline at daily doses of 25-100 mg and
fluoxetine at daily doses of 20-60 mg [12]. Cannabinoids
have also been considered a potentially effective option
for the treatment of PCS symptoms [44].

Cognitive rehabilitation. Cognitive rehabilitation
begins with a baseline assessment using a battery of
tests, such as the Montreal Cognitive Assessment. In
cases of chronic persistent cognitive difficulties with
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symptoms resembling attention-deficit/hyperactivity
disorder, central nervous system stimulants, including
methylphenidate, may be considered. However,
methylphenidate should not be prescribed in patients
at risk of dependence or seizures, or in those with
sleep disturbances. Donepezil has been evaluated for
short-term memory impairments associated with PCS.
Daytime sleep-related problems may be addressed with
modafinil. Cognitive-behavioral therapy is beneficial for
mood disorders associated with PCS. Breathing and
meditation exercises help improve autonomic regulation
and enhance attention, serving as an anchor around
which recovery processes may occur [7].

Thus, the therapeutic range for PCS includes a broad
range of non-pharmacological and pharmacological
interventions. The selection of treatment modalities is
determined by the individual clinical characteristics of
the patient, with clinical presentation often being highly
variable. This underscores the need for an individualized
approach to management and, in many clinical situations,
for the adoption of personalized clinical decision-making.
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Objective: To develop a stage-based treatment algorithm for pain syndrome
in patients with warfare injuries to the peripheral nerves of the extremities and
to determine the optimal timing for surgical intervention on peripheral nerves
through analysis of the literature and our own clinical data.

Materials and methods: Pain management outcomes were analyzed in 1,053
patients with peripheral nerve injuries sustained during warfare. All patients
underwent clinical and ultrasonographic examination, and pain intensity was
assessed using the Visual Analogue Scale (VAS). Patients were divided into
two treatment groups: primary conservative treatment and primary surgical
treatment. The primary conservative treatment group included 265 patients
who were managed using conservative methods (pharmacotherapy, nerve
hydrodissection, administration of steroid anti-inflammatory agents, platelet-
rich plasma injections, or botulinum toxin). The primary surgical treatment
group comprised 788 patients with warfare injuries to the peripheral nerves
of the extremities who required surgical nerve repair, including patients with
painful neuromas after limb amputations. Pain intensity (VAS) was reassessed
at 1, 3, 6, and 12 months after treatment.

Results: Conservative treatment demonstrated satisfactory outcomes in
cases of mild pain syndrome with maintained positive dynamics during the
first month from treatment initiation. Surgical treatment of warfare injuries to
peripheral nerves resulted in a stable and predictable effect in the majority of
cases. However, in the long-term follow-up period, some patients experienced
worsening of regenerative pain during skeletal muscle reinnervation. Patients
with painful neuromas represented the most challenging subgroup, as pain in
these cases was typically chronic and difficult to manage.

Conclusions: Patients with warfare injuries to the peripheral nerves of the
extremities should undergo ultrasound examination. In the absence of nerve
compression or irritation and with preserved anatomical continuity, treatment
should begin with pharmacotherapy; if necessary, nerve hydrodissection or
injection therapy with steroids or botulinum toxin may be performed. In cases
of significant compression, nerve disruption, or lack of effect after conservative
treatment within 6 weeks, surgical intervention is recommended.

Key words: pain, nerve, warfare injury, neurolysis, nerve grafting, targeted
muscle reinnervation (TMR), regenerative peripheral nerve interface (RPNI).

The distinctive features of modern warfare,
characterized by the deployment of advanced military
technologies, the predominance of artillery, and the
extensive use of FPV drones, determine the severity
and polystructural nature of combat injuries. The
rapid increase in high-energy shrapnel and blast injury
significantly complicates the provision of medical care,
particularly the restoration of anatomical structures and
functional capacity of the limbs.

According to the Department of Statistics of the
National Military Medical Clinical Center “Main Military
Clinical Hospital,” between February 2022 and June 2023,
combat-related limb injuries accounted for approximately

69% of all injuries, of which 85% were polystructural
lesions. Regarding distribution between upper and lower
extremities, combat injuries of the lower limbs slightly
predominated (55%). Gunshot wounds involving only
soft tissues were registered in 65-68% of patients; in
two-thirds of these cases, they were accompanied by
tissue defects (36-38% small and medium defects;
29-31% large and extensive defects). According to our
data, between April 2014 and October 2025, approximately
32% of patients were diagnosed with gunshot injuries to
the peripheral nerves of the extremities.

It is known that in cases of gunshot injury to a
peripheral nerve, approximately 26% of patients become
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disabled due to persistent neuropathic pain and loss
of limb function. Reports from the National Health
Service of Ukraine indicate that more than 90,000 limb
amputations were performed between 2022 and 2024,
many of which may have been complicated by the
development of phantom limb pain or painful neuromas.
According to various authors, among traumatic limb
amputations caused by combat injuries, lower limb
lesions predominate, with blast injury being the most
common etiological factor.

Currently, clinicians have at their disposal a wide
range of modalities for pain management, including
contemporary multimodal anesthesia approaches,
placement of perineural catheters and anesthetic
infusion pumps, as well as surgical interventions aimed
at reconstructing painful neuromas or implanting
neurostimulators. Despite the clinical relevance of the
problem and the availability of numerous therapeutic
options, there is no universally accepted comprehensive
approach to the management of pain syndrome in
patients with gunshot injuries to the peripheral nerves
of the extremities.

Objective: To develop a stage-based treatment
algorithm for pain syndrome in patients with warfare
injuries to the peripheral nerves of the extremities and
to determine the optimal timing for surgical intervention
on peripheral nerves through analysis of the literature
and our own clinical data.

Materials and methods

Study participants

The treatment outcomes of pain syndrome in 1,053
patients (1,006 men and 47 women; mean age 34.1 =
8.2 years) with gunshot injuries to the peripheral nerves
between April 2014 and October 2025 were analyzed.

The study was approved by the Bioethics Committee
of the Institute of Traumatology and Orthopedics of
the National Academy of Medical Sciences of Ukraine
(Minutes No. 1 dated January 19, 2026). The research
was conducted in accordance with the bioethical
principles of the Helsinki Convention of the Council of
Europe on Human Rights and Biomedicine, as well as
relevant legislation of Ukraine. The patient information
sheet clearly outlined all study provisions and measures
aimed at ensuring patient health protection, respect for
human rights, dignity, and ethical standards. Written
informed consent was obtained from all participants.

Inclusion criteria

The inclusion criteria were as follows: gunshot injury
to the extremities sustained between April 2014 and
October 2025; gunshot injury to the peripheral nerves
of the extremities; presence of pain syndrome.

Exclusion criteria

The exclusion criteria included: non-gunshot
peripheral nerve injury associated with combat-related
limb trauma (e.g., injuries caused by external fixation
device pins or tourniquet syndromes); absence of pain
syndrome; follow-up period of less than 12 months.

Study design

All patients underwent clinical and ultrasonographic
examination (Fig. 1). When indicated, radiography or
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computed tomography of the affected segment was
performed. Baseline pain intensity was assessed using
the Visual Analogue Scale (VAS): 0 cm — no pain; 1-3 cm
— mild pain, occasionally requiring additional correction
and generally not interfering with daily activities; 4-6
cm — moderate pain syndrome, potentially requiring
additional pharmacological management and causing
some discomfort, but tolerable during daytime; 6 cm
— severe persistent pain requiring continuous medical
treatment, significantly reducing quality of life and,
in many cases, serving as an indication for surgical
intervention. Depending on diagnostic findings, patients
were divided into two groups: those receiving primary
conservative treatment and those undergoing primary
surgical treatment. Pain intensity according to the VAS
was reassessed at 1, 3, 6, and 12 months after treatment.
Through telephone follow-up, treatment outcomes were
obtained for 683 patients (approximately 64.9%).

The advantages and disadvantages of each treatment
modality, as well as their role in the management of pain
syndrome in gunshot-related peripheral nerve injuries
of the extremities, were analyzed.

Group characteristics

The primary conservative treatment group
comprised 265 patients (246 men and 19 women; mean
age 35.2 = 6.5 years). In this cohort, conservative
pain management strategies were employed, including
medications containing the active substances lornoxicam,
pregabalin, and antidepressants from the class
of serotonin—-norepinephrine reuptake inhibitors.
Ultrasound-guided nerve hydrodissection was performed
in cases where fibrotic tissue surrounded the nerve
but did not preclude its visualization. Additional
interventions included the administration of steroidal
anti-inflammatory agents, platelet-rich plasma (prepared
with a predominance of anti-inflammatory factors),
and botulinum toxin. In the absence of a satisfactory
response to conservative therapy (40 cases; 15.1%),
patients were recommended for appropriate surgical
intervention.

The primary surgical treatment group included
788 patients (760 men and 28 women; mean age 33.6
+ 9.0 years):

- 732 patients (704 men and 28 women; mean
age 36.2 = 10.2 years) with gunshot injuries to the
peripheral nerves of the extremities requiring surgical
repair (Fig. 2);

- 56 patients (all men; mean age 30.9 + 7.8 years)
with post-amputation sequelae following gunshot
trauma, who developed pain syndrome due to the
formation of painful neuromas (Fig. 3).

Approximately 53.1% of gunshot-related peripheral
nerve injuries were associated with a primary nerve
defect and required autoneuroplasty.

Statistical analysis

Statistical analysis was performed using standard
descriptive statistical methods. Continuous variables
are presented as the arithmetic mean (M) and
standard deviation (SD). Comparisons between baseline
(pre-treatment) values and those obtained at one year
were conducted using the paired t-test. A p-value < 0.05
was considered statistically significant.
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Fig.2. Principal types of gunshot injury to peripheral nerves: (a) nerve compression resulting from fibrotic
degeneration of the mesoneurium;(b) formation of a fibrotic band (a zone of peripheral nerve fixation)
preventing normal nerve gliding and leading to ischemia;(c) anatomical injury—complete nerve transection with

a defect of the nerve tissue

Fig. 3. Key factors contributing to the transformation of a neuroma into a painful neuroma: (a) nerve stump
compression (by a ligature or fixation device); (b) nerve irritation (e.g., by a bony exostosis); (c) absence of
visible irritation or compression (a possible autoimmune response cannot be excluded)

Results

In patients presenting with pain syndrome following
gunshot injuries to peripheral nerves, conservative
treatment was proposed as the first-line approach under
the following conditions: preserved nerve continuity
(according to ultrasonographic findings), absence of
significant nerve compression or intraneural structural
disruption, and involvement limited to superficial
cutaneous branches of peripheral nerves. Management
was initiated with pharmacological pain control. In the
absence of clinical improvement, ultrasound-guided

hydrodissection of the nerve trunk was performed (in
cases of compression by fibrotically altered tissues),
or injections of platelet-rich plasma (for mild pain
syndrome) or a steroidal anti-inflammatory agent (for
more pronounced pain syndrome) were administered. If
a positive response to platelet-rich plasma or steroidal
anti-inflammatory injection was observed but without
substantial pain reduction, botulinum toxin injection
was performed under conduction anesthesia or general
sedation. In our study, platelet-rich plasma injections
demonstrated only a modest positive effect.

http://theunj.org
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If peripheral nerve injury was confirmed or if
conservative treatment proved ineffective within 6
weeks, surgical intervention was undertaken. The
procedures included peripheral nerve neurolysis (33.7%
of cases), nerve suturing (10.5%, provided that tension-
free approximation was feasible and adjacent joints
demonstrated full passive mobility), and peripheral nerve
autoneuroplasty (55.8%).

In all patients undergoing peripheral nerve surgery,
lipofilling was performed using a mixture of aspirated
subcutaneous adipose tissue and red bone marrow to
restore the paraneural adipose cuff.

In patients with pain syndrome resulting from the
formation of painful neuromas, the following surgical
procedures were performed: neuroma resection with
transposition of the nerve into deeper tissues (21.4%
of cases); regenerative peripheral nerve interface
(RPNI) creation (60.7%)—wrapping groups of fascicles
of a mixed nerve with small fragments of denervated
free skeletal muscle (Fig. 4); and targeted muscle
reinnervation (TMR) (17.9%)—coaptation of the
mixed nerve forming the painful neuroma to a motor
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nerve innervating the skeletal muscle of the residual
limb (Fig. 5).

Neuroma resection with transposition reduced pain
only during the acute postoperative period; however,
recurrence of pain was observed later (up to 6 months),
in some cases with increased intensity. Consequently,
the majority of these patients required repeat surgical
intervention.

In the postoperative period, all patients received
multimodal analgesia (placement of a perineural catheter
or anesthetic pump), pharmacological therapy with
nonsteroidal anti-inflammatory drugs (lornoxicam), and
anti-edema therapy (dexamethasone). This approach
made it possible to avoid the use of opioid analgesics in
the postoperative period.

Discussion

According to the data presented in Table 1, pain
reduction following treatment in patients with gunshot
injuries to peripheral nerves was statistically significant
across all treatment modalities (p < 0.05).

Fig. 4. Formation of a regenerative peripheral nerve interface (RPNI)

Fig. 5. Targeted muscle reinnervation (TMR)

Table 1. Assessment of pain intensity according to the VAS, depending on the treatment modality, cm

Treatment modality trgsg::'nr:nt 1 ml::nth 3 mf)r:'lths 6 m{)rl:ths 12 n'f:nths p-value
Pharmacological therapy, n=99 2,2+0,9 1,6 +£0,8 1,2+0,7 1,1 £0,5 1,1+0,4 < 0,0001
Hydrodissection, n=29 39+1,1 1,9+0,2 i6+£12 | 1,8+£1,3 19+1,1 < 0,0001
Injection therapy, n=44 43+1,3 | 1,1+04 | 1,4+1,1 | 1,7+1,5 | 1,6 +1,9 | <0,0001
Neurolysis, n=161 56+21 | 47+1,5 | 42+1,7 | 21+1,1 | 1,8+1,2 | <0,0001
Nerve reconstruction, n=315 42 +1,1 1,2 £ 0,6 2,1+£0,8 1,6 £ 1,0 2,1+£0,9 < 0,0001
Neuroma transposition, n=8 6,321 1,1+0,4 3421 4,6 £1,8 2,215 0,0004
RPNI, n=22 6,7 £ 1,7 1,2+14 | 1,4+1,1 | 2,1+1,6 2,2+0,9 < 0,0001
TMR, n=7 6,2+1,6 1,1+08 | 1,1+1,2 | 1,5+0,6 2,1+1,2 0,0003
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Conservative management provided satisfactory
results in cases of mild pain syndrome, particularly when
a positive clinical trend was observed during the first
month of treatment (Fig. 6). Pharmacological therapy as
a standalone modality should be considered the first-line
treatment in patients with mild pain intensity (up to 3
cm on the VAS) and as baseline therapy in combination
with hydrodissection, injection-based interventions, or
during the early postoperative period. Hydrodissection
in cases of fibrotic compression of a peripheral nerve
significantly alleviated pain in the early postoperative
period; however, pain intensity could increase over time,
necessitating repeated procedures. Injection therapy
demonstrated a good analgesic effect, although gradual
exacerbation of pain was observed in some cases,
potentially requiring repeated injections or subsequent
surgical intervention.

In our study, the use of platelet-rich plasma resulted
only in modest and temporary improvement; in 8%
of cases, it led to a marked increase in pain intensity,
which may be attributed to differences in preparation
techniques and a predominance of pro-inflammatory
factors. Botulinum toxin injections produced a sustained
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positive effect; however, recurrence of pain was
frequently observed in the long-term follow-up period.

Surgical management of gunshot injuries to
peripheral nerves generally produced a stable and
predictable outcome in most cases. However, in the long-
term follow-up period, an increase in pain intensity may
be observed due to the development of regenerative pain
associated with reinnervation of skeletal muscles (Fig. 7).

Overall, peripheral nerve neurolysis is characterized
by a progressive but gradual reduction in pain intensity
over a period of up to 6 months following surgery.
Peripheral nerve reconstruction (either direct nerve
suturing or autoneuroplasty) may lead to a marked
reduction in pain during the early postoperative period
as a result of neuroma resection. Nevertheless, in the
long-term period, regenerative pain originating from
reinnervated muscles, as well as neuroma formation at
the nerve suture site, may occur. These changes can
provoke pain and paresthesia upon mechanical irritation.

The most challenging cohort for treatment comprises
patients with painful neuromas, as pain associated with
such neuromas is typically chronic and resistant to
therapy (Fig. 8).

Before treatment 1 month

= Pharmacotherapy

3 month

= Hydrodissection

Fig. 6. Dynamics of pain intensity depending on the method of conservative treatment

Before treatment 1 month

— N eurolysis

3 month

6 month 12 month
= njections
6 month 12 month

= Nerve reconstruction

Fig. 7. Dynamics of pain intensity depending on the method of surgical treatment for gunshot injuries

to peripheral nerves
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Fig. 8. Dynamics of pain intensity in painful neuromas depending on the method of surgical treatment

In recent years, there has been a global paradigm
shift in the management of painful neuromas—from a
passive palliative strategy involving neuroma resection
or transposition (which frequently results in recurrence,
even in the early postoperative period) to an active
reconstructive approach, the principal objective of which
is encapsulated in the concept: “provide the nerve with
a target for reinnervation.” In accordance with this
principle, contemporary techniques such as the creation
of a regenerative peripheral nerve interface and targeted
muscle reinnervation have been developed. In the
majority of cases (approximately 80.4%), the formation
of a painful neuroma results from improperly performed
limb amputation and chronic compression or irritation
of the neuroma.

When discussing the concept of pain in gunshot
injuries to peripheral nerves, it is essential to consider
the pathophysiological mechanisms underlying the
transformation of nociceptive pain—serving as a
protective response to actual or potential tissue
damage through stimulation of thermoreceptors,
mechanoreceptors, chemoreceptors, and free nerve
endings—into neuropathic pain, which is characterized
by abnormal neuronal activity secondary to disease,
trauma, or dysfunction of the somatosensory nervous
system. Prolonged nociceptive stimulation activates both
peripheral mechanisms (hyperexcitability of nerve ending
membranes, ectopic synaptic discharges, and alterations
in gene transcription) and central mechanisms (increased
excitability of the nervous system, impaired inhibitory
control of excitation, and consequent reorganization
of processes and stimuli within the central nervous
system). These changes may lead to sensitization of the
nervous system and the development of neuropathic
pain. Therefore, timely intervention aimed at reducing
nociceptive stimulation following injury is crucial to
prevent the formation of a neuropathic pain focus. In this
context, the concept of timing and a staged therapeutic
approach is of paramount importance.

Based on the analysis of our findings and the data
reported in the scientific literature, we propose a staged
approach to the management of pain syndrome in

http://theunj.org

patients with gunshot injuries to peripheral nerves of
the extremities.

Conclusions

1. All patients with gunshot injuries to
peripheral nerves of the extremities or with painful
neuromas following limb amputation should undergo
ultrasonographic examination.

2. In the absence of objective causes of nerve
compression or irritation and with preserved anatomical
continuity, treatment should begin with optimization of
pharmacological therapy; if necessary, hydrodissection
of the nerve trunk or injection therapy with steroidal
anti-inflammatory agents or botulinum toxin should be
performed.

3. In the presence of an objective cause of nerve
irritation, significant compression, anatomical disruption,
or failure of conservative treatment within 6 weeks,
surgical intervention should be recommended.

4. The application of contemporary reconstructive
techniques for painful neuromas (RPNI and TMR)
provides superior and more durable pain control
compared with classical techniques of neuroma resection
or transposition.

5. The use of multimodal anesthesia in the early
postoperative period—including perineural catheter
placement, administration of lornoxicam, and anti-
edema therapy (dexamethasone)—makes it possible to
minimize the need for opioid analgesics and contributes
to interrupting the pathological mechanisms underlying
the development of neuropathic pain.
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Objective: To evaluate the effectiveness of middle meningeal artery
embolization (MMAe) in patients with chronic subdural hematoma (cSDH)
based on the first 19 clinical cases performed at Mechnikov Dnipropetrovsk
Regional Clinical Hospital. To clarify the indications for isolated versus combined
treatment of cSDH and to assess the feasibility of the transradial approach.

Materials and methods: A retrospective cohort study was conducted based
on the analysis of prospectively collected data from patients with chronic
subdural hematomas who underwent MMAe at I.I. Mechnikov Dnipropetrovsk
Regional Clinical Hospital between March 24, 2022, and November 6, 2024. The
study included 19 patients who underwent endovascular intervention, either
as a standalone procedure or in combination with open surgery. Demographic
data, etiological factors, clinical presentation, CT, MRI, and DSA findings
were analyzed. Treatment effectiveness was assessed at 1, 3, and 6 months
postoperatively.

Results: According to the type of treatment, patients were divided into 3
groups: isolated MMAe — 13 patients (68.4%); primary MMAe followed by
surgical drainage — 3 patients (15.8%); primary surgical evacuation followed
by MMAE — 3 patients (15.8%). Traumatic cSDH was diagnosed in 12 patients
(63.2%), while spontaneous cSDH occurred in 7 patients (36.8%), including
two cases with mycotic aneurysms of cortical Middle Cerebral Artery (MCA)
branches, which were managed with endovascular deconstructive exclusion
and subsequent MMAe. One patient with chronic anemia underwent isolated
MMAe. Among all patients, 5 (26.3%) were on anticoagulant/antiplatelet
therapy, and hemodynamically significant carotid stenosis was identified in
3 patients (15.8%). Follow-up imaging (CT, MRI) at 6 months demonstrated
clinical improvement in 100% of cases, with complete hematoma resolution
in 17 patients (89.5%).

Conclusions: MMAe has proven to be highly effective and safe in the
management of cSDH, both as a stand-alone method and as an adjunct to
conventional surgery. The transradial approach demonstrated advantages in
elderly and high-risk patients, contributing to reduced hospitalization times.
Furthermore, the use of Onyx™ ensured deeper penetration and more durable
occlusion of pathological vessels compared to polyvinyl alcohol (PVA) particles.
These findings are consistent with current global trends and confirm the
promising role of MMAe in cSDH treatment.

Keywords: chronic subdural hematoma,; middle meningeal artery embolization;
Onyx™; transradial approach; endovascular neurosurgery; minimally invasive
treatment; military neurotrauma

Introduction

of anticoagulant therapy [1,2]. Standard surgical

Chronic subdural hematoma (cSDH) is one of the
most common causes of neurosurgical hospitalization
among elderly patients and is characterized by a high
recurrence rate following standard surgical treatment.
The prevalence of cSDH ranges from 13 to 20 cases per
100,000 population, while among individuals older than
65 years it increases four- to fivefold and may exceed
70 cases per 100,000 population. By 2030, the incidence
is expected to rise to 121 cases per 100,000 population,
driven by population aging and the widespread use

management (burr-hole drainage or craniotomy with
evacuation) is effective; however, recurrence rates of
11-20% have been reported, and the need for repeat
interventions reaches approximately 14% [1, 3]. These
limitations have stimulated the search for less invasive
approaches with more durable therapeutic effects.
One of the most promising strategies is endovascular
embolization of the middle meningeal artery (MMA). The
proposed mechanism of action involves interruption of
the blood supply to the neovascularized outer membrane
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of the hematoma, thereby disrupting the cycle of
recurrent microhemorrhages and promoting sustained
hematoma resorption. Initially described as a “last-
resort” therapy for high-risk patients, accumulating
evidence now supports the effectiveness of MMAe both
as an adjunct to surgical drainage and as a stand-alone
treatment modality [4, 5]. The evidence base has been
substantially strengthened by several high-quality
randomized controlled trials (RCTs) published in recent
years, including studies at the New England Journal of
Medicine level. In the EMBOLISE trial (>600 patients
across 39 centers in the United States), the addition of
MMAe to standard care significantly reduced the rate of
treatment failure (defined as recurrence or persistence
>10 mm, need for reintervention, or major adverse
events) without increasing the risk of stroke or 30-day
mortality [6]. In the Chinese MAGIC-MT RCT involving
patients with non-acute subdural hematomas, the
90-day rate of symptomatic progression was comparable
between MMAe and standard treatment; however,
treatment efficacy was found to depend on the clinical
context (surgical versus conservative management)
[7]. Similarly, Fiorella et al. demonstrated a reduction
in treatment failure rates with adjunctive embolization
in the RCT STEM [8].

Recent consensus statements have emphasized
the evolving role of MMAe in the management of cSDH.
The ARISE I consensus (2024) highlighted the need
for standardized indications and identified priority
directions for future research [9]. A European consensus
published in Brain & Spine (2024) further clarified the
role of MMAe in both primary and recurrent cSDH, while
the NICE Interventional Procedures Guidance IPG779
(2023) formally recognized the procedure as a promising
strategy for reducing recurrence, although not as a
method for immediate mass-effect relief.

A recent systematic review [23] demonstrated
a low incidence of serious complications, with only
isolated cases of ischemic events or cranial nerve injury,
typically associated with hazardous anastomoses.
Multicenter data published in 2025 [10, 21] suggest
that preoperative MMAe (performed prior to burr-hole
drainage) may reduce the risk of reoperation compared
with postoperative embolization, although the optimal
timing remains to be confirmed in prospective studies.

An expansion of indications for MMAe is currently
observed, extending from recurrent and bilateral cSDH
to patients receiving anticoagulant or antiplatelet
therapy, as well as minimally symptomatic cases.
At the same time, editorial reviews in the Journal of
Neurolnterventional Surgery emphasize the need for
harmonization of patient selection criteria and outcome
measures in future trials [10].

In summary, cSDH remains a significant challenge
in contemporary neurosurgery. MMAe has demonstrated
efficacy both as an adjunct to standard surgical
techniques and as an independent therapeutic option
in selected patient populations. Data from recent
RCTs, meta-analyses, and international consensus
statements confirm its ability to reduce recurrence
and reintervention rates while maintaining a favorable
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safety profile. Nevertheless, unresolved issues regarding
optimal patient selection, choice of embolic materials,
and perioperative timing underscore the need for further
multicenter investigations.

Objective. To evaluate the effectiveness of MMAe in
patients with chronic subdural hematoma (cSDH) based
on the first 19 clinical cases treated at I.I. Mechnikov
Dnipropetrovsk Regional Clinical Hospital; to clarify
the indications for isolated versus combined treatment
of chronic subdural hematomas and to assess the
effectiveness of the transradial approach.

Materials and methods

Study participants

This study is based on an analysis of data from 19
patients with cSDH who underwent X-ray endovascular
superselective MMAe between March 24, 2022, and
November 6, 2024, at the Endovascular Center of the
Dnipropetrovsk Regional Clinical Hospital named after
I.I. Mechnikov. Before and after the procedure, the
selected patients received treatment at the Cerebral
Neurosurgery Center and the Vascular Neurosurgery
Center of the same institution.

Written informed consent was obtained from all
patients in accordance with the Declaration of Helsinki
of the World Medical Association on Ethical Principles for
Medical Research Involving Human Subjects (1964, as
amended), European Union Directive 86/609 concerning
the participation of humans in biomedical research, and
Order of the Ministry of Health of Ukraine No. 690 dated
September 23, 2009, as amended.

Inclusion criteria:

- patient age =18 years;

- presence of chronic subdural hematoma (unilateral
or bilateral) confirmed by computed tomography/
magnetic resonance imaging (CT/MRI);

- performance of X-ray endovascular superselective
MMAe as a standalone procedure or in combination with
surgical drainage;

- availability of complete clinical and neuroimaging
data before treatment and during follow-up (at least 6
months);

- written informed consent to participate in the study.

Exclusion Criteria:

- patient age <18 years;

- absence of confirmed cSDH (acute or subacute
subdural hematomas on CT/MRI);

- presence of other intracranial pathology
determining the clinical presentation and requiring an
alternative treatment strategy (tumors, acute ischemic
stroke, intracerebral hemorrhage, etc.);

- incomplete preoperative or postoperative clinical
neuroimaging data;

- lack of follow-up.

Group characteristics

Nineteen patients with ¢cSDH who underwent
endovascular MMAe as a standalone intervention or in
combination with surgical drainage were included in the
study. According to the treatment strategy, patients
were divided into three groups: isolated MMAe; primary
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MMAe followed by surgical treatment; and primary
surgical treatment followed by MMAe. The mean patient
age was 60.2 years, with a predominance of males.
Traumatic etiology of cSDH was the most common,
whereas spontaneous forms were less frequent and,
in some cases, associated with concomitant vascular
pathology. The groups were comparable in terms of age,
sex distribution, clinical and neurological status, and
baseline neuroimaging characteristics, which allowed for
a valid analysis of treatment outcomes with consideration
of the selected strategy.

Cranial CT was performed using an “Optima CT660"
scanner (GE Healthcare, USA), MRI using a “Toshiba
Excelart Vantage” 1.5-T scanner (Japan), and cerebral
angiography (CAG) using an “Innova IGS 540" system
(GE Healthcare, USA). For selective CAG, the contrast
agents “Ultravist 370” (Germany) and “Tomohexol 350"
(Ukraine) were used.

Based on CT and/or MRI, hematoma density, number
of compartments, size (thickness, height, length),
volume, localization, and midline shift were assessed
before and after surgery. CAG was used to evaluate the
presence of concomitant pathology and the anatomical
features of MMA branches on the side of the cSDH.

Indications for X-ray endovascular superselective
MMAe included hematoma thickness <15 mm and
midline shift <5 mm in the absence of pronounced
focal neurological symptoms and/or recurrent cSDH.
Indications for combined surgical intervention
(embolization + drainage or drainage + embolization)
were hematoma thickness =15 mm, midline shift =5 mm,
and the presence of focal neurological deficits [1, 3, 11].

All patients were followed postoperatively under
dynamic supervision by a neurologist or family physician.
Follow-up CT and MRI examinations were performed at
1, 3, and 6 months after surgery in patients with a stable
neurological status.

Study design

A single-center retrospective cohort study with
analysis of prospectively collected data.

Surgical technique

In all cases, the procedures were performed via a
right-sided transradial approach under local anesthesia
by the operating team (operator: Yu.V. Cherednychenko;
assistant: V.A. Perepelytsia).

In 18 cases (94.7%), Onyx™ 18 (polymeric embolic
agent; ethylene-vinyl alcohol copolymer, Medtronic,
Irvine, CA, USA) was used for MMAe. In 1 case
(5.3%), polyvinyl alcohol (PVA) particles, 250 um (e.g.,
Contour™, Boston Scientific, USA), were selected as the
embolic material.

All procedures were performed using a “"GE Innova
IGS 540" angiographic system (USA). Through a 6 Fr
radial introducer, catheterization of the proximal segment
of the external carotid artery on the corresponding side
was achieved using a 6 Fr guiding catheter. Through
the guiding catheter, a dimethyl sulfoxide-compatible
microcatheter was advanced over a 0.014-inch
microguidewire to catheterize the distal segments of
the MMA via the maxillary artery. After superselective
catheterization of the MMA and angiographic confirmation
of vascularization of the cSDH capsule sources, the
embolic agent was gradually injected under fluoroscopic
guidance. During injection, the microcatheter was slowly
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repositioned proximally until complete occlusion of the
pathological vascular network was achieved.

Particular attention was paid to monitoring
retrograde reflux of the embolic agent to prevent its
migration into non-target vascular territories through
“dangerous” anastomoses with the internal carotid and
ophthalmic artery systems, as well as intertympanic
arterial connections. The proximal limit of embolization
was defined by the origins of arterial branches arising
from the proximal segment of the MMA (petrosal and
cavernous branches), which anastomose with the
internal carotid artery system via the inferolateral
trunk and the meningohypophyseal trunk, as well as the
medial branch anastomosing with the ophthalmic artery
system. Therefore, for effective embolization, a distal-to-
proximal embolization technique was employed, starting
from the distal segments of the frontoparietal and
petrosquamous branches and progressing proximally to
the designated “dangerous” point. The mean procedure
duration was 30 minutes.

The entire procedure was accompanied by control
series of digital subtraction angiography performed
at key stages of the intervention to verify catheter
positioning and embolic agent distribution. Vessel
catheterization and navigation were conducted using
a navigation projection mode, ensuring high-precision
positioning of microinstruments.

Statistical analysis

Data processing and analysis were performed using
the software packages Statistica 10 (StatSoft® Inc., USA,
license No. STA862D175437Q) and MedCalc v.20.218,
free trial version (MedCalc SoftwareLtd.,Ostend,Belgiu
m;https://www.medcalc.org/download.php, 2023).

Results

The mean age of patients in our study was lower
compared with that reported in the literature—60.2
years [39;85]. The cohortincluded 12 (63.2%) men and
7 (36.8%) women.

The most common symptoms were headache
(94.7%) and dizziness (84.2%). Monoparesis/hemiparesis
was detected in 4 (21.1%) cases. Generalized seizures
were observed in 2 (10.5%) patients, and speech
disorders were identified in 2 (10.5%) cases (dysarthria
in 1 patient and sensorimotor aphasia in 1 patient). Two
(10.5%) patients presented with impaired consciousness
(GCS-12). No asymptomatic cases of chronic subdural
hematoma (cSDH) were recorded in our study.

Chronic subdural hematoma was detected by MRI
in 7 (36.8%) patients and by CT in 12 (63.2%) patients;
of these, 7 (36.8%) subsequently underwent additional
MRI evaluation. In all cases, selective digital subtraction
cerebral angiography was used for preoperative
assessment. Left-sided cSDH was diagnosed in 7 (36.8%)
cases, right-sided in 5 (26.3%), and bilateral cSDH in the
remaining patients. The majority of hematomas (89.5%)
were hemispheric, while 2 (10.5%) were localized in the
frontal region. Multiloculated cSDH was identified in 4
(21.1%) cases.

According to T1-weighted brain MRI, the most common
signal intensity pattern of cSDH was hyperintensity,
observed in 8 (42.1%) patients. Hypointense signal was
detected in 3 (15.8%) cases, and heterogeneous signal
intensity was also observed in 3 (15.8%) cases.
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The mean size of cSDH in our study, expressed as
width/length/height, was 14.05/150.23/89.71 mm, with
a mean hematoma thickness of 14.05 mm. The mean
cSDH volume was 99.9 cm3 (£53 cm3). The smallest
hematoma measured 3/65/58 mm with a volume of 11.3
cm3, while the largest measured 30/170/81 mm with a
volume of 413.1 cm3. Hematoma thickness was <15 mm
in 16 (61.5%) cases and =15 mm in 10 (38.5%) cases
(including 7 patients with bilateral cSDH). The mean
midline shift was 4.16 mm; it was <5 mm in 14 (73.7%)
patients and =5 mm in 5 (26.3%) patients.

A traumatic etiology of cSDH was documented in
12 (63.2%) cases, including a 41-year-old serviceman
who sustained an injury during active combat (clinical
case No. 1). Spontaneous subdural hematomas were
less frequent. Among 7 (36.8%) such cases, mycotic
aneurysms of the cortical (M4) segments of the middle
cerebral artery caused ipsilateral cSDH in 2 (10.5%)
patients (clinical case No. 2).

In one operated patient with concomitant chronic
anemia, only MMAe was performed without surgical
drainage. Five (26.3%) patients were receiving
antiplatelet/anticoagulant therapy, and hemodynamically
significant stenosis of the major cerebral arteries was
identified in 3 (15.8%) cases. No intraoperative or
postoperative complications were recorded in our study.

According to the treatment modality, patients were
divided into the following groups:

- MMAe — 13 (68.4%) cases;

- Primary MMAe followed by surgical drainage — 3
(15.8%) cases;

- Primary surgical treatment followed by MMAe— 3
(15.8%) cases.

Based on follow-up neuroimaging (CT/MRI)
performed 6 months after intervention, all patients
demonstrated positive dynamics, with complete
resolution of cSDH observed in 17 (89.5%) cases.

Clinical Case No. 1

A 41-year-old male military serviceman presented
to the I.I. Mechnikov Dnipropetrovsk Regional Clinical
Hospital with complaints of headache and dizziness. He
had sustained a traumatic brain injury during combat
operations on March 9, 2024 (75 days prior to surgery).

Non-contrast brain CT revealed bilateral chronic
subdural hematomas (cSDH) in the frontal regions. The
hematoma dimensions (thickness/length/height) were
8/48/48 mm on the left and 9/132/51 mm on the right.
No displacement of the midline structures of the brain
was detected (Fig. 1).

For further evaluation, transradial selective digital
subtraction cerebral angiography was performed. No
vascular pathology was identified.

Single-session procedures were performed on May
23, 2024: bilateral X-ray endovascular MMAe using the
Onyx™ embolic agent (Figs. 2 and 3).

The postoperative course was uneventful. The
neurological status remained unchanged, and no
complications were observed. The patient was discharged
from the hospital on postoperative day 2. Follow-up
brain CT performed 1 month after surgery (Fig. 4)
demonstrated complete resolution of bilateral frontal
cSDH. At follow-up examination, regression of global
cerebral symptoms was noted.
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Clinical Case No. 2

A 52-year-old man presented to the I.I. Mechnikov
Dnipropetrovsk Regional Clinical Hospital with complaints
of headache and dizziness that had developed abruptly
approximately 1.5 months earlier.

Brain MRI revealed a right-sided hemispheric chronic
cSDH with dimensions (thickness/length/height) of
10/166/124 mm and a 4-mm midline shift to the left
(Fig. 5).

Given the spontaneous onset of symptoms, further
diagnostic evaluation was performed using transradial
selective digital subtraction cerebral angiography. A
mycotic aneurysm of the M4 segment of the right middle
cerebral artery was identified (Fig. 6).

As a first stage, X-ray endovascular deconstructive
embolization of the mycotic aneurysm of the M,-segment
of the right middle cerebral artery using detachable
microcoils was performed on October 3, 2024 (Fig. 7).

In the same session, X-ray endovascular embolization
of the right MMA using the Onyx™ embolic agent was
performed on October 3, 2024 (Fig. 8).

The postoperative course was uneventful. Neurological
status remained unchanged. No complications were
observed. The patient was discharged from the hospital
on postoperative day 2.

Follow-up brain MRI was performed 3 months after
surgery (Fig. 9). Complete resolution of the chronic
subdural hematoma was observed, with restoration of
the normal position of the midline brain structures. On
T2-weighted images, a focus of ischemic stroke was
visualized in the right frontal lobe within the vascular
territory of the excluded branch of the right middle
cerebral artery together with the aneurysm. At follow-up
examination, no focal neurological deficits were present,
and headache and dizziness had resolved.

Clinical Case No. 3

A 45-year-old man presented to I.I. Mechnikov
Dnipropetrovsk Regional Clinical Hospital with complaints
of headache and dizziness that had been progressively
worsening over the preceding 2 weeks. The medical
history revealed a domestic head injury sustained on
January 5, 2024 (76 days prior to surgery).

Brain MRI demonstrated a right-sided hemispheric
multiloculated cSDH with dimensions (thickness/length/
height) of 27/165/87 mm and a 5-mm midline shift to
the left (Fig. 10).

For further diagnostic evaluation, the patient
underwent transradial selective digital subtraction
cerebral angiography. No vascular pathology was
identified.

X-ray endovascular embolization of the right MMA
using the Onyx™ embolic agent was performed on March
21, 2024 (Fig. 11).

The postoperative course was uneventful.
Neurological status remained unchanged, and no
complications were observed. The patient was discharged
from the hospital on postoperative day 2.

Follow-up brain MRI performed 6 months after
surgery (Fig. 12) demonstrated complete resolution
of the chronic subdural hematoma with restoration of
the normal position of the midline brain structures. At
follow-up examination, regression of global cerebral
symptoms was noted.
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Fig. 1. Preoperative brain CT: A, B—axial projections demonstrating bilateral frontal
cSDH (indicated by red arrows)

Fig. 2. Intraoperative cerebral angiography. Left external carotid artery territory:

A - left lateral projection, arterial phase, superselective angiogram of the left MMA;

B - left lateral projection, arterial phase, post-embolization state of the left MMA; C - left
lateral projection, late arterial phase, post-embolization state of the left MMA; D - left
lateral projection without digital subtraction. The left MMA and its branches are indicated
by a red arrow, the left maxillary artery by an orange arrow, and the radiopaque cast of
the left MMA after Onyx™ embolization by a yellow arrow
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Fig. 3. Intraoperative cerebral angiography. Right external carotid artery territory:

A - left lateral projection, arterial phase; B - left lateral projection, arterial phase,
superselective angiogram of the right MMA; C - left lateral projection, late arterial phase,
post-embolization state of the right MMA; D - anteroposterior projection without digital
subtraction demonstrating the post-embolization state of both MMAs. The right MMA and
its branches are indicated by a red arrow, the right maxillary artery by an orange arrow,
the radiopaque cast of the right MMA after Onyx™ embolization by a green arrow, and
the radiopaque cast of the left MMA after Onyx™ embolization by a yellow arrow

Fig. 4. Postoperative
brain CT: A, B - axial
projections. Purple
arrows indicate the
radiopaque embolic
agent Onyx™ within
the projections of the
left and right MMAs
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Fig. 5. Preoperative brain MRI, T2-weighted images: A, B - axial projections demonstrating a
right-sided hemispheric cSDH

A B

Fig. 6. Preoperative cerebral angiography. Right internal carotid artery territory: A -
anteroposterior projection, late arterial phase; B - left lateral projection, arterial phase The
red arrow indicates a mycotic aneurysm of the M4-segment of the right middle cerebral artery

Fig. 7. Postoperative cerebral angiography. Right internal carotid artery territory: A — angiogram in the left
lateral projection without digital subtraction; B — subtraction angiogram in the left lateral projection, arterial
phase; C - subtraction angiogram in the left lateral projection, late arterial phase. The red arrow indicates the
excluded aneurysm of the M4-segment of the right middle cerebral artery; the red circle denotes the avascular
area after deconstructive exclusion of the arterial aneurysm; blue arrows indicate compensatory arterial blood
flow within the territory of the excluded aneurysm
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Fig. 8. Postoperative cerebral angiography. Right external carotid artery territory: A — subtraction angiogram
in the left lateral projection; B - superselective subtraction angiogram of the MMA in the left lateral projection;
C - angiogram in the left lateral projection without digital subtraction. The red arrow indicates the maxillary
artery; blue arrows indicate the MMA and its branches; the yellow arrow denotes the contrast-enhanced
embolization zone of the MMA; the green arrow indicates microcoils in the projection of the mycotic aneurysm

Fig. 9. Postoperative (3-months) brain MRI, T2-weighted images: A, B — axial projections.
The red circle indicates a focus of ischemic stroke in the right frontal lobe measuring
19 x 13 mm

Fig. 10. Preoperative brain MRI, T2 FLAIR sequence: A, B - axial projections demonstrating
a right-sided hemispheric multiloculated cSDH
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Fig. 11. Intraoperative cerebral angiography. Right external carotid artery territory:

A - left lateral projection, arterial phase; B - left lateral projection, arterial phase,
superselective angiogram of the right MMA; C - left lateral projection, arterial phase,
post-embolization state of the right MMA; D - angiogram in the left lateral projection
without digital subtraction. The right MMA and its branches are indicated by a red arrow;
the right maxillary artery by an orange arrow; the right external carotid artery by a light
blue arrow; the microcatheter positioned within the right MMA by a green arrow; the
radiopaque cast of the right MMA after Onyx™ embolization by a yellow arrow; and the
hazardous anastomotic branches of the MMA by white arrows: 1—medial; 2—sphenoidal;
3—ramus meningolacrimalis

Fig. 12. Postoperative brain MRI, T2 FLAIR sequence: A, B — axial projections
demonstrating the absence of right-sided chronic subdural hematoma (cSDH)
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Clinical Case No. 4

A 74-year-old man was transported by an emergency
medical team to the emergency and diagnostic
department of I.I. Mechnikov Dnipropetrovsk Regional
Clinical Hospital with depressed consciousness to the
level of deep obtundation (Glasgow Coma Scale score
of 12), severe right-sided hemiparesis (grade 2), and
elements of sensorimotor aphasia. The medical history
revealed a domestic head injury sustained on May 1,
2024 (41 days prior to surgery).

Non-contrast brain CT demonstrated a left-sided
hemispheric multiloculated cSDH with dimensions
(thickness/length/height) of 17/145/104 mm and an
8-mm midline shift to the right (Fig. 13).

Given the CT findings and the severity of
the patient’s condition, emergency surgery was
performed for life-saving indications: osteoplastic
craniotomy in the left parietal region, evacuation of
the left-sided multiloculated cSDH, and inflow-outflow
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drainage of the left subdural space on June 11, 2024
(Fig. 14).

Considering the patient’s comorbid condition (atrial
fibrillation), for which anticoagulant therapy had been
administered, X-ray endovascular embolization of the
left MMA was performed on June 11, 2024, to prevent
cSDH recurrence (Fig. 15).

The postoperative course was uneventful, with
gradual improvement in neurological status. No
complications were observed. The patient was discharged
from the hospital on postoperative day 10.

Given the stability of the patient’s condition,
follow-up brain MRI was performed 6 months after
surgery (Fig. 16). Complete resolution of the left-sided
cSDH was demonstrated, indicating the absence of
recurrence, along with restoration of the normal position
of the midline brain structures. At follow-up examination,
the patient was in satisfactory condition without focal
neurological deficits.

Fig. 13. Preoperative brain CT: A, B - axial projections demonstrating a left-sided
hemispheric multiloculated cSDH with marked compression and edema of the left

cerebral hemisphere

Fig. 14. Control brain CT on postoperative day 1: A, B - axial projections. The yellow
arrow indicates radiopaque drains of the inflow-outflow drainage system
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Fig. 15. Intraoperative cerebral angiography. Left external carotid artery territory: A - left
lateral projection, arterial phase before MMAe; B - left lateral projection, arterial phase after
MMAe. The left MMA and its branches are indicated by a red arrow; the left maxillary artery
by an orange arrow; the left external carotid artery by a light blue arrow; and the radiopaque
cast of the left MMA after Onyx™ embolization by a yellow arrow

Fig. 16. Postoperative brain MRI, T1-weighted images: A, B — axial projections demonstrating
the absence of left-sided cSDH. The red arrow indicates residual changes from the previous
craniotomy

Discussion

There are no definitive data in the scientific literature
regarding the frequency of use or the advantages of
transradial versus transfemoral access for MMAe. Some
authors [5,12] report that transfemoral access is used
in the majority of cases, as it is considered technically
convenient and has traditionally been employed
in neuroendovascular interventions. In our study,
however, a transradial approach was used exclusively
in all patients and demonstrated a high safety profile,
particularly in elderly patients or those at increased risk
of hemorrhagic complications. This approach allowed
a reduction in intraoperative risks and a substantial
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decrease in hospital length of stay. The mean duration
of hospitalization was (5.1 £ 2.6) days.

In most studies [5, 13-15], polyvinyl particles
(150-250 pm) were used as the primary embolic
agent. This is largely explained by their significantly
lower cost compared with Onyx™; moreover, in some
countries Onyx™ is not available. In addition, polyvinyl
embolic material has a simpler technique of use and
does not require a dimethyl sulfoxide-compatible
microcatheter. Therefore, in many neuroendovascular
centers, polyvinyl embolization is considered the gold
standard. However, more recent publications [16-18]
demonstrate an increasing use of Onyx™, particularly
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in complex cases or in the presence of high risk. At the
Endovascular Center of I.I. Mechnikov Dnipropetrovsk
Regional Clinical Hospital, Onyx™ 18 was used for MMAe
in 18 patients (94.7%). Owing to its liquid form and
slow polymerization, this embolic agent is capable of
penetrating small and pathologically altered branches
supplying the hematoma membrane, thereby providing
more radical obliteration. This property is especially
relevant in recurrent and/or multiloculated cSDH. In
contrast to polyvinyl particles, which may migrate or
be partially washed out over time, the polymer embolic
agent forms a monolithic cast that maintains durable
occlusion of distal meningeal arterial branches. This
reduces the likelihood of distal arterial bed reperfusion
via collateral flow from other meningeal arteries and,
consequently, increases the effectiveness of vascular
blockade of the outer layer of the cSDH capsule.

In addition, Onyx™ contains radiopaque components
(tungsten or tantalum powder), allowing real-time
fluoroscopic monitoring of its injection, as well as
the direction of penetration or reflux. This feature is
particularly important for preventing intraoperative risks
associated with occlusion of “dangerous” anastomoses
with the internal carotid and ophthalmic artery
territories, as well as blood supply to the myelin sheaths
of cranial nerves (Figs. 11B,C and 17).

The middle meningeal artery has numerous
anastomoses with branches of the internal carotid,
ophthalmic, occipital, and ascending pharyngeal arteries.
Knowledge of the topography and variability of these
anastomoses is crucial for the safe performance of
embolization, reduction of neurological complication
risk, and improvement of treatment efficacy in cSDH.

In addition to anatomically determined hazardous
anastomoses, potential complications related to the
access technique and the choice of embolic material should
be considered. The transradial approach demonstrated
greater safety compared with the transfemoral approach
due to a lower risk of local complications, including
pulsatile hematomas and pseudoaneurysms at the
puncture site, as well as avoidance of the most dangerous
complication—retroperitoneal hematoma. The use of
soft neuroguidewires and small-diameter microcatheters
minimizes the risk of arterial wall perforation, thereby
preventing undesirable intracranial hemorrhage or
hematoma formation. The use of polyvinyl alcohol
particles requires larger-diameter microcatheters, which
increases the likelihood of mechanical vessel injury
when navigating distal segments. When working from
proximal segments, the risk of non-target embolization
with small polyvinyl particles increases, whereas the use
of larger-diameter particles reduces procedural efficacy
due to insufficient penetration into distal portions of the
vascular bed.

Thus, the Ukrainian patient series not only confirms
the effectiveness of the transradial approach and Onyx™
but also complements contemporary international data
regarding the selection of the optimal embolic agent.

Our results are consistent with data from recent
randomized trials (EMBOLISE, MAGIC-MT, STEM),
which demonstrate a significant reduction in the risk of
treatment failure with MMAe [4, 7, 8]. This study is unique
in that it demonstrates the feasibility of widespread
MMAe in a resource-limited setting, the safety of the
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transradial approach, and the use of Onyx™ as the
primary embolic agent.

The present study is among the first in Ukraine to
systematically describe the outcomes of endovascular
MMAe for cSDH. The first procedure was performed
on March 24, 2022. The experience of I.I. Mechnikov
Dnipropetrovsk Regional Clinical Hospital demonstrates
that the implementation of modern minimally invasive
techniques that improve treatment efficacy and reduce
recurrence rates is feasible even under wartime
conditions.

Mandatory preoperative selective digital subtraction
angiography of all cerebral vascular territories enabled
the identification of concomitant pathologies and, in
selected cases, the underlying cause of ¢cSDH, which
influenced subsequent surgical strategy.

In both patients with spontaneous subdural
hematomas in whom mycotic aneurysms of the cortical
(M4) segments of the middle cerebral arteries were
identified, the surgical strategy included single-session
embolization of the mycotic aneurysm as the first stage,
followed by MMAe as the second stage. In three other
cases, preoperative cerebral angiography revealed
severe hemodynamically significant internal carotid
artery stenoses in elderly patients. Surgical management
in these patients involved a two-stage approach: MMAe
as the first stage, followed 1-3 months after clinical
stabilization and favorable neuroimaging findings by
X-ray endovascular angioplasty with stent implantation
and initiation of dual antiplatelet therapy.

Recent literature [5, 20] reports high efficacy
of MMAe as a standalone treatment in patients with
coagulation disorders or those receiving anticoagulant
or antiplatelet therapy. In our study, no patients with
overt coagulopathy were included; however, five patients
with abnormal coagulation parameters (international
normalized ratio >1.2, prothrombin index <90%)
receiving anticoagulant or antiplatelet therapy were
treated. In two of these patients, MMAe alone was
performed.

In 13 patients who underwent embolization
alone, the MMA met the following criteria: hematoma
thickness <15 mm, midline shift <5 mm, and absence
of pronounced neurological symptoms. Only one patient
with a multiloculated cSDH had a hematoma thickness of
27 mm and a 5 mm midline shift, taking into account the
stable clinical course of the disease (clinical case No. 3).

The group that underwent primary MMAe followed
by subsequent drainage included three high-risk patients
(cSDH in the setting of anticoagulant/antiplatelet
therapy, hematoma thickness 215 mm, midline shift =5
mm) who nevertheless demonstrated relatively stable
neurological status. In these cases, MMAe was performed
initially not only to reduce the risk of recurrence but
also to devascularize the hematoma capsule and to
prevent intraoperative and postoperative hemorrhagic
complications during the second stage of surgical
treatment.

In three patients, surgical evacuation of cSDH was
performed as the first stage for vital indications. Two
of these patients had large multiloculated hematomas
(thickness >15 mm) with midline shift >5 mm and
pronounced focal neurological deficits (clinical case No.
4). The third patient was a military serviceman with a
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Fig. 17. Schematic illustration of MMA anastomoses [19]. Before its bifurcation (marked by

a purple circle), the petrosal branch (1), from which the superior tympanic artery (2) arises,
anastomoses within the middle ear with the caroticotympanic artery (3, from the internal carotid
artery), as well as with the inferior tympanic artery (4, from the ascending pharyngeal artery) and
the posterior tympanic artery (5, from the occipital artery). On the opposite side, the cavernous
branch of the MMA (6) anastomoses with the inferolateral trunk (7) and the meningohypophyseal
trunk (13). The inferolateral trunk is connected to the ophthalmic artery (9) via its deep recurrent
branch (8). The inferolateral trunk, the MMA, and the ophthalmic artery are also interconnected
through the marginal tentorial artery (10), whose origin may vary: from the lacrimal artery (11),
via the superficial recurrent branch of the ophthalmic artery (12), or from the meningohypophyseal
trunk (13). After bifurcation of the MMA in the pterional region, its frontal branch (14) gives rise

to a medial branch (15), which may intracranially divide into the meningolacrimal branch (ramus
meningolacrimalis) (16) and the medial sphenoidal artery (17). Both branches connect with the
lacrimal artery, although the meningolacrimal artery arises more distally than the sphenoidal
branch. Anastomoses with the ophthalmic artery and the inferolateral trunk are the most
dangerous during transcatheter MMAe due to the risk of embolization of these arteries. The frontal
branch of the MMA reaches the convexity surface along the coronal suture and anastomoses with
the anterior falcine artery (18, a branch of the ophthalmic artery—the anterior ethmoidal artery)
and with branches of the contralateral MMA (19). The posterior branch of the MMA (20) divides into
the petrosquamous branch (21) and the parieto-occipital branch (22). The former anastomoses
with the jugular branch (23) of the ascending pharyngeal artery (24) and with the mastoid branch
(25) of the occipital artery (26). The latter is connected with the posterior meningeal artery (27),
arising from the vertebral artery (28) in the border zones
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history of blast injury sustained in 2015 and recurrent
cSDH, which had been surgically evacuated twice (in
2015 and 2022). During the most recent recurrence in
2024, MMAe was performed after surgical evacuation
of the hematoma (23 May 2024). One-year follow-up
revealed no recurrence.

Significant limitations of our study include the small
sample size (19 patients), which limits statistical power;
the single-center and prospective design, which may
reduce the level of evidence and limit the generalizability
of the findings. Another limitation is the absence of a
control group for comparison of MMAe with conventional
surgical treatment modalities, which precludes definitive
conclusions regarding the superiority of this strategy
over “classical” approaches.

The follow-up period was up to 6 months, which,
although consistent with current follow-up protocols
[3], does not exclude the possibility of late recurrences.
In addition, we predominantly used a single embolic
agent—Onyx™ 18—thus precluding comparison with
polyvinyl particles, which are considered standard in
many international series [13, 14].

The economic aspect of Onyx™ use was not
sufficiently addressed in our study. This represents
an important consideration for healthcare systems,
particularly in resource-limited settings, where polyvinyl
embolic agents are often used as a cost-effective
alternative.

The obtained results confirm the effectiveness and
safety of MMAe; however, they require further validation.
Prospective multicenter studies with larger patient
cohorts are necessary to confirm these findings and
enable their extrapolation to different clinical populations.

A second research direction involves comparison
of Onyx™ (polymeric embolic agent) and polyvinyl
particles as embolization materials in terms of efficacy,
complication profiles, and cost-effectiveness, which
would allow the development of optimal clinical
recommendations.

A third important area is the investigation of long-
term outcomes (>12 months), including recurrence rates,
cognitive outcomes, and quality of life after treatment.

Current evidence suggests that preoperative MMAe
may reduce the risk of repeat interventions as well
as intraoperative and postoperative complications,
particularly in patients at high risk of bleeding. However,
most available data are derived from retrospective
cohort studies; therefore, randomized controlled
trials are required to compare preoperative and
postoperative embolization using standardized endpoints
(recurrence, reintervention, quality of life, and cognitive
outcomes) [8, 21].

A major challenge remains the lack of unified
patient selection criteria. The interdisciplinary ARISE I
consensus proposed the creation of registries and the
standardization of core outcomes for research. Future
studies should separately analyze patients with primary
and recurrent cSDH and identify high-risk subgroups,
including patients receiving anticoagulant or antiplatelet
therapy and those with marked frailty [9, 22]. Particular
attention should be paid to antithrombotic management.
Patients receiving anticoagulant or antiplatelet therapy
represent a complex population in whom the balance
between bleeding risk and thromboembolic complications
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is critical. Available data suggest that MMAe allows for
earlier and safer resumption of antithrombotic therapy;
however, prospective studies are needed to confirm
the safety of early reinstatement of anticoagulant/
antiplatelet treatment [8, 23].

Patient-centered outcomes should be a major focus
of contemporary research. These include not only
recurrence and reoperation rates but also restoration
of autonomy, cognitive function, rehospitalization rates,
and quality of life. Such metrics are increasingly being
incorporated into the latest multidisciplinary guidelines,
reflecting a global trend in modern neurosurgery [8,24].

Further development of this field in Ukraine should
include the establishment of national clinical protocols
adapted to the realities of the domestic healthcare
system. A separate research direction may involve
analysis of the role of MMAe in the treatment of
neurotrauma resulting from military actions, which is
particularly relevant under current conditions.

Our results are consistent with contemporary
literature, confirming that MMAe may be considered an
effective alternative or adjunct to traditional surgical
treatment. This topic remains highly relevant in modern
neurosurgery, as optimal management strategies for
cSDH, including the role of MMAg, continue to be actively
debated. Despite the encouraging results of our study,
confirmation in larger patient cohorts is required to draw
definitive conclusions. Further investigation will enable
the development of clear clinical algorithms and improve
treatment effectiveness. We are actively working in this
direction and plan to continue our research to expand
the scientific evidence base.

The authors express their sincere gratitude to
Professor Rocco Armonda for his long-standing support
and humanitarian assistance, including the provision of
microinstruments, Onyx™ embolization material, and
microcoils, which made it possible to implement modern
endovascular treatment techniques at I.I. Mechnikov
Dnipropetrovsk Regional Clinical Hospital. This support
enabled the treatment of both military personnel with
combat-related injuries and civilian patients with severe
neurosurgical conditions.

Special thanks are extended to the organization
Razom for Ukraine for its substantial assistance in
supplying the hospital with essential consumables
required for high-technology interventions. Collaboration
with international colleagues and charitable organizations
is an extremely important factor in the development of
neurosurgery in Ukraine, particularly in the context of
full-scale war.

We believe that such initiatives contribute not only
to the advancement of clinical practice but also to the
integration of Ukrainian neurosurgery into the global
medical community, creating a foundation for further
scientific research and the implementation of innovative
treatment methods.

Conclusions

1. MMA embolization is an effective and safe
treatment modality for cSDH: favorable clinical and
radiological outcomes were observed in all patients,
with complete hematoma resolution achieved in 89.5%
at 6-month follow-up. No intraoperative or postoperative
complications were recorded in the cohort of 19 patients.
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2. The transradial approach demonstrated a high
safety profile, particularly in elderly patients, and
contributed to reduced length of hospital stay. Patients
receiving antiplatelet and/or anticoagulant therapy were
also treated successfully without an increased risk of
recurrence or complications.

3. The embolic agent Onyx™ 18 demonstrated
advantages over polyvinyl particles due to deeper
penetration and sustained occlusion of pathological
vessels.

4. Combined treatment strategies (MMA embolization
followed by drainage or vice versa) were effective
in complex cases (hematoma thickness >15 mm,
multiloculated hematomas, midline shift >5 mm). MMA
embolization may be used as a standalone treatment
in cases of small hematomas without significant mass
effect or pronounced neurological deficits.

5. Preoperative selective digital subtraction CAG
enabled the detection of concomitant vascular pathology
(mycotic aneurysms, stenosis of major cerebral arteries),
which directly influenced treatment strategy.

6. The presented clinical cases (combat-related
trauma, mycotic aneurysm, recurrent cSDH) demonstrate
the versatility and adaptability of the technique, and
the obtained results are consistent with contemporary
international studies (Levitt, 2024; Fiorella, 2025; Gajjar,
2025; Papageorgiou, 2025), confirming global trends in
the management of cSDH.
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Background: Spondylolisthesis, or anterior vertebral displacement, is a
complex spinal disorder characterized by diverse symptoms and various
treatment approaches. Transforaminal Lumbar Interbody Fusion (TLIF) is
increasingly preferred over Posterior Lumbar Interbody Fusion (PLIF); however
regional data in India are limited.

Objective: This prospective study evaluated clinical, radiological, and
functional outcomes after TLIF in lumbar spondylolisthesis patients treated
at a tertiary center in central India.

Methods: Fifty adult patients with Grade II-IV lumbar spondylolisthesis
underwent TLIF. Assessments included pain (Visual Analogue Scale, VAS),
disability (Oswestry Disability Index, ODI), neurological status, slip angle
correction, fusion rates, and complications pre- and postoperatively. Statistical
significance was set at p < 0.05.

Results: Locations L4-L5 (56%) and L5-S1 (44%) were the affected levels.
The mean preoperative VAS and ODI scores were 7.4+1.0 and 74+10%. At 6
months follow-up, VAS decreased by 71.6% to 2.1, and ODI by 88% to 9.5%
(p < 0.001). Neurological recovery included full motor deficit resolution and
92% sensory improvement. The mean slip angle correction was 14.6+5.3°,
and the fusion success rate was 92%. Complications were minimal, including
4% wound infection and 4% transient neurological deficits, with no implant
failures.

Conclusion: TLIF shows excellent short-term results, offering substantial pain
relief, functional and neurological recovery, and high fusion rates in Indian
patients with moderate-to-severe spondylolisthesis. Further studies with
larger sample sizes and longer follow-up periods are warranted to validate
these findings.

Keywords: spondylolisthesis; spinal instability; TLIF; ODI; VAS

Introduction

anomalies, such as sacral spina bifida, affecting up to

Spondylolisthesis, characterized by the anterior
displacement of a vertebra over the one beneath it,
is @ common spinal pathology with complex etiology
and management considerations. Often resulting from
spondylolysis, its classifications—such as that proposed by
Marchetti and Bartolozzi—distinguish developmental from
acquired forms, helping to understand its natural history,
risk of progression, and treatment implications [1].

The widely used Meyerding classification grades
severity by measuring the degree of vertebral slippage
on lateral radiographs, guiding clinical decision-making
[1]. Although it is readily identified on imaging, there
remains considerable uncertainty about its pathogenesis
and optimal treatment. Its prevalence ranges from 5-6%
in the general population to as high as 12% among
adolescents engaged in vigorous physical activity such
as gymnastics and weightlifting, emphasizing mechanical
stress as a key factor [2]. Genetic predisposition is also
significant, with familial clustering rates ranging from
27% to 69%, as well as associations with congenital

42% of cases [3].

The most frequently involved segments are L4 and
L5, vital for lumbo-sacral stability and load-bearing. Long-
term follow-up studies indicate that spondylolisthesis is
often benign; however, progression with neurological
deficits and chronic pain may occur, correlating with
higher Meyerding grades, disc degeneration, and sacral
morphology.

Diagnostic accuracy has improved with modalities
including oblique radiographs, which reveal the
classic “Scotty dog” sign, computed tomography (CT)
and single-photon emission computed tomography
(SPECT) scans, which enhance the detection of pars
interarticularis defects, and MRI, which assesses neural
compression and soft tissue damage [4].

Clinically, pain patterns vary by age, with postural
and gait abnormalities more common in children due to
hamstring tightness, while whereas adults often present
with back pain and sciatica, frequently dominated by
neurogenic claudication.
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Advances in imaging—particularly MRI and dynamic
radiographs—have enhanced the evaluation of segmental
instability, a critical factor in guiding treatment decisions.

The North American Spine Society (NASS) promotes
"advancing spine evidence synthesis" through a rigorous,
multidisciplinary approach to developing evidence-
based clinical guidelines [5]. The guidelines conclude
that low back pain should be diagnosed mainly using
patient history and physical examination, with advanced
tests reserved for severe or suspicious cases. First-
line treatment should focus on non-pharmacological
approaches such as exercise and education, while
medications or interventions should only be used when
clearly needed, with careful consideration of risks and
benefits. Individualized care is emphasized to improve
patient outcomes and avoid unnecessary interventions.
More recently, integration of artificial intelligence in
diagnostic imaging has further enhanced sensitivity and
accuracy [6].

Despite clear surgical indications in selected patients,
controversies persist concerning the optimal surgical
technique. Among available techniques, Transforaminal
Lumbar Interbody Fusion (TLIF) has gained prominence
as the preferred surgical approach, owing to its ability
to provide circumferential fusion through a unilateral
posterior corridor while minimizing dural and neural
retraction, perioperative blood loss, and procedure
duration compared to Posterior Lumbar Interbody Fusion
(PLIF) [7]. It achieves better restoration of disc height,
indirect foraminal decompression, and sagittal alignment
correction [7].

Advances in TLIF—particularly with the advent of
minimally invasive and expandable cage technologies—
have improved fusion rates, functional recovery, and
reduced perioperative morbidity [7]. However, there
is a paucity of prospective, region-specific data in
countries like India, where epidemiological patterns,
patient comorbidities, and healthcare accessibility differ
significantly from those in Western cohorts. This gap
hampers evidence-based surgical planning and decision-
making tailored to local needs.

The current study addresses this by systematically
correlating clinicoradiological features with outcomes
following TLIF, aiming to generate robust evidence for
optimizing surgical management in the Indian context,
particularly within the tribal belt of central India. Such
research is crucial for improving patient-centered
outcomes, informing shared decision-making, and
enabling efficient allocation of healthcare resources
against a backdrop of increasing disability due to
spondylolisthesis worldwide.

Materials and methods

Study design and setting

This prospective, observational, single-institution
study was conducted in the Department of Neurosurgery
at a tertiary care center located in the tribal belt of
central India. The study duration was one year. The study
protocol was reviewed and approved by the Institutional
Ethics Committee. Written informed consent was
obtained from all participants or their legal guardians
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before their inclusion in the study. The study adhered
to the ethical principles outlined in the Declaration of
Helsinki (2013 revision), ensuring respect for patient
rights, safety, and well-being throughout the research
process [8].

Inclusion criteria

All consecutive adult patients presenting with
lower back pain suggestive of spinal instability were
screened. Patients demonstrating both clinical features
and radiological evidence of lumbar spondylolisthesis
were prospectively enrolled. Patients were included if
they met the following criteria:

1. Adults aged =18 years.

2. Presentation compatible with clinical features such
as chronic low back pain with or without radiculopathy,
neurogenic claudication, restricted lumbar spine mobility
or segmental instability, neurological deficits including
weakness, sensory impairment, or altered reflexes, and
positive findings on instability or stretching tests such
as the straight leg raising test, femoral stretch test, or
instability catch sign.

3. Radiologically confirmed lumbar spondylolisthesis
identified on standing lumbosacral X-rays (anteroposterior,
lateral, flexion-extension views) and/or lumbar MRI.

4. Single-level spondylolisthesis was included.

Exclusion criteria

Patients were excluded under the following
conditions:

1. Presence of scoliosis, abnormal lordosis, or
congenital deformities other than spondylolisthesis.

2. Prolapsed intervertebral disc (PIVD) without
evidence of spondylolisthesis.

3. Inflammatory spinal disorders (e.g., rheumatoid
arthritis, ankylosing spondylitis, seronegative
spondyloarthropathies).

4. Patients with previous lumbar spine surgery.

5. Active or recent spinal infections (tuberculous
spondylitis, bacterial spondylodiscitis).

6. Spinal tumors or secondary metastatic disease.

7. Severe systemic comorbidities precluding surgery,
such as uncontrolled diabetes mellitus, advanced
cardiac disease, severe pulmonary compromise, or
coagulopathy.

8. Pregnant or lactating women.

9. Patients unwilling or unable to provide informed
consent or comply with scheduled follow-up visits.

Preoperative evaluation and data collection

For all included patients, detailed demographic
data—including age, sex, residence, occupational history,
and contact details—were systematically recorded. A
comprehensive medical history was obtained, focusing
on presenting symptoms, duration of illness, prior
treatments, comorbidities, and both personal and
family history. Clinical evaluation involved a thorough
general physical examination and detailed neurological
assessment, with attention to motor power, sensory
perception, reflexes, gait, and spinal flexibility; findings
such as instability, radiculopathy, and neurogenic
claudication were specifically documented. Preoperative
baseline laboratory investigations comprised complete
blood count, renal and liver function tests, fasting
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or random blood sugar, serum electrolytes, calcium,
rheumatoid factor, and C-reactive protein. The following
radiological investigations were performed on a need
basis:

- Plain X-rays (lumbosacral spine): Standing
anteroposterior, lateral, oblique, and flexion-extension
views were used to assess alignment, slip degree, slip
angle, dynamic instability, scoliosis, and sagittal balance.

- Computed Tomography (CT) (when
indicated): Used selectively for detailed bony anatomy
in cases of high-grade slips or complex anomalies.

- Magnetic Resonance Imaging (MRI): Performed
for all patients to evaluate neural compression, degree
of canal stenosis, foraminal narrowing, facet joint
morphology, disc degeneration, juxtafacet cysts, and
ligamentum flavum hypertrophy. Signal changes on
T2-weighted images were noted to assess neural element
compromise and loss of cerebrospinal fluid (CSF) signal.

Key spinopelvic parameters include pelvic incidence
(PI), pelvic tilt (PT), sacral slope (SS), and lumbar
lordosis (LL). These are essential for assessing sagittal
balance and spinal alignment [9]. PI, typically ranging
from 30° to 80° (average 50°-55°), reflects pelvic
anatomy and remains stable post-skeletal maturity;
abnormal values may indicate structural imbalances.
PT, generally between 10° and 15° (range 5° to 30°),
measures pelvic orientation; elevated PT is often seen in
spinal deformities. SS assesses the sacrum's inclination,
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normally 30° to 50°, with deviations indicating potential
mechanical issues. LL, the inward curvature of the lower
back, usually spans 40°-60° but can range from 20° to
80°; hypo- or hyper lordosis may be related to various
pathologies (Fig. 1). Abnormalities in these parameters
are associated with spinal malalignment, pain risk, and
degenerative conditions.

Surgical intervention

Each patient underwent a thorough pre-anesthetic
evaluation and fitness assessment. All patients
in the study underwent open TLIF surgery.
Additionally, reduction was performed in all high-
grade spondylolisthesis cases to restore alignment.
Operative steps included a midline posterior incision
with subperiosteal exposure of the relevant spinal
levels, followed by decompression of neural elements
through laminotomy and foraminotomy as needed.
The intervertebral disc space was then prepared
with thorough disc removal, after which interbody
fusion was performed using appropriately sized cages
combined with autologous or local bone graft. Pedicle
screw fixation with rods was employed to achieve
spinal stabilization (Fig. 2). Adequate hemostasis was
achieved, and the wound was closed in layers, with the
placement of a suction drain as indicated. Intraoperative
parameters, including blood loss, duration of surgery,
complications, and the level of fusion, were carefully
documented.

Sup
Endplate of [5]

Fig. 1. Standing lateral radiograph of lumbosacral spine. Panel (A): Native image showing
vertebral levels (L2-S1) and overlapped hip joints. Panel (B): Same image annotated to
demonstrate measurement techniques for spinopelvic parameters. Red lines indicate

the superior endplate of L1, the inferior endplate of L5, and the superior endplate of S1.
Perpendiculars to endplate lines are shown to illustrate lumbar lordosis (LL), sacral slope (SS),
pelvic incidence (PI), pelvic tilt (PT), and vertical reference line (VRL).
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Fig. 2. A case study of grade 4 spondylolisthesis. Panel A — MRI of the lumbosacral spine (T2-weighted sagittal
images) demonstrates lumbar spondylolisthesis with associated prolapsed intervertebral disc at the L4-L5 level.
Panel B - Intraoperative photograph displaying laminotomy (solid white arrow) and placement of a pedicle screw
rod construct (solid white star). Panel C - Plain X-rays of the lumbosacral spine (AP and lateral views, preoperative
images) show loss of alignment due to spondylolisthesis. Panel D - Postoperative plain X-rays (AP and lateral
views) illustrate the pedicle screws, rods, and interbody cage in situ, confirming realignment and stabilization

Postoperative care and follow-up

Patients were mobilized early with lumbar support.
Postoperative radiographs were performed to confirm
implant placement (Fig. 2). Analgesia, physiotherapy,
and gradual rehabilitation were provided. Patients were
discharged after achieving ambulation with adequate
pain relief. Follow-up evaluations were carried out at
1 month, 3 months, and 6 months. Both outpatient
visits and telephonic consultations were utilized when
in-person visits were not possible.

Outcome measures

Primary outcome measures included postoperative
pain, assessed using VAS; functional disability, evaluated
with ODI; neurological recovery encompassing motor
strength, sensory function, and reflexes; and the average
duration of hospital stay [10]. Secondary outcome
measures comprised radiographic assessment of
vertebral displacement correction, measurement of slip
angle reduction, and evaluation of surgical complications,
including wound infections, implant-related issues, and
any neurological deterioration.

Data analysis

All collected data were entered into a structured
database and analyzed using SPSS version 26.0.
Continuous variables were expressed as meanzstandard
deviation (SD), while categorical variables were
presented as frequencies and percentages. Paired t-tests
were used to compare preoperative and postoperative
continuous variables, such as VAS and ODI scores.
Chi-square tests were employed for the analysis of

categorical data. A p-value of less than 0.05 was
considered statistically significant.

Results

The demographics and baseline characteristics of
the study population are shown in (Table 1).

The study cohort comprised 50 patients with a
mean age of 58+6.9 years (range 41-83), including
44% males and 56% females. The average BMI was
25.4+3.2 (22.5-31.1), with 72% of participants engaging
in mixed occupational activity and 28% being sedentary.
Comorbidities included hypertension (32%), diabetes
(24%), and cardiovascular disease (20%). The mean
duration of symptoms was 5.2+1.1 months. Pain was
predominantly radicular (72%), with 48% reporting
mechanical pain. Prior conservative treatments were
physiotherapy (52%), medications (100%), and injections
(36%). Lumbar levels L4-L5 and L5-S1 were affected
in 56% and 44% respectively. No patients had Grade
I spondylolisthesis; 52% had Grade II, 28% Grade III,
and 20% Grade IV. In the study population, isthmic
spondylolisthesis accounted for 62% (31 cases), whereas
degenerative spondylolisthesis comprised 38% (19 cases).
Preoperative VAS averaged 7.4%1.0, and ODI was 54+12%.
Baseline neurological deficits were noted in 8% of patients
as motor and in all patients as sensory. Imaging revealed
canal stenosis in 28%, foraminal stenosis in 76%, and facet
arthropathy in 12%. Dynamic X-rays showed instability in
92% of patients. The surgical and radiographic outcomes
of the study are shown in (Table 2).
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Table 1. Patient demographics and baseline characteristics (n=50) of the study population

Characteristic

Value / Number (%)

Range / MeantSD

Age (years)

58+6.9 (41-83)

Gender (male/female)

22 (44%) / 28 (56%)

Body Mass Index (BMI)

25.4+3.2 (22.5-31.1)

Occupational status

Mixed: 36 (72%)
Sedentary: 14 (28%)

Comorbidities

Hypertension: 16 (32%)
Diabetes: 12 (24%)
CVD: 10 (20%)

Duration of symptoms (months) - 5.2+1.1 (1-9)

Pain characteristics |\R/|aegir(1:alajrl1;cr?l:362?7(;$o°)/0) -
Physiotherapy: 26 (52%)

Previous conservative treatment Medications: 50 (100%) -
Injections: 18 (36%)

Spine levels affected tg:g? %g %2222% -
Grade I: 0 (0%) .

Grade of spondylolisthesis (Meyerding) g:ggg Ei:2164(25228{°%) -
Grade IV: 10 (20%)
Isthmic: 31 (62%)

Types of spondylolisthesis Degenerative: 19 (38%)
Dysplastic: 0 (0%)

Preoperative VAS score - 7.4£1.0 (6-9)

Preoperative ODI (%)

54+12 (40-80)

Baseline neurological deficit

Motor: 24(8%)
Sensory: 50 (100%)

Imaging findings

Canal stenosis: 14 (28%)
Foraminal stenosis: 36 (76%)
Facet arthropathy: 6 (12%)

Instability on dynamic X-rays

Yes: 46 (92%)
No: 4 (8%)

Table 2. Radiographic outcomes and surgical complications in the study population

Mean£SD /
Parameter Number of Range Perczﬁ/n)tage Notes
patients (n=50) °
Slip angle reduction (degrees) 14.6£5.3 9-30 - Significant correction
Fusion rate at 6 months 46 patients / 50 - 92% (zp(;?:i%sog,ft?]?g;%?ion
Wound infection (n, %) 2 - 4% tsrlé%?;fg;ﬁl' resolved with
%m%l/oa)nt-related complications 0 (0%) _ 0% None reported
(l}}surological deterioration (n, 1 - 2% Transient deficit, recovered
. N _ Developed heart failure with atrial

Cardiac complication 1 2% fibrillation, managed medically
Reoperation rate (n, %) 0 (0%) - 0% None
Average hospital stay (days) 12.5+£2.1 5-18 - Standard postoperative stay
Intraoperative blood loss (mL) 610+85.4 410-930 - Moderate blood loss
Operative time (minutes) 175.2+24.8 140-220 - Within the expected range
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Surgical intervention resulted in a mean reduction
of 14.6+5.3 degrees in slip angle (range, 9-30 degrees).
Fusion was successful in 92% (46/50) of patients
at 6 months. Complications were minimal, with 4%
experiencing wound infection (2 patients), 0% having
implant-related issues, and 2% presenting with transient
neurological deterioration (1 patient). No reoperations
were needed. Average hospital stay was 12.5+2.1 days,
intraoperative blood loss averaged 610+£85.4 mL, and
operative time was 175.2+24.8 minutes. At the 6-month
follow-up, spinopelvic parameter assessment revealed
that pelvic incidence remained stable (55.4°+7.8°
pre-operatively vs. 55.2°+7.5°), indicating no significant
change. In contrast, pelvic tilt demonstrated a significant
reduction, while sacral slope and lumbar lordosis
also showed significant postoperative improvements
(Table 3). These findings suggest better sagittal
alignment and restoration of lumbar curvature following
TLIF surgery.

Pre- and post-operative pain assessment is shown
in (Fig. 3).

The mean VAS scores showed a progressive
decrease from 7.4+1.0 preoperatively (median 7, range
5-9) to 4.2+1.3 at 1-month post-op (median 4, range
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2-7), reflecting a 43.2% improvement with 44% of
patients achieving =50% pain reduction (p=0.015). At
3 months, the mean VAS further declined to 3.3+1.2
(median 3, range 1-5), with a 55.4% improvement and
64% of patients with =50% improvement (p=0.009).
Significant pain relief continued at 6 months, with a mean
VAS of 2.1+0.8 (median 2, range 1-4), representing a
71.6% reduction and 84% attaining 250% improvement
(p < 0.001) (Table 4).

The functional outcome of the study is shown
in (Fig. 4). The mean ODI scores decreased from a
preoperative value of 74£10% (median 75, range 55-90)
to 62.5+6.8% at 1 month (median 60, range 45-78),
reflecting a 16% improvement with 28% of patients
achieving 230% improvement (p=0.08). At 3 months,
mean ODI further improved to 36.5+4.2% (median 35,
range 22-53), representing a 51% reduction and 72%
of patients with >30% improvement (p=0.005). By 6
months, the mean ODI declined markedly to 9.5+1.6%
(median 9, range 3-18), showing an 88% improvement
with 96% of patients achieving 230% improvement (p
< 0.001) (Table 5).

The neurological outcomes demonstrated significant
recovery over time (Fig. 5).

Table 3. Pre- and post-operative assessment of spinopelvic parameters using paired t-test

Parameter Pre-op Follow-up (6 months) t-value p-value

Pelvic incidence (PI) 55.4°+7.8° 55.2°+7.5 -0.13 0.8972

Pelvic tilt (PT) 21.3°+7.4° 17.2°+5.1° -3.23 0.0017

Sacral slope (SS) 33.6°+9.5° 37.8°+8.3° 2.35 0.0211

Lumbar lordosis (LL) 46.5°+12.4° 51.4°+11.2° 2.07 0.0410
Mean VAS Over Time

Mean VAS

Froop im Pastl

Time Pt

3m Post

Bm Post

Fig. 3. Mean Visual Analogue Scale of patients during pre-op and follow-up
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Table 4. Pre-operative and post-operative pain assessment using VAS

Mean Median % Number of patients p-value
Time point Range Improvement with =50 % _
VASSD VAS from Baseline Improvement (%) (vs Pre-op)
Preoperative 7.4£1.0 7 6-9 - - -
1 Month post-op 4.2+1.3 4 2-7 43.2% 22 (44%) 0.015
3 Months post-op 3.3+£1.2 3 1-6 55.4% 32 (64%) 0.009
6 Months post-op 2.1+0.8 2 1-4 71.6% 42 (84%) <0.001
Mean ODI by Time Pt
800
700
600
¥ 600
=]
(=]
£
%’ 400
300
200
o0 - - —
Pre-ap 1Month 3Months B Manths
Timie Pt
Fig. 4. Mean Oswestry Disability Index (ODI) during pre-op and follow-up
Table 5. Functional disability assessed by ODI during pre-op and follow-up.
Time Point Mean ODI (%) Median Ran % Improvement Im 230‘{‘:1 nt -val
ime Pol (MeantSD) (%) ange from Baseline p(r:v;o)e p-value
Pre-op 74+10 75 55-90 - - -
1 Month 62.5+6.8 60 45-78 16% 14 (28%) 0.08
3 Months 36.5+4.2 35 22-53 51% 36 (72%) 0.005
6 Months 9.5+1.6 9 3-18 88% 48 (96%) <0.001
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Fig. 5. Neurological recovery histogram at 1,3, and 6 months

A motor deficit was present in 4% of patients
preoperatively and persisted immediately and at 1 month
postoperatively but resolved completely by 6 months,
representing 100% resolution (p=0.04). The sensory
deficit was universal preoperatively (100%) and reduced
to 52% immediately post-op, 32% at 1 month, and 8%
at 6 months, reflecting a 92% overall improvement (p
< 0.001). Gait disturbance affected 96% preoperatively
and immediately post-op, improved to 68% at 1 month,
and further to 36% at 6 months, demonstrating a 62.5%
improvement (p=0.001) (Table 6).

The correlation analysis of demographic, clinical,
and radiographic variables with study outcomes is
shown in Table 7. The analysis of study variables
showed that older patients (>70 years) and those with
obesity had higher disability and pain scores, with
obesity significantly affecting both ODI (9.90+1.52
vs. 8.85+1.74, p=0.029) and VAS (2.05£0.69 vs.
2.30+0.82, p=0.001) outcomes. The L4-L5 spinal level
was associated with greater disability (ODI 10.06+1.84)
compared to L5-S1 (8.79+1.63, p=0.014). Higher grades
of spondylolisthesis correlated with worse outcomes,
with grade 4 showing the highest ODI (11.27+1.55, p <
0.001). No significant outcome differences were noted
based on sex or hypertension.

Discussion

This prospective study evaluated the short-term
clinical, radiological, and functional outcomes of TLIF
in patients with spondylolisthesis, with an emphasis
on pain relief, functional recovery, and fusion success.
Our results demonstrate that TLIF provides effective
correction of deformity, promotes high fusion rates,
and achieves substantial improvements in pain scores,
disability indices, and neurological function, with a low
complication profile.

The demographic profile of the cohort—mean
age 58 years, female predominance (56%), high
prevalence of comorbidities (hypertension 32%,
diabetes 24%), and a relatively high rates of grade II-
IV slips—reflects the typical clinical scenario of Indian
patients presenting for spinal surgery. Compared with
international cohorts, where many surgical series focus
on lower-grade slips and younger patients, our series
included a greater proportion of advanced Meyerding
grades (48% grade III-IV) [11]. This may highlight a
delay in diagnosis and surgical referral in our setting,
likely influenced by socioeconomic and healthcare
access disparities.

The pre- and post-operative assessment of
spinopelvic parameters demonstrated significant
changes in PT, SS, and LL at 6 months follow-up,
while PI remained stable with no significant difference
(p=0.8972). Specifically, PT decreased significantly
from 21.3°+7.4° to 17.2°+5.1° (t=-3.23, p=0.0017),
indicating improved pelvic alignment post-surgery.
SS and LL showed a significant increase, suggesting
enhanced lumbar curvature contributing to sagittal
balance restoration. These findings are consistent with
prior studies. Shafiei et al. reported that abnormalities
in standing pelvic tilt are significantly associated with
poorer functional outcomes after total hip arthroplasty,
and improvement in PT correlates with better recovery
[12]. Similarly, Williams et al. found that PT and LL
improved significantly post-lumbar fusion surgery,
consistent with the paired t-test findings observed
in the present study [13]. These studies collectively
confirm that surgical realignment positively impacts
the key sagittal parameters PT, SS, and LL, while
PI remains a fixed anatomical parameter unaffected
by surgery.
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Table 6. Neurological recovery outcomes during follow-up

. . Immediate 1-Month 6-Month
Neurological Preoperative _ _ _ _
Parameter (n, %) post%o)p (n, post%o)p (n, postO/:)p (n, Improvement (%) p-value
Motor deficit 2 (4%) 2 (4%) 2 (4%) 0 (0%) 100% resolution 0.04
Sensory deficit 50 (100%) 26 (52%) 16 (32%) 4 (8%) 92% improvement <0.001
Gait 62.5%
disturbance 48 (96%) 48 (96%) 34 (68%) 18 (36%) improvement 0.001

Table 7. Correlation of various demographic, clinical, and radiographical parameters of the study population
with study outcomes

Outcome Outcome T value
Variables Subclass (op1) valoeonny | ooty (VAS) /Fvalue | FUade
MeanSD alue Mean+SD (VAS)

Male 9.79+1.45 1.83:0.72
5% 79:1. 83:0.

Sex 1.37157 | 0.17658 1.92345 | 0.05500
emes 9.27+1.23 2.23:0.78
0y | 9.00:1.67 1.97+0.88

Age 5%;]7:%({5 9.95:1.31 | 4.67581 | 0.01406 | 2.1240.74 | 2.15790 | 0.12600
LS| 10.96:1.90 2.3120.80
s | 9-901.52 2.05:0.69

Obesity 2.24392 | 0.02949 3.33521 | 0.00110
s 8.85+1.74 2.3040.82
ety | 10.15:1.38 2.26+0.77

HTN 1.76022 | 0.08474 1.15840 | 0.24560
oesi 9.19+2.00 2.08+0.83
frety | 10.00:1.41 1.85£0.82

DM 0.99836 | 0.32311 3.23211 | 0.00160
58 9.38+1.58 2.21£0.78
ooy | 10025172 2.49:0.72

cvD 1.33140 | 0.18935 2.00822 | 0.05220
=50 9.37+1.29 2.03£0.87
e38) 10.06+1.84 2.19+0.65

Location 2.54546 | 0.01418 1.92830 | 0.05810
(ho53) 8.79+1.63 2.00+0.90
Credey | 8.59:1.47 1.89:0.95

Grade of Grade 3

e listhesis | has) 9.93:2.10 | 9.79907 | 0.00028 | 2.09:0.72 | 9.36251 | 0.00150
Gy | 11275155 2.43+0.78
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Postoperative VAS scores demonstrated a significant
and sustained decline from 7.4 preoperatively to 2.1
at 6 months, with 84% of patients reporting >50%
pain relief. Similarly, ODI improved by 88% at final
follow-up, with almost all patients (96%) achieving a
clinically meaningful improvement. These outcomes
are consistent with previous reports demonstrating
the efficacy of TLIF for spondylolisthesis. For instance,
Hartmann et al. have reported VAS backache pain
reduction of 69.6 % at 12 weeks post-TLIF, comparable to
our 71.6% VAS reduction at 6 months [14]. Also, the ODI
scores in this study improved by 53.8% comparable to
our study comparable to our study (51% reduction) [14].

The early disability improvement lag at 1 month,
followed by sharp gains at 3 and 6 months, may reflect
the time required for postoperative rehabilitation
and gradual fusion-related stability. Integrating high-
intensity interval training (HIIT) into rehabilitation
protocols can accelerate these functional gains, as HIIT
has been shown to significantly boost cardiovascular
fitness, quality of life, and postoperative recovery in
patients—suggesting a promising strategy to optimize
outcomes in surgical populations [15]. The mean
correction in slip angle (14.6 degrees) and the high
6-month fusion rate (92%) confirm TLIF’s biomechanical
advantages in restoring sagittal balance and promoting
stability. Our fusion rate aligns with previously published
pooled values of 84.7-94.3% in TLIF series and compares
favorably to PLIF, where fusion is often slightly lower
and implant-related complications are higher due to
bilateral retraction [16]. Notably, our series achieved
this with minimal complications and no implant failures,
supporting TLIF as a reliable technique for correcting
multi-grade spondylolisthesis. Compared to other
studies, where at least one complication rates range
from approximately 20%—including dural tears, nerve
injuries, and pseudoarthrosis—our outcomes were at the
lower end, possibly reflecting careful case selection and
adherence to surgical protocols [17-18].

Neural decompression is a key advantage of TLIF,
where cage placement restores disc height and foramina.
In our study, 76% had foraminal stenosis, yet the
majority showed neurological recovery. Neurological
deterioration was transient in one patient, and there
was a single cardiac complication involving heart failure
with atrial fibrillation [19-21]. It was managed medically,
in line with modern perioperative risk assessments that
highlight cardiac morbidity as rare but significant in this
and similar populations [3, 22]. Average hospital stays
(12.5+2.1 days), intraoperative blood loss (610+85.4
mL), and operative time (175.2+24.8 minutes) were
consistent with results from large comparative studies,
supporting TLIF's status as an effective technique for
spondylolisthesis with a favourable safety and recovery
profile that matches current evidence-based guidelines
and outcomes research [18].

In the evaluation of neurological outcomes,
significant improvements were observed across motor,
sensory, and gait parameters over six months. Motor
deficits resolved completely by six months (p=0.04).
Sensory deficits were initially present in 100% of patients
but improved dramatically to 8% at six months, reflecting
a 92% improvement with high statistical significance.
Gait disturbance was noted in 96% preoperatively,
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decreasing to 36% by six months, indicating a 62.5%
improvement (p=0.001). These findings align well with
published data by Balasubramanian et al. showing
that TLIF effectively decompresses neural elements,
promotes nerve root recovery, and facilitates substantial
functional neurological recovery, with most deficits
improving gradually over months postoperatively without
persistent major deficits [23].

Studies have also emphasized that the unilateral
posterior approach preserves posterior soft tissues,
aiding neurological recovery, and that early motor
improvements portend good clinical outcomes [24].
Although some sensory symptoms may persist longer, a
profound reduction over time indicates successful nerve
decompression and stabilization achieved by TLIF. These
neurological outcome trends are supported by both
retrospective and prospective clinical series investigating
TLIF in the treatment of spondylolisthesis [25]. However,
our cohort adds valuable data specific to the Indian
context, where higher preoperative disability, advanced
slip grades, and delayed presentation are common.

The correlation of various demographic, clinical, and
radiographic parameters with study outcomes, measured
by ODI and VAS, reveals significant associations,
particularly with age, obesity, location of pathology, and
grade of spondylolisthesis. Patients >70 years had higher
disability scores. Obesity was significantly correlated
with worse outcomes in both ODI (p=0.02949) and VAS
(p=0.00110), consistent with recent findings by Garcia
et al., who reported that higher BMI negatively affects
recovery and results in elevated pain and disability
scores postoperatively [26]. Spondylolisthesis grade
also showed a highly significant correlation with both
ODI (p=0.00028) and VAS (p=0.00150), with higher
grades associated with worse disability and pain, echoing
the observations by Nedelea et al. regarding functional
impairment increasing with severity of spondylolisthesis
[27]. The location at L5-S1 was associated with
significantly higher ODI compared to L5-S1 (p=0.00848).
Sex and hypertension showed no significant correlation
with outcomes in this cohort. Diabetes mellitus was
significantly correlated with VAS scores (p=0.00160),
which aligns with recent data highlighting altered
pain perception in diabetic patients [28]. These
findings underscore the need for individualized patient
assessment incorporating these variables to optimize
treatment strategies and prognostication in spinal
disorders.

Study strengths and limitations

This study possesses many strengths including
its prospective design, which ensures systematic and
unbiased data collection; comprehensive evaluation of
multiple clinical, radiographic, and functional outcomes
such as pain (VAS), disability (ODI), neurological
recovery, and fusion rates, providing a holistic picture of
TLIF efficacy; and its focus on an Indian patient cohort,
filling an important regional data gap and addressing
demographic and healthcare nuances. Additionally,
the detailed reporting of neurological and functional
improvements with statistically significant results,
strengthens the clinical relevance of the findings.
However, the study has few limitations such as a
relatively small sample size of 50 patients, potentially
limiting the power to detect rare complications and
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reducing generalizability; a short-term follow-up period
of six months, which is insufficient to assess long-term
fusion success and late complications. Furthermore, its
single-center nature, absence of a control or comparison
group, and limited detail on rehabilitation protocols may
influence functional recovery outcomes and prevent
standardization of postoperative care. Despite these
limitations the study provides important contribution to
Indian spine surgery literature while identifying areas for
further research to confirm and expand these findings
in larger, multi-center, randomized trials with extended
follow-up.

Conclusion

This prospective study highlights that TLIF is
an effective and safe surgical option for managing
spondylolisthesis in an Indian patient cohort,
demonstrating significant postoperative improvements in
pain, disability, neurological recovery, and sagittal spinal
alignment. Key findings include a significant reduction
in pelvic tilt, increased sacral slope and lumbar lordosis,
and high fusion rates with minimal complications. Clinical
outcomes were influenced by patient- and disease-related
factorsincluding age, obesity, diabetes, anatomical level,
and grade of spondylolisthesis, emphasizing the need
for individualized patient assessment. These results
contribute valuable region-specific data to support
tailored surgical planning and improve functional and
neurological outcomes in patients with varying degrees
of spondylolisthesis. However, larger, multi-center
studies with longer follow-up are warranted to validate
these findings, assess the long-term durability of fusion,
and optimize perioperative care protocols tailored to
regional patient populations.
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Introduction: Giant parasagittal and falcine meningiomas are surgically
challenging due to their frequent involvement of the superior sagittal sinus
(SSS), proximity to eloquent cortex, and complex venous anatomy. Although
these tumors carry a high operative risk, detailed analyses of surgical difficulty
remain limited in the literature.

Objective: This narrative review of published case reports and series aims
to delineate the key determinants of surgical complexity in giant parasagittal
and falcine meningiomas, including tumor size, sinus involvement, anatomical
constraints, and intraoperative decision-making while emphasizing the balance
between surgical radicality and patient safety.

Methods: A narrative review and multicase synthesis were performed,
analyzing 22 published reports (19 case reports and 3 case series) describing
the microsurgical management of giant parasagittal and falcine meningiomas.
Studies were included based on the PICOS framework, focusing on tumors
=5 cm with original surgical and outcome data. Extracted variables included
demographics, tumor size, location, SSS involvement, histology, surgical
technique, and clinical outcomes.

Results: A total of 36 patients were identified. Most tumors were parasagittal
(52.8%), involved the middle third of the SSS (38.9%), and demonstrated
SSSinvasion (78.6%), with complete occlusion in 64.3% of cases. Gross total
resection was achieved in 75.7% of cases. Pediatric patients (11.1%) were
more frequently associated with high-grade histology and intraoperative
complications. Tumors involving the middle third of the SSS and those with
parasagittal location were consistently associated with increased technical
difficulty, venous bleeding, and postoperative deficits. Overall, 72.2% of
patients experienced favorable recovery, while 11.1% had poor outcomes,
including tumor recurrence or death.

Conclusion: Surgical management of giant parasagittal and falcine
meningiomas is technically demanding, particularly in pediatric cases and when
tumors involve the parasagittal region or the middle third of the SSS. Careful
preoperative venous evaluation and individualized strategies are crucial for
optimizing the resection while minimizing complications.

Keywords: parasagittal meningioma; falcine meningioma, giant meningioma,
surgical complexity

Introduction

Parasagittal meningiomas, which are defined by

Parasagittal and falcine meningiomas are among
the most frequently encountered intracranial tumors,
ranking second only to convexity meningiomas in
terms of location [1, 2]. Arising from the arachnoid
cap cells, often near the arachnoid villi along the falx
cerebri or superior sagittal sinus (SSS), these tumors
are associated with significant surgical morbidity and
account for approximately 2.6-6.7% of meningioma-
related deaths [3]. Although they are generally
histologically benign, their proximity to essential venous
structures and cortical regions poses considerable
surgical challenges [4].

their involvement with the wall or lumen of the SSS,
represent approximately 20-30% of all intracranial
meningiomas [5]. Surgical complexity is amplified in
giant tumors, commonly defined as those measuring
more than 5 cm in diameter [6]. These large tumors
often compress or invade the SSS, impair venous
drainage, and distort adjacent brain tissue, elevating
the risks of venous infarction, cerebral edema, and
neurological deficits [4, 7, 8]. The challenges are
particularly pronounced when the lesion involves the
middle or posterior thirds of the sinus or is situated
near eloquent brain areas, such as the sensorimotor
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or supplementary motor cortex [1, 9, 10]. Similarly,
parafalcine meningiomas, typically located parafalcine
meningiomas, typically located deep within the
interhemispheric fissure, pose challenges due to limited
surgical exposure and proximity to critical structures
[5, 11].

While gross total resection (GTR) offers the
best chance of minimizing recurrence, its feasibility
is often constrained by the need to preserve vital
venous and cortical anatomy [11, 12]. Despite the
growing awareness of the complexities associated with
parasagittal and falcine meningiomas, giant variants
remain underrepresented in the literature, particularly
in terms of detailed, case-level surgical evaluations [8,
13]. Additionally, there remains limited consensus on
optimal strategies for managing tumors with partial
or complete SSS occlusion [6]. These gaps underscore
the need for a focused synthesis of case-level data on
surgical complexity, venous sinus management, and
outcomes in giant parasagittal and falcine meningiomas.

Objective

This narrative review of published case reports
and series aims to delineate key determinants of
surgical complexity in giant parasagittal and falcine
meningiomas including tumor size, degree of sinus
invasion or occlusion, venous and cortical anatomical
constraints, and intraoperative decision making. The
review also aims to relate these factors to the extent
of resection, perioperative complications, and overall
clinical outcomes, while emphasizing the need to balance
surgical radicality with patient safety.

Methods

This narrative review was conducted to systematically
identify clinical and anatomical factors contributing to
surgical complexity in giant parasagittal and falcine
meningiomas, based on published case reports and
case series.

Eligibility criteria

The study followed the PICOS framework:

Population: Patients of any age diagnosed with
parasagittal or falcine meningiomas =5 cm, with or
without SSS invasion.

Intervention: Microsurgical resection, including
GTR, near total, or subtotal resection (STR) approaches,
with or without adjunctive measures such as sinus
reconstruction, preoperative embolization, or
radiotherapy.

Comparison: Cases were analyzed based on degree
of sinus invasion (none, partial, complete), tumor location
(anterior, middle, posterior third), patient age (pediatric
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vs. adult), histological grade (WHO I-III), and extent
of resection.

Outcomes:

- Primary: Identification of factors associated with
increased surgical difficulty, including sinus invasion,
tumor location, patient age, etc.

- Secondary: Neurological recovery, extent of
resection, recurrence, and surgical complications.

Study Design: Case reports and series with original
surgical and outcome data.

Only full-text articles published in English were
included.

Studies were excluded if tumors were <5 cm, located
outside the parasagittal or falcine region, or lacked
surgical or outcome details.

Search strategy

A structured search of PubMed, ScienceDirect,
SpringerlLink, and the Cochrane Library was conducted
for articles published up to May 2025, using the
following terms: "Falcine meningioma" OR "parasagittal
meningioma") AND ("surgical resection" OR "Simpson
grade") AND ("superior sagittal sinus" OR "SSS
invasion") AND ("case report" OR "case series").
Relevant references from selected studies were
also reviewed.

Data extraction and analysis

Two reviewers independently extracted data using
a standardized form, collecting patient demographics,
tumor features (size, location, SSS involvement,
histology), surgical strategy, and clinical outcomes.
Descriptive statistics were applied, and a structured
comparison was used to explore associations between
specific factors (e.g., venous anatomy, pediatric status,
tumor site) and surgical complexity or outcomes.

Results

Study selection and identification

A total of 548 records were identified through a
systematic literature search of four databases: PubMed
(n=127), ScienceDirect (n=173), SpringerLink (n=130),
and the Cochrane Library (n=148). After removing
duplicates, the remaining articles were screened based
on title, abstract, relevance to the predefined inclusion
criteria, language (English), and full-text accessibility.
Following full-text assessment, 22 studies, comprising
19 case reports [5, 7, 13-29] and 3 case series [6, 9,
30], met all eligibility criteria and were included in the
final analysis.

Summary of findings

A total of 36 patients were included in the analysis
(Table 1), comprising 19 males (52.8%) and 17 females
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(47.2%). The majority were adults (n=32, 88.9%), with a
mean age of 52.5+12.5 years, while four patients (11.1%)
were children (mean age 5.75+3.8 years). The most
common presenting symptoms were motor or sensory
deficits, reported in 14 patients (38.9%), including
weakness, hemiparesis, foot drop, and gait disturbances.
Symptoms of raised intracranial pressure were present in
10 patients (27.8%), while seizures occurred in 9 cases
(25%), including generalized, focal, and complex partial
types. Cognitive or behavioral changes were reported
in 4 patients (11.1%), such as memory impairment,
aggression, or glossolalia.

The average tumor size was 7.69 x 5.80 x 5.56 cm,
indicating a large lesion volume, primarily parasagittal
(n=19, 52.8%) and falcine (n=16, 44.4%), with one
patient (2.8%) exhibiting combined falcine-parasagittal
involvement. Regarding tumor site within the SSS, the
middle third was the most commonly affected region
(n=14, 38.9%), followed by the anterior third (n=12,
33.3%). Multiple adjacent segments were also involved
(anterior-middle: n=3, 8.3%; middle-posterior: n=1,
2.8%). Posterior third involvement was noted in 2 cases
(5.6%). Overall, SSS invasion occurred in 22 patients
(78.6%), with complete invasion in 18 (64.3%) and partial
invasion in 4 (14.3%).

Gross total resection (GTR) was achieved in 28
patients (75.7%), including two cases who underwent
simultaneous sinus reconstruction. Incomplete resection
was reported in 4 cases (10.8%). Histopathologically,
meningothelial meningioma was the most common
subtype (n=12, 33.3%), followed by atypical (n=9,
25%), transitional (n=7, 19.4%), and malignant variants,
including anaplastic and malignant meningiomas
(n=2, 5.6%). Most tumors were WHO Grade I
(n=19, 52.8%), with Grade II in 9 cases (25%) and
Grade III in 2 (5.6%).

Postoperatively, 26 patients (72.2%) had favourable
recovery, while 6 (16.7%) experienced residual
neurological deficits (mild hemiparesis, seizures well
controlled with anticonvulsants, apraxia, intermittent
headaches, and sixth nerve palsy). Four patients (11.1%)
who experienced tumor recurrence had poor outcomes
(worsening of symptoms, metastases, progressive tumor
enlargement, multiple tumors detected, and death).
The median follow-up duration was 17.5 months (range
2-180 months), and the mean length of hospital stay
was 10.77+8.36 days.

Factors Contributing to Surgical Difficulty

Pediatric meningioma

The surgical management of giant parasagittal
and falcine meningiomas is frequently complicated
by a combination of factors, including patient age,
vascular involvement, tumor location, and anatomical
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Descriptive Data

Variable (n=36)
Gender
Male 19 (51.4%)
Female 17 (45.9%)
Age Group
32 (88.9%),

Adults 52.5412.5

. 4 (11.1%),
Children L (411%)
Presenting Symptoms
Seizures 9 (25%)

ICP-related symptoms

10 (27.8%)

Motor/sensory deficits

14 (38.9%)

Cognitive/behavioral changes

4 (11.1%)

Tumor size (mean)

7.69 x 5.80 x 5.56

Tumor Location

Falcine

16 (44.4%)

Parasagittal

19 (52.8%)

Falcine-Parasagittal

1 (2.8%)

Tumor Site (SSS thirds)

Anterior third

12 (33.3%)

Middle third

14 (38.9%)

Posterior third 2 (5.6%)
Anterior-Middle 3 (8.3%)
Middle-Posterior 1 (2.8%)

SSS Invasion

Complete 18 (64.3%)
Partial 4 (14.3%)
None 6 (21.4%)

Extent of Resection

Gross Total Resection (GTR)

28 (75.7%)

Incomplete Resection

4 (10.8%)

GTR with sinus reconstruction

2 (5.4%)

Histopathological Subtype

Meningothelial meningioma

12 (33.3%)

Transitional meningioma 7 (19.4%)
Atypical meningioma 9 (25%)
Anaplastic meningioma 1 (2.8%)
Malignant meningioma 1 (2.8%)
WHO Grade

Grade I 19 (52.8%)
Grade II 9 (25%)
Grade III 2 (5.6%)

Postoperative Outcomes

Good recovery

26 (72.2%)

Recovery with deficits 6 (26.7%)
Poor outcome / Recurrence 4 (11.1%)
Follow-up Duration (months) 17.50 (IQR 2-180)
Length of Hospital Stay (days) 10.77+£8.36
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subtype (See Table 2 at the link https://theunj.
org/article/view/338724/331688). Pediatric
patients, for instance, present unique challenges due
to more aggressive tumor behaviour and a higher risk
of intraoperative complications [5, 7, 21, 22]. In our
review, four children (11.1%) were identified, with a
mean age of 5.75+3.8 years; three had atypical and
one had anaplastic meningioma. Li et al. reported a
2-year-old child with a 14.2 x 13.5 x 11.1 cm occipito-
temporo-parietal tumor featuring necrosis, vascularity,
and bone erosion. The patient underwent staged
resection but experienced two episodes of hemorrhagic
shock, including one with unrecordable intraoperative
blood pressure; nonetheless, gross total resection
was achieved, and the child remained recurrence-free
at 5 years [5]. Similarly, Savateev et al. described a
10-year-old with an 11 x 8.5 cm parasagittal tumor
extending intra- and extracranially with SSS invasion;
initial surgery was aborted due to hemorrhage,
and the tumor was removed during a second-stage
operation, followed by complete recovery and adjuvant
stereotactic radiotherapy [18]. Other cases, such as
those reported by Honda and Doxtader, involved high-
grade meningiomas with recurrence or metastasis
despite surgical resection [21, 22]. These pediatric
cases highlight the need for cautious, individualized,
and often staged approaches as well as long-term
postoperative surveillance.

Vascular complexity and middle third SSS
involvement

Vascular factors, particularly SSS invasion, high
tumor vascularity, and dependence on collateral venous
pathways, pose significant challenges in resecting giant
parasagittal and falcine meningiomas [7, 9, 26]. These
challenges are especially pronounced when the tumor
involves the middle third of the SSS, a region closely
associated with the eloquent cortex and prominent
bridging veins such as the rolandic and precentral veins
[5]. In our review, nine cases (37.5%) demonstrated
involvement of the middle third segment, resulting
in SSS occlusion. Otani et al. (2018) utilized 3D
computed tomography (CT) venography to visualize
multiple rolandic veins near a 6 cm falcine tumor,
enabling a gravity-assisted interhemispheric approach
[9]. Similarly, Wang et al. (2022) described a large
parasagittal meningioma infiltrating the middle third of
the SSS, with CT venography revealing complete sinus
occlusion and displacement of the right precentral vein
[7]. Consequently, surgical strategies should prioritize
the preservation of collateral venous pathways and
employ patient positioning techniques that enhance
cerebral venous drainage, thereby minimizing the risk
of postoperative neurological deficits.
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Several cases further illustrate the surgical impact
of venous anatomy. In Bederson's 1995 report, partial
SSS occlusion in an 8 cm parasagittal tumor led to
significant sinus bleeding, requiring a staged resection
[15]. In Kusdiansah's 2023 case, CT venography revealed
complete SSS occlusion with compensatory diploic vein
bypass. This finding led the surgical team to design an
"L"-shaped craniotomy that preserved venous outflow,
allowing for safe resection without compromising the
bypass [28]. Rajagopal (2022) described a case with
complete sinus blockage and prominent bridging vein
networks, which necessitated an intrinsic resection
strategy to avoid venous infarction [19]. Li and Gotohda
each reported highly vascular tumors that resulted in
intraoperative hemorrhagic shock; in Gotohda's case,
prior embolization of arterial feeders made resection
safer [5, 14]. Psaras et al. (2009) were only able to do
subtotal resection of a middle-third SSS tumor due to
dense sinus adherence and bleeding; tumor recurrence
and lung metastasis developed 15 years later [27].

Falcine vs parasagittal meningioma

Finally, tumor location plays a key role in determining
surgical complexity. Parasagittal meningiomas are
generally more challenging to resect than falcine
tumors due to higher rates of SSS invasion, peritumoral
edema, and hyperostotic bone changes [16, 20,
22]. In this review, 18 cases (64.3%) of parasagittal
meningiomas invaded the SSS, compared to just 3
cases (10.7%) of falcine tumors. Parasagittal tumors
more frequently exhibited vasogenic edema, which
complicates resection and recovery. For example,
Walker et al. (2023) described a parasagittal tumor with
extensive edema and intraoperative evidence of pial
invasion [16]. Similarly, Bederson (1995) and Okunlola
(2024) reported neurological decline associated with
peritumoral edema and cystic changes [15, 20].
Hyperostosis further complicates surgery in parasagittal
lesions. Rajagopal (2022) described hypervascular bone
overlying a parasagittal tumor requiring a sinus-sparing
approach [19]. Moreover, Savateev (2016) and Wang
et al. (2016) noted cases where bony hyperostosis
contributed to increased intracranial pressure,
prompting decompressive craniectomy [6, 18]. Overall,
these findings highlight parasagittal meningiomas are
often more invasive and technically demanding than
their falcine counterparts.

Discussion

Gross total resection (GTR) remains the primary
surgical goal in the management of meningiomas due to
its consistently superior outcomes in progression-free
survival (PFS) and overall survival (OS), as demonstrated
across multiple studies [31-34]. In our review, GTR was
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achieved in 75.7% of patients, while STR was performed
in 10.8%. Soyuer et al. (2004), reported significantly
higher 5-year PFS rates in patients undergoing GTR
compared to STR (77% vs. 52%, p=0.02) [35]. Similarly,
Aizer et al. (2014) reported improved 5-year OS in
patients with atypical and malignant meningiomas who
underwent GTR [36]. Sun et al. (2015) also demonstrated
superior PFS rates in favor of GTR [37]. In pediatric
populations, Wach et al. (2025) reported significantly
longer PFS and OS for GTR over STR based on pooled
data from 20 studies (PFS: 113.8 vs. 40.1 months; OS:
602.9 vs. 173.8 months; both p<0.001) [31].

In this review, the extent of resection was recorded
as described by the original authors. Most studies defined
GTR as Simpson Grade I-III removal, consistent with
evidence showing no significant difference in recurrence
between these grades when modern microsurgical
techniques are used [38]. In cases with SSS invasion or
occlusion, GTR often referred to complete macroscopic
removal of the extraluminal component with preservation
or reconstruction of venous outflow. For example, Aguiar
et al. (2022) achieved favorable outcomes following
Simpson Grade II resection and sinus preservation, while
Alzughaibi et al. (2024) and Aboud et al. (2021) reported
complete excision of tumors invading occluded sinus
segments, the latter with venous graft reconstruction.
Consistent with this strategy, Sirko et al. (2022) and
Kvasha & Spiridonov (2024) showed that tailoring the
extent of resection to preoperative assessment of SSS
patency and collateral venous outflow can increase
completeness (Simpson Grade I-II) while lowering
complications and subsequent tumor regrowth [40] [41].

Conversely, when safe sinus resection was not
feasible, subtotal removal followed by observation or
adjuvant radiotherapy was employed, as illustrated by
Psaras et al. (2009) and Kusdiansah et al. (2023) [27,28].
Thus, the 28 cases labeled as GTR in this review should
be interpreted within this context of “functional total
resection,” emphasizing maximal tumor removal while
maintaining venous integrity. This approach reflects
the current surgical philosophy that achieving a balance
between radicality and preservation of venous drainage
is crucial in the management of giant parasagittal and
falcine meningiomas.

Despite its benefits, GTR is not always feasible,
particularly in giant parasagittal or falcine meningiomas
with high vascularity, SSS invasion, or proximity to
eloquent cortex. For example, Savateev (2016) reported
the need for staged resection due to intraoperative
hemorrhage risk, resulting in a Simpson Grade IV
resection [18]. Similarly, Li et al. (2016) described a
successful two-stage GTR in a highly vascular pediatric
tumor with bone erosion and mass effect [5]. These
cases highlight that STR followed by delayed resection
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may be a safe and pragmatic alternative. In elderly
patients, since the risk of recurrence may be unlikely
within the patient’s lifetime, and if the tumors are
adjacent to critical structures, STR may be preferable.
GTR may not confer significant survival benefits [42].
Studies by Psaras et al. (2009), Kusdiansah et al. (2023),
and Karthigeyan et al. (2018) support STR with adjuvant
radiotherapy or delayed GTR as effective strategies for
long-term symptom control and favorable outcomes [27,
28, 30]. Therefore, while GTR should be pursued when
safely achievable, STR remains a valid option to balance
oncological control with surgical safety in selected cases.

Although tumor size often contributes to surgical
complexity, our analysis suggests that biological
behavior and tumor aggressiveness are more critical
determinants. In our review, 72.2% of patients had
favorable postoperative outcomes despite large
tumor size, indicating that size alone is not a reliable
predictor of surgical difficulty or outcome. Aggressive
features —such as high vascularity, sinus invasion,
and intraosseous extension—were more strongly
associated with intraoperative challenges [5, 18, 26].
Pediatric patients, in particular, frequently presented
with WHO grade II or III tumors requiring complex
or staged resections. For instance, Savateev et al.
(2016) described a 10-year-old with a large parasagittal
meningioma invading both the SSS and the skull;
although initially suspected to be grade I, the tumor
was confirmed as atypical (grade II) during surgery
[18]. The operation was halted due to life-threatening
hemorrhage. Arivazhagan et al. (2008) and Tufan et al.
also reported increased surgical risks and the need for
staged operations in pediatric patients, primarily due
to excessive bleeding [43, 44]. Lakhdar et al. (2010)
identified radiographic signs—such as hyperostosis
and intracranial hypertension that indicated aggressive
tumor behavior, regardless of tumor size [45]. These
findings underscore the need for further large-scale
studies to clarify the association between tumor
behavior and surgical complexity, particularly in high-
risk populations.

Management of meningiomas involving the SSS,
especially those affecting the middle third, remains
controversial due to the complexity of venous anatomy
and functional implications. Some authors including
Aboud et al. (2021) and Sindou et al. (1997) advocate
sinus reconstruction. They recommend resecting the
invaded segment and restoring venous flow using
autologous grafts when collateral drainage is insufficient
[13, 46]. Sindou emphasized that reconstruction may
help maintain venous circulation and prevent delayed
complications even in completely occluded sinuses [15,
46]. Conversely, other studies challenge this approach.
Wang et al. (2016) found that in cases of complete sinus
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occlusion with adequate collateral flow, reconstruction
may be unnecessary and it is associated with increased
risks such as infection, prolonged operative time, and
graft thrombosis. Similarly, Al-Mefty et al. also warned
that reconstruction in well-collateralized sinuses could
compromise critical cortical veins with limited benefit
[6, 15]. In our review, SSS invasion was observed in
78.6% of cases, with complete occlusion in 64.3%,
predominantly involving the middle third. While favorable
outcomes following sinus reconstruction have been
reported by Bederson (1995) and Aboud (2021), the
decision to reconstruct should be individualized based on
sinus patency, collateral circulation, anatomical location,
and patient-specific factors [13, 15]. Reconstruction
may be beneficial in select cases but is not universally
required.

Surgical outcomes for giant parasagittal and
falcine meningiomas are generally favorable, though
complications and recurrences remain possible,
especially in tumors with aggressive features or critical
anatomical involvement. In our series, 72.2% of patients
had favorable outcomes, while 16.7% experienced mild
neurological deficits including hemiparesis, seizures,
or cranial nerve palsies. Poor outcomes (11.1%) were
mainly due to recurrence, progressive disease, or
metastasis. Ozsoy et al. highlighted the role of tumor
location: among parasagittal meningiomas, GTR was
achieved in seven patients, with six experiencing good
recovery, two remaining unchanged, and two showing
poor outcomes, including one fatality due to cerebral
edema. In contrast, falcine meningiomas had more
favorable results: seven out of eight underwent total
resection, five experienced good recovery, and only one
death occurred due to postoperative meningitis, with no
recurrence reported [47].

Kalfas et al. reported that 87% of patients with
parasagittal and falcine meningiomas experienced
no complications postoperatively, with brain edema
being the most common complication, although none
required surgical intervention [32]. Similarly, Narayan
et al. reported a 5% operative mortality rate in patients
with large meningiomas (=5 cm), while Yasar et al.
observed no deaths among patients with giant tumors
who underwent Simpson grade I or II resections [4, 8].

This study presents a focused exploratory analysis of
the surgical challenges associated with giant parasagittal
and falcine meningiomas, emphasizing key factors such
as sinus invasion, vascular complexity, and anatomical
constraints. Synthesizing detailed case-level data offers
practical insights that may inform surgical planning and
guide future research. However, limitations include the
heterogeneity and incompleteness of available reports,
variability in surgical techniques, and short-term
follow-up, all of which restrict the generalizability of the
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findings. Further large-scale studies are warranted to
validate these observations and develop standardized
management protocols.

Conclusion

Giant parasagittal and falcine meningiomas pose
significant surgical challenges, primarily due to SSS
invasion, vascular complexity, and high-grade pathology
in pediatric cases. Parasagittal tumors, particularly
with middle-third SSS involvement, are associated with
greater technical difficulty and surgical risk. Despite
these factors, gross total resection and favorable
outcomes can be achieved in most cases. Optimal results
depend on careful preoperative venous assessment and
individualized surgical strategies that balance maximal
tumor resection with preservation of critical venous
structures.
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Background: Postoperative seizures are a recognized complication following
decompressive craniectomy (DC); the global research landscape regarding
seizure detection in this context remains insufficiently characterized.
Bibliometric mapping provides insights into emerging trends and knowledge
gaps.

Objective: This study aims to map and evaluate international research output
on seizure detection in critically ill patients after decompressive craniectomy.

Methods: Relevant literature was collected from Scopus, PubMed, CrossRef,
and Google Scholar using the terms ‘decompressive craniectomy AND seizure
AND detected’ via the Publish or Perish software. Records were exported in
RIS format and analysed with VOSviewer to generate keyword co-occurrence
networks, cluster maps, and temporal trend visualizations.

Results: A total of 1,605 publications from 2015-2025 were analyzed. Annual
research volume increased, particularly since 2018. The co-occurrence network
analysis identified four thematic clusters: (1) clinical outcomes and prognosis,
(2) surgical techniques and perioperative management, (3) intracranial
pressure and monitoring strategies, and (4) seizure detection and critical
neurological care. Overlay analysis revealed a gradual thematic shift toward
seizure monitoring and electroencephalography EEG-based approaches in
recent years, while density visualization confirmed that seizure detection
remains an emerging but relatively underdeveloped research area. The most
prolific contributor was identified with 126 publications.

Conclusion: Although publications on decompressive craniectomy have grown
rapidly, seizure detection remains a relatively small but growing research topic.
Increased focus on neurocritical monitoring indicates future opportunities for
developing evidence-based protocols and collaborative studies in this field.

Keywords: decompressive craniectomy; seizure detection; intensive care;
bibliometric studies; VOSviewer

Introduction

or subclinical (non-convulsive), and clinical signs are

Decompressive craniectomy (DC) is a crucial surgical
intervention often performed to reduce intracranial
pressure in patients with severe brain injury, ischaemic
or haemorrhagic stroke who experience refractory
cerebral oedema [1-3]. Although DC can save lives by
reducing herniation and improving cerebral perfusion,
the procedure also places patients at risk of short-term
and long-term neurological complications [4-6].

One of the most commonly reported complications
is seizures. Seizures in post-DC patients not only
worsen neurological dysfunction but are also associated
with increased length of intensive care, morbidity,
and mortality [7,8]. Therefore, early detection and
monitoring of seizures in the critical care unit is an
important aspect of postoperative management. The
prevalence of post-craniotomy seizures varies, generally
ranging from 3% to 30% in various studies, depending on
the patient's condition and the type of surgical procedure
performed [9, 10].

Clinical challenges surrounding seizure detection in
the complex post-DC population: seizures can be clinical

Copyright © 2026 Kuat Widodo, Saryono, Novita Anggraeni

often masked by sedation, paralysis, or comorbid medical
conditions, making clinical-based detection difficult. In
this context continuous electroencephalography (cEEG)
monitoring, automatic detection algorithms, multimodal
monitoring including EEG, intracranial pressure,
oximetry), and other non-invasive techniques play a
crucial role [11-13].

However, the diversity of protocols, resource
availability, variations in seizure definitions, and
differences in reported outcomes make the consolidation
of clinical knowledge and research challenging.

Although seizures are a common complication after
severe brain injury, patients undergoing decompressive
craniectomy represent a distinct subgroup due to their
altered intracranial physiology and cortical exposure.
This subgroup requires specific EEG monitoring
approaches and postoperative management strategies,
justifying the bibliometric focus on this population.

Over the past two decades, the literature on post-DC
seizure detection has grown alongside advances in
monitoring technology about portable EEG, machine
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learning for EEG pattern detection and increased
awareness of the importance of subclinical seizures
[14-16]. In the present study, we employed bibliometric
approach to describe research trends about seizure
in post decompressive craniectomy patient based on
numerous case studies such as case series, observational
studies, and a number of narrative or systematic reviews.

The reasons for choosing bibliometric studies on
this topic are based on several practical and scientific
considerations. First, there has been no bibliometric
study that systematically maps global trends in research
on seizure detection in post-DC with outcomes in
intensive care. Second, bibliometric research can also
identify methodological trends, whether studies tend
to be observational, experimental, or registry-based,
thereby providing input for stronger study designs in
the future. Third, the identification of international
collaboration networks and funding sources can assist
policymakers and researchers in designing collaboration
strategies or resource allocation.

Given the complexity of clinical phenomena
involved and the heterogeneity of the literature,
bibliometric studies must be conducted with a clear scope
regarding the range of publication years, databases and
structured keywords. Analysis methods may involve
basic quantitative metrics such as annual publication
numbers, citations and H-index. Network analyses —
such as author collaboration, citation collaboration,
and bibliographic linking — as well as topic modelling
or clustering using VOSviewer, CiteSpace, or other
bibliometric tools, can be used to identify research trends
and topic evolution over time.

Although the number of publications related to
decompressive craniectomy has increased rapidly,
research on the detection of post-DC seizures is still
relatively limited, fragmented, and mostly in the form
of observational studies or case reports. In addition,
there has been no bibliometric analysis that specifically
maps global trends, collaborations, and the direction of
research development in this field.

Therefore, this study aims to present a bibliometric
mapping of seizure detection in critically ill patients
after decompressive craniectomy, thereby providing
a foundation for future research development, clinical
practice, and health policy.

Materials and methods

Study design

This study employed a bibliometric design to
describe publication trends, author collaborations, and
research topics related to seizure detection in patients
after decompressive craniectomy in the last decades
from 2015-2025.

Data sources and search strategy

Bibliographic data were collected from four main
sources: Scopus, CrossRef, PubMed, and Google Scholar.
Scopus was selected as the primary source due to its
broad coverage and high indexing standards. CrossRef
was used to obtain publication metadata including titles,
authors, publication years, digital object identifiers
(DOIs), journal names, and citations. PubMed was
selected because it is relevant to the fields of medicine
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and critical care nursing, and provides peer-reviewed
literature in the fields of neuroscience and intensive care.
Google Scholar was used to supplement the literature
search with a broader range of publications, including
articles that may not be indexed in traditional databases.
Data collection was carried out using the latest version of
Publish or Perish software, which can extract publication
metadata from these three sources in RIS format. The
search strategy was formulated using a combination of
the keywords ‘decompressive craniectomy’ AND ‘seizures’
AND ‘detected’ and complete Boolean operators such as
“decompressive craniectomy” OR “craniectomy” AND
“seizure” OR “epilepsy” OR “convulsion” AND “detection”
OR “monitoring” OR ‘EEG’ OR “continuous EEG". The
search was limited to the year range between 2015 and
2025, publication type must be research articles and
reviews, in English and research procedure.

The search was restricted to the period from 2015-
2025 in order to capture the post-digital monitoring era,
during which continuous EEG and algorithmic seizure
detection became more widespread in critical care and
neurosurgical settings.

Data analysis

Vosviewer

The analysis was performed using the latest
VOSviewer software (version 1.6.19) with the
following steps: Descriptive bibliometric analysis:
calculating the number of publications per year, journal
distribution, citations, and H-index. Network analysis
by Co-authorship: to map author and institutional
collaborations, Co-citation: to identify the most
influential references and Keyword co-occurrence: to
find dominant research topics (research hotspots).
Bibliometric map visualisation: created with VOSviewer,
producing network visualisation, density visualisation,
and temporal visualisation (overlay visualisation) maps
to see developments.

PRISMA flowchart

Brief methodology used by researchers during
processing. RIS parsing: each RIS file is separated
per entry, then common tags are extracted. Duplicate
removal prioritises DOI as the key and when DOI is
unavailable, normalised titles are used. Records are
filtered to include only publications between 2015 <
year < 2025. Prioritise relevance of titles, abstracts
and keywords containing the terms decompressive
craniectomy, craniectomy and craniotomy as well as
terms related to seizures. Only documents with tags,
journal indicators or articles included are retrieved.
Each included record was manually screened to
confirm that the population involved decompressive
craniectomy or hemicraniectomy. Studies limited to
closed-skull traumatic brain injury (TBI) without surgical
decompression were excluded. Heuristic clinical trial
method by searching for the phrases clinical trial,
randomised, RCT, controlled trial, or tags containing
Clinical Trial.

Results

Although 1,605 records were analysed for
bibliometric mapping, only 13 met strict inclusion for
detailed descriptive synthesis focusing specifically on

This article contains some figures that are displayed in color online but in black and white in the print edition.
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EEG-based seizure detection following DC. This explains
the apparent discrepancy between PRISMA and total
bibliometric data (Fig. 1).

Base on mapping of research topic clusters,
keywords related to decompressive craniectomy and
seizure detection are distributed across several main
clusters. The purple cluster focuses on seizures,
detection, and neurocritical care representing research
on post-operative seizure complications following
craniectomy and both clinical and instrumental
detection efforts. The green cluster is related to the
terms management, review, craniotomy, acute subdural
haematoma, and medical treatment emphasizing
aspects of critical care management following DC. The
blue cluster is dominated by the keywords including
cranioplasty, intracranial hypertension, monitoring,
and risk factors, reflecting research on postoperative
intracranial pressure management and associated
risks. The red cluster contains terms such as admission,
Glasgow Coma Scale (GCS), discharge, mean age,
outcome, and significant difference indicating a focus on
patient characteristics, neurological assessment scores,
and clinical outcomes. Notably, the keywords ‘seizure’
and ‘detection’ are located at the edge of the network,
suggesting that these topics are still niche research area
with limited connectivity compared to other major topics
such as intracranial hypertension and postoperative
management (Fig. 2).
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The changes in research focus based on year
of publication shows the distribution of research
publication. Yellow indicates more recent research
(2021-2022), while blue-violet denotes earlier research.
Initial research predominantly focused on intracranial
hypertension, cranioplasty, and management. In
contrast, current trends (2021-2022) show an increased
focus on admission characteristics, outcome measures
(GOS, the Rankin scale), and seizure detection in critical
care units. This indicates a shift in research from purely
surgical aspects to neurological monitoring and patient
outcomes, including seizure complications (Fig. 3).

Base on the research topic intensity and saturation
level, the yellow areas indicate the most frequently
occurring keywords and the focus of the research. The
most prominent words are ‘management’, ‘intracranial
hypertension’, and ‘cranioplasty’. Meanwhile, the terms
‘seizure’, “detection”, and ‘neurocritical care’, although
appearing, are still in areas with lower intensity,
indicating that literature related to seizure detection
after decompressive craniectomy is still relatively limited
compared to other topics (Fig. 4).

Description

Based on Figs. 2, 3 and 4, research on seizure
detection in patients after DC has begun to appear in the
literature, but it is still marginalized compared to major
themes such as intracranial hypertension management
and post-operative outcomes. Recent trends show a

Identification of new sludies via databases and registers

Records identified from:
Databases (n = 1,605)
Regislers (n = 0)

Records removed belore screening:
Duplicale records (n = 59)
Records removed for other reasons (n = 0)

Identification

/

Records screened Records excluded
(n=1,546) (n=3)
2 i
= Reports sought for retrieval | Reports not retrieved
‘g (n=1543) (n=12328)

Reports assessed for eligibility
(n=215)

Reports excluded:
randomised controlled trial (n = 202)

/

New studies included in review
(n=13)
Reports of new included studies
= (I‘I - U]

Fig. 1. PRISMA flow chart
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Fig. 4. Research topic intensity and saturation level

shift in focus towards neurological monitoring, patient
outcomes, and post-surgical complications, including
seizures. These developments highlight opportunities
for further research with a continuous EEG monitoring
approach, the use of artificial intelligence (AI) for
automatic detection, and the relationship between
subclinical seizures and long-term functional outcomes.

Discussion

Bibliometric analysis shows that publications on
seizure detection in patients after decompressive
craniectomy increased between 2015 and 2025. This
trend illustrates the growing attention of clinicians
and researchers to the problem of neurological
complications in the form of seizures that can affect
patient outcomes in critical care units. Studies on the
use of continuous EEG in the ICU support these findings,
as many critically ill patients experience subclinical
seizures or non-convulsive status epilepticus that can
only be detected with specialised monitoring [17].
Integrated bibliometric findings, covering author
productivity, international contributions, methodological
characteristics, instruments, and thematic grouping
(Tables 1-3), provide a comprehensive overview of
current research trends in decompressive craniectomy
and seizure detection.

Publication patterns show a dominance of developed
countries, such as the United States, Europe, and Japan,
which have comprehensive neurocritical facilities as
summarised in Table 3. Conversely, contributions from
developing countries remain limited due to constraints
in resources, technology, and research funding. This

http://theunj.org
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pattern is consistent with bibliometrics on the topic
of epilepsy, where the most numerous and influential
publications originate from research centres in developed
countries [18, 19].

Keyword analysis using VOSviewer reveals three
main clusters: continuous EEG, seizure monitoring, and
neurocritical outcome. These clusters emphasise that
research is not only focused on seizure identification,
but also on early detection efforts and their relationship
with patient clinical outcomes as shown in Table 1 and
3. This finding aligns with previous articles emphasising
the importance of continuous EEG monitoring to detect
non-convulsive seizures and their relationship with
neurological outcomes [16, 20-22].

Compared with general TBI literature, publications
focusing on decompressive craniectomy reveal distinct
thematic patterns (Table 1), particularly cortical
excitability and postoperative electrophysiology. While
seizure risk is inherently linked to the primary brain
injury, the DC procedure introduces secondary factors
such as dural irritation and hemodynamic shifts which
may modulate epileptogenesis. Therefore, bibliometric
separation from the broader TBI population is justified
to capture these unique research patterns.

The overlay map reveals a shift in research focus
from descriptive studies to clinical trials assessing
the effectiveness of detection methods, particularly
continuous EEG. Whereas previous research mostly
described phenomena, more recent publications
explore new technologies, including the use of machine
learning-based algorithms for automatic seizure
detection [23-25].
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EEG acquisition in post-craniectomy patients differs
technically from conventional scalp EEG due to bone flap
removal. The absence of skull attenuation enhances
cortical potentials, possibly altering spectral power.
Several studies place electrodes near the defect margins,
whereas others employe intracranial or hybrid electrode
arrays. Such heterogeneity in electrode configuration
and montage contributes to methodological variation in
seizure detection reports.

In terms of authors and institutions, it is evident that
a number of highly productive researchers form centres
of excellence in the field of neurocritical care as shown
in Table 2 and 3. However, international collaboration
in publications remains relatively limited. This presents
an opportunity to expand international collaboration
to standardise seizure detection worldwide. A similar
phenomenon is observed in epilepsy research, where
global collaboration remains suboptimal [26-28].

Most publications appear in high-impact journals
such as Neurocritical Care and the Journal of Clinical
Neurophysiology. Related articles are also found
in general neurology and intensive care journals,
demonstrating the interdisciplinary nature of this
research. One example is a publication in the Journal of
Intensive Care highlighting non-convulsive seizures in
intensive care unit (ICU) patients [17, 29, 30].

In terms of citations, articles discussing continuous
EEG monitoring received the most attention. This is
understandable given that subclinical seizures are
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often not identified through conventional methods.
For example, research conducted in patients after
brain tumour surgery have proved that non-convulsive
seizures are more effectively detected using cEEG.

Temporally, publications increased sharply after
2020, coinciding with the development of bedside
monitoring technology and increased clinical awareness
of hidden seizures (Table 2 and 3). Additionally, there
have been more clinical trials and research on new
devices that enable real-time seizure detection using
dual sensors such as accelerometers and oximeters
[13, 16, 31].

However, limitations remain evident. Most
publications are retrospective or based on a single
research centre, resulting in insufficient external
evidence. Multicentre studies with large populations
and long-term observations are urgently needed
to strengthen the scientific basis regarding the
effectiveness of post-surgical seizure detection [32, 33].

Overall, these bibliometric findings confirm that
the topic of post-decompressive craniectomy seizure
detection is a rapidly developing and clinically important
field. Future efforts should focus on enhancing
international collaboration, conducting multicentre
research, and the use of advanced, accessible technology,
especially in developing countries. Evaluations of the
effectiveness of detection methods should also consider
aspects of sensitivity, specificity, and readiness for
implementation in various healthcare settings.

Table 1. Mapping of keyword co-occurrence analysis produced several clusters

Cluster Main topic Keyword Interpretation

L admission, GCS, Focus on the condition of patients admitted to

Red Clinical outcome discharge, outcome the ICU and outcomes after discharge
: Management, craniotomy, acute subdural
Green gjpaegrement & glcirgggsinggmélcﬁae%%tt%rr?qg haematoma. Emphasises surgical aspects and
gery critical care management
Blue Intracranial intracranial hypertension, Related to physiological complications after
Pressure monitoring, risk factor surgery
Purple Seizures & seizure, detection, Begins to highlight issues of clinical and
P Detection neurocritical care subclinical seizure detection

Table 2. Mapping the most productive authors

No Author pl:‘l::‘i“cztili-oc::s Description

1 | Honeybul, Stephen 126 Numerous publications related to craniectomy &
complications

2 | Beucler, Nathan 10 Focus on patient outcomes

3 | Kolias, Angelos G. 8 Neurosurgeon, active in DC research

4 | Wettervik,Teodor Svedung 7 Focus on neurocritical care & monitoring

5 | (others) 5-7 Researchers related to DC management
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Table 3. Mapping country with high contributions

Ukrainian Neurosurgical Journal. Vol. 32, N1, 2026

No Country pﬁgwct;i'i‘oo:s Main focus Register of bibliometric
: CcEEG, post-craniectomy ] - :
1 United States 32 outcomes, ICU seizures Highest citation dominance
Neurotrauma, detection of Central European
2 | Germany 15 seizures after TBI and stroke | collaboration
Neurosurgery, post-
3 Japan 12 operative monitoring of Many single-center studies
brain tumours
Non-invasive detection,
4 China 11 AI algorithms for seizure Increasing trend since 2020
detection
- . Post-DC neurological . ]
5 United Kingdom 10 prognosis, CEEG monitoring Focus on clinical trials
6 South Korea 9 Eﬂiicrégg:nvc?t’hpé’égljc Active neurotrauma centers
Multicenter studies, : :
7 Canada 7 neurocritical care guidelines Collaboration with the US
8 Ital 6 Post-stroke and DC Focus on functional
Y neurological outcomes outcomes
Neurointensive monitoring, - - :
9 France 6 post-operative epilepsy Mixed cohort & trial studies
; Limited access to EEG, -
10 India 5 clinical focus on TBI Few publications
; Small ICU & post-brain : :
11 Australia 4 trauma studies International collaboration
Outcome & seizure :
12 Netherlands 3 prediction models Computational focus
. Neuroprognosis and post- ;
13 Spain 3 operative epilepsy ICU Based studies
Case studies of DC and post- | . . P
14 Turkey 2 operative seizures Limited publications
: : Sporadic studies (Sweden, - S
15 Other countries (misc.) 5 Brazil, Egypt, Iran, Taiwan) Minor contributions

Conclusion

Although research on decompressive craniectomy
has advanced significantly over the past two decades,
yet seizure detection remains an understudied area.
Increased research in this area is crucial for improving
clinical outcomes and guiding evidence-based practice
in the critical care management of patients following
decompressive craniectomy.

Future research directions

Given the number of studies related to early
detection of post-DC seizures, further research is
needed. This includes multicenter cohort studies
to evaluate the incidence of seizures after DC, the
application of advanced EEG techniques and digital
biomarkers in seizure detection, and outcome-based
studies linking seizure occurrence to functional recovery,
clinical trials evaluating seizure monitoring interventions,
and consensus guidelines that integrate seizure detection
into the DC care pathway.
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Objective: To develop, theoretically substantiate, and perform primary
validation of a multilevel (0-10 points) scale for quantitative assessment of
the intensity of external mechanical impact in traumatic spinal injuries.

Materials and methods: The study design followed the COSMIN (Consensus-
based Standards for the Selection of Health Measurement Instruments)
principles for developing and validating medical measurement tools, ensuring
an adequate level of scientific validity and reproducibility. A literature review
(PubMed, Scopus, Web of Science, 1990-2025) enabled the identification of
threshold values and modifying factors, including patient body mass, the
transmission coefficient of impulse (7, ), and the effective deceleration
distance (S,,,,)- Two datasets were used for validation: 40 standardized clinical
vignettes and 52 real cases of thoracolumbar junction trauma (T11-L2) with
mandatory verification by computed tomography/magnetic resonance imaging.
Construct and criterion validity, inter-rater reliability (ICC, k), absolute
reliability (SEM, MDC,,), diagnostic accuracy (ROC analysis), agreement level
(Bland-Altman), and threshold stability were assessed.

Results: Based on comparative analysis of various approaches, the concept
of “equivalent fall height” was proposed as a universal criterion of mechanical
exposure in spinal trauma. An 11-level (0-10) quantitative scale and a spine-
oriented derived metric were developed. Primary validation demonstrated
high inter-rater agreement (ICC(2,1): 0.84 for the basic indicator and 0.79
for the spinal-oriented one; ICC(2,k): 0.95 and 0.92), acceptable absolute
precision (SEM 0.80-0.95; MDC,, 2.2-2.6 points), and stable thresholds
(discrepancies exceeding 1 level occurred in <7% of cases). The metrics
showed significant associations with vertebral body wedge deformity (r=0.58),
spinal canal compromise (r=0.49), and ordinal injury severity by AO Spine
(p=0.62; p<0.001). In logistic modeling, each additional 1 m in equivalent
fall height nearly doubled the odds of burst/unstable injuries (OR=1.85;
95% CI 1.45-2.38). The diagnostic performance of the scale was confirmed
(AUC=0.82) for identifying vertebral fractures (optimal threshold =1.3 m;
sensitivity — 0.76; specificity - 0.72).

Conclusions: The proposed scale provides a quantitative, mass-neutral,
and clinically interpretable measure of the “event severity,” complements
morphological classifications, enhances risk stratification, and can be applied
for patient triage, diagnostic planning, and multicenter research.

Keywords: spinal trauma; thoracolumbar junction, mechanical exposure;

equivalent fall height; spinal-equivalent height; quantitative scale;
measurement instrument validation,; individualization.

Introduction

are accompanied by neurological deficits of varying

Traumatic injuries of the spine constitute a
heterogeneous group of conditions resulting from
exposure to a wide spectrum of mechanical factors,
ranging from low-energy events (e.g., falls from standing
height) to high-energy mechanisms (falls from significant
height, road traffic accidents (RTAs), sports-related
and blast injuries) [1, 2]. According to population-
based studies, the annual incidence of spinal trauma is
23-40 cases per 100,000 population, of which 15-20%

severity [2]. These estimates, however, require careful
interpretation in light of methodological differences
across studies and geographic regions.

Spinal injuries may arise from either direct or
indirect mechanisms. Direct injury develops following
the immediate application of force to the vertebral
column (impact by a heavy object, gunshot or stab
wounds, compression between massive objects) [3].
Such injuries are relatively uncommon and more
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frequently limited to localized damage of the spinous
and transverse processes or adjacent soft tissues. In
contrast, the indirect mechanism—responsible for more
than 90% of spinal injuries in peacetime—results from
the transmission of external force to the body as a whole
[1, 4]. This category includes falls of various types and
RTAs, in which spinal damage occurs due to axial loading,
flexion—-rotation, or combined forces [3, 5-8].

Ininternational clinical practice, fractures occurring
under low-energy impact—defined as mechanical force
that would not normally compromise bone integrity—are
traditionally classified as fragility fractures (osteoporotic
fractures) [9]. A classic example is a fall “from standing
height or less” [10, 11]. This definition is reflected in
World Health Organization (WHO) documents and is
widely adopted in contemporary clinical guidelines
[9, 12]. At the opposite end of the energy spectrum are
high-energy mechanisms: in U.S. prehospital protocols,
a fall in an adult from a height exceeding 20 feet (~6 m)
has historically been regarded as a marker of high kinetic
energy and increased risk of polytrauma [13]. More
recent materials from the American College of Surgeons
reference a lower threshold (>10 feet), underscoring the
variability of cutoff values and the need for terminological
standardization [14, 15].

Most widely used classification systems
in vertebrology and traumatology focus on the
characteristics of the injury outcome rather than on
quantitative assessment of the intensity of external
exposure [16]. For instance, the Abbreviated Injury
Scale (AIS) is an anatomically based six-point system
for grading injury severity by body region [17, 18],
whereas the AO Spine Thoracolumbar Classification
system categorizes thoracolumbar injuries according to
morphological type (A, B, C), neurological status, and
modifiers (including assessment of the integrity of the
posterior ligamentous complex) [19-21]. These tools are
indispensable for standardized injury description, risk
stratification, and treatment planning; however, they
do not provide a quantitative characterization of the
“energy of the event” (mechanical exposure) preceding
injury development [16].

In routine clinical practice, the mechanism of trauma
is often described in simplified binary or qualitative terms
(“low-/high-energy injury,” “mild/severe”), which fail to
reflect the continuous nature of mechanical exposure
gradients and may lead to the loss of clinically relevant
information [22, 23]. The absence of a standardized
quantitative instrument complicates cohort comparisons
and interpretation of research findings, and limits the
potential for targeted preventive and rehabilitative
strategies [24]. In this context, the development of
a multilevel scale for the quantitative assessment of
external mechanical impact intensity is warranted.
Such a scale should be grounded in fundamental
principles of mechanics (energy, impulse, acceleration)
and be applicable in real-world clinical settings. A key
methodological step is the introduction of a universal
metric that enables different injury mechanisms to
be translated into a unified energy scale, thereby
standardizing the description of the “force of the event”
for clinical communication and scientific analysis [5, 25].
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Objective: To develop, theoretically substantiate,
and conduct primary validation of a multilevel (0-10
points) scale for the quantitative assessment of the
intensity of external mechanical impact in traumatic
spinal injuries.

Materials and methods

The study design conforms to the principles of
COSMIN (Consensus-based Standards for the Selection
of Health Measurement Instruments) for the development
and validation of measurement instruments in medicine,
thereby ensuring an adequate level of scientific rigor and
reproducibility of the obtained results [26, 27].

The literature search was conducted in two stages.

Stage 1 (analytical review of scales and terminology).
The objective was to identify classification systems/
scales, threshold values, and underlying principles used
in clinical practice and guidelines that are necessary for
formulating the conceptual framework of the proposed
scale. Keywords: AO Spine thoracolumbar classification,
TLICS, Abbreviated Injury Scale, Injury Severity Score,
spinal injury classification reliability, CDC field triage
guidelines, mechanism of injury, fall height threshold,
fall >10 ft, standing height or less, fragility fracture,
osteoporotic vertebral fracture, mechanical exposure,
energy of event, biomechanics of spinal injury.

Stage 2 (collection of quantitative reference
parameters). The objective was to determine threshold
benchmarks for grading falls and to establish typical
ranges/median values of parameters used in constructing
the scale (collision scenarios, impulse transmission to
the spine, effective stopping distance, environmental/
surface modification factors). Keywords: delta-v
estimation, rollover, mass ratio, coefficient of restitution,
impact angle, EDR, spine load transmission, landing
biomechanics, knee flexion, energy absorption, feet-
first, buttocks impact, supine impact, seat belt, airbag,
torso kinematics, effective stopping distance, impact
attenuation, concrete, asphalt, sand, snow, water entry,
gym mat, tatami, HIC, g-max, fall from height, injury
severity threshold adults, fragility fracture standing
height.

Databases and search parameters: PubMed/
MEDLINE, Scopus, Web of Science; materials from
AO Spine, the World Health Organization, and the
International Osteoporosis Foundation. Language of
publication: English; time frame: 1990-2025 (with no
strict lower limit for fundamental biomechanical studies).

Screening was performed in stages by two
independent reviewers (initially by titles and abstracts,
followed by full-text assessment), with additional
searches conducted through the reference lists of
selected articles.

Datasets

Validation was performed using two complementary
datasets:

Standardized clinical scenarios (vignettes) (n =
40) — synthetic clinical-biomechanical events uniformly
covering the spectrum of mechanical exposure (including
“adjacent” combinations of body position/surface/
deceleration pathway), developed for independent expert
assessment according to a standardized protocol.

This article contains some figures that are displayed in color online but in black and white in the print edition.
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Real clinical cases (n = 52) — medical records of
patients with sufficiently detailed descriptions of the injury
mechanism, which, in the authors’ judgment, allowed
unambiguous reconstruction of the initial parameters
required for calculations. In all cases, neuroimaging data
(computed tomography (CT) and/or magnetic resonance
imaging (MRI)) were available, enabling comparison of
mechanical exposure values with morphological injury
characteristics, determination of injury type according
to the AO Spine classification, assessment of the degree
of anterior wedge deformity, extent of spinal canal
compromise, and integrity of the posterior ligamentous
complex. Image analysis and measurements were
performed using RadiAnt DICOM Viewer (Medixant,
Poland; version 2023.1, license No. 1860F047).

For primary validation and reduction of interindividual
variability, the sample included patients with injuries of
the thoracolumbar junction (T11-L2).

Informed consent was obtained from all patients
for data collection, processing, and publication of
aggregated results in compliance with confidentiality
standards. The data provided to experts were fully
anonymized.

Sample size determination

To assess inter-rater reliability (intraclass correlation
coefficient, ICC) in a design involving five experts, the
study aimed to demonstrate an ICC of approximately
0.80 compared with a threshold value of 0.60, at g =
0.05 and statistical power of 0.80. The required sample
size was estimated at 35-40 objects [28]. Accordingly,
a set of 40 standardized vignettes was constructed,
yielding 200 independent ratings (5 x 40), enabling
test-retest assessment on a subsample of 10 vignettes
[29] and improving the precision of the standard error
of measurement (SEM) and the minimal detectable
change at the 95% confidence level (MDC,,) [30, 31].
For clinical validation, 52 consecutive patients with
complete datasets (detailed mechanism description plus
CT/MRI data) were included. This sample size provides
adequate power for key validity analyses (correlation
coefficients r & 0.5-0.6; known-groups comparisons with
effect size d = 1.1) [32-34] and acceptable precision
for agreement analysis using the Bland-Altman method
[35-37]. Receiver operating characteristic (ROC) analysis
and regression modeling were considered secondary
analyses, with correspondingly wider expected
confidence intervals (CIs) [38,39].

Statistical analysis

Data were processed using descriptive and analytical
statistical methods. Continuous variables are presented
as mean %+ SD or median [IQR], depending on distribution
characteristics (normality assessed visually and using
the Shapiro-Wilk test) [40, 41]. Construct and criterion
validity were evaluated by correlation analysis with
calculation of Pearson’s (r) or Spearman’s (p) coefficients,
as appropriate [42, 43].

Predictive models. To assess the association between
the proposed metrics and morphological injury severity
according to the AO Spine classification, binary logistic
regression was applied using a threshold of >A3, with
estimation of odds ratios (ORs) and 95% ClIs [44, 45].
As a sensitivity analysis for the ordinal outcome A1-A4,
ordinal logistic regression was performed [46, 47].
Linearity of the logit was examined using the Box-Tidwell
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test [48] and restricted cubic splines [49, 50], while
multicollinearity was assessed by the variance inflation
factor (VIF) [51]. Discriminative performance was
evaluated using ROC curves (AUC, with 95% CI) [52].
Sensitivity, specificity, the Youden index, and likelihood
ratios (LR+, LR—) were calculated. Operational thresholds
were selected by maximizing the Youden index, taking
into account the intended purpose (screening vs.
confirmation) [53].

The robustness of scale boundaries was examined
through sensitivity analysis by varying threshold
parameters by £10-15% and recalculating results for
alternative modifier scenarios [54, 55].

Known-groups validity. Comparisons were conducted
for predefined clinically relevant groups [56]. Between-
group differences were analyzed using the Mann-Whitney
U test, with nonparametric effect sizes calculated as
Cliff's 6 [57] and/or Vargha-Delaney A [58]. Cohen’s d
was additionally reported (for reference), with robust
interpretation in the presence of unequal variances [59].

Measurement reliability. Relative reliability was
assessed through inter-rater agreement indices: ICC(2,1)
(two-way random-effects model, absolute agreement,
single measure) and ICC(2,k) (average measure) [60],
as well as weighted « with quadratic weights [61, 62].
Temporal stability was evaluated using a test-retest
design in a subsample of cases [63]. Agreement between
expert-based and algorithm-based calculations was
assessed using the Bland-Altman method (mean bias
and 95% limits of agreement) [64].

Absolute reliability. SEM and the MDC,, (MDC,, =
1.96 x V2 x SEM) were calculated [65]. For appropriate
clinical interpretation, MDC was additionally expressed
in continuous units: in meters for and in multiples of
g for the spine-oriented metric (based on a reference
stopping distance s = 0.10 m), with level-specific
(interval-specific) annotations indicating the ranges in
which differences are clinically negligible or clinically
meaningful [66].

All tests were two-sided. The threshold for statistical
significance was set at p < 0.05 [67, 68].

Statistical analysis was performed using R version
4.5.1 (R Core Team) within RStudio IDE 2025.05.1+513
(Posit) [69].

Results

Definition of the criterion

The intensity of external mechanical impact
during a traumatic event is defined as a quantitative
characteristic of the force of the event preceding tissue
damage [70, 71]. It is not identical to the severity of
the resulting injury, which is determined using clinical
outcome scales (e.g., the Abbreviated Injury Scale
(AIS)) or morphological classifications (e.g., the AO
Spine Thoracolumbar Classification) [72]. In contrast to
AIS/AO classifications, which focus on anatomical and
clinical consequences (type of disruption, instability,
neurological status), the proposed criterion captures
the mechanical exposure itself—that is, the physical
quantity reflecting the amount of mechanical energy/
impulse involved in the event [25].

As a universal physical metric, the “equivalent fall
height” (h,) was selected [73, 74]. The underlying
concept is that heterogeneous mechanisms (falls,
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collisions, compression, blast effects) can, with certain
assumptions, be translated onto a unified energy scale by
equating them to a hypothetical fall from a given height
in a uniform gravitational field. This metric is based on
gravitational potential energy and enables comparison
of events in terms of “energetically equivalent meters.”

In selecting an appropriate physical metric (criterion)
for assessing the degree of external mechanical impact
on the spine, the following considerations were taken
into account:

- first, falls from height represent the most common
cause of traumatic spinal injuries. According to the Global
Burden of Disease study, falls are the leading cause
of vertebral trauma, accounting for 52.2% of spinal
injuries and 63.0% of spinal cord injuries [75, 76]. Thus,
more than half of traumatic events are attributable to
falls, making a height-based scale the most relevant
framework [77].

- second, the parameter “fall height” offers
important practical advantages [13]. This criterion is
intuitively understandable not only for specialists but
also for patients and their relatives. A statement such
as “a fall from the second floor” immediately conveys an
impression of impact intensity [15, 78, 79]. Moreover,
this parameter is readily obtainable from clinical
documentation [80]. During history taking, patients or
witnesses almost invariably refer to “a step and a fall”
or “from a height of...,” whereas quantitative data for
RTAs (velocity), interpersonal violence (type of weapon),
or compression injuries are often unavailable or difficult
to interpret [81].

- third, falls encompass both the lower and upper
limits of the mechanical action spectrum (low-energy
and high-energy trauma). Consequently, they provide
a broad and clinically relevant range of mechanical
exposure [77].

- fourth, the approach is grounded in physical
principles. The definition of h_ in terms of fall height
follows directly from the laws of mechanics (since
potential energy AE = mgh), thereby preserving maximal
objectivity, avoiding subjective weighting coefficients
in estimating impact force, and enabling quantitative
comparison of diverse injury mechanisms within a unified
physical scale [1, 15, 73].

Analysis of contemporary literature demonstrates
that, when characterizing the severity of mechanical
impact on the spine based on fall height, only two
primary threshold benchmarks are effectively employed.

The first threshold is approximately 1 m. A fall
from standing height (~1 m) or less is traditionally
regarded as a low-energy mechanism, in which fractures
indicate pathological bone fragility (osteoporotic
fractures) [82, 83]. This definition is incorporated into
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recommendations of the World Health Organization and
the International Osteoporosis Foundation and is widely
applied in clinical practice for risk stratification and the
initiation of secondary prevention [84-86].

The second threshold is 20 feet (~6 m). A fall in an
adult from a height exceeding 20 feet has historically
been recognized as a marker of severe mechanical impact
in prehospital medical and trauma triage protocols
(CDC, American College of Surgeons). This criterion is
associated with a high probability of polytrauma and
the need for transport to a specialized trauma center
[87]. Although some contemporary guidelines discuss
a lower universal threshold (>10 feet), 20 feet remains
the most frequently cited “upper” benchmark of high-
energy trauma.

Thus, in routine practice, only two quantified
reference values are used when describing the
mechanism of injury: ~1 m as the boundary of
low-energy exposure and ~6 m as an indicator of high-
energy trauma (Fig. 1). The intermediate range remains
insufficiently formalized [15, 88, 89].

Intensity of overall external mechanical impact
- fall scenario

To enhance the precision of stratifying the mechanical
factor in traumatic spinal injuries, an 11-level scale for
grading the intensity of external impact was developed
based on our clinical experience and analysis of the
literature [3, 5, 70, 90]. Unlike binary or simplified
classifications, the proposed system is grounded in
clinically verified threshold values [13, 15, 80] and
encompasses the most typical fall scenarios, ensuring
high clinical relevance and practical reproducibility [72,
88, 91]. The selected height thresholds are: 0; 0.1; 0.5;
0.75; 1; 2; 4; 6; 10; and 15 meters (Table 1).

The proposed scale is visually presented in Fig. 2
(not to scale).

Intensity of overall external mechanical impact
— RTA scenario

Determination of h, in RTAs. Since h, was
adopted as the reference metric, for falls h,, = h. For
RTAs (the second most frequent cause of vertebral
trauma), recalculation through Av—the change in the
victim’s velocity at the moment of RTA—is required [5,
92, 93]. The fundamental concept is that h_, represents
the height of free fall that would generate the same
kinetic energy as the described RTA [94]. Based on the
principle of energy equivalence:

“mAY)? = mgh,, = h,, =

where g=9.81 m/s?.

For practical purposes, if Av is expressed in km/h:
(Avflom/hly’

hog (M) = —2

0 1 2 3 4

Fall height, m

Threshold benchmarks [ Osteoporatic fractures (=1 m) Il High-energy trauma (=6 m 20 f)

Fig. 1. Currently accepted scale for grading fall height in the context of spinal injury
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Table 1. Height-based scale of mechanical exposure intensity (for clinical stratification)

Severity - - .
score Height, m Clinical scenario

Absence of external mechanical impact: spontaneous vertebral body compression

0 0 in severe osteoporosis; fracture under minimal load in the setting of systemic/local
bone pathology (tumor, infection, etc.)
Incomplete fall/stepwise level change <30 cm: stumbling on a flat surface with

1 0-0.1 recovery of balance; partial “sliding” from a step/threshold; microtrauma during an
awkward turn in confined space (domestic injury)
Fall from low furniture or architectural elements ~0.4-0.6 m (low stool, threshold,

2 0.1-0.5 windowsill); fall from a low bed; in children—fall from a sofa/play surface of
comparable height
Fall from sitting height: from a chair/bed (~0.6-0.7 m); fall during entry/exit from a

3 0.50-0.75 | bathtub; slip while attempting to reach an object from an upper shelf while standing
on a seat
Fall from standing height (~0.8-1.0 m): slipping on ice/wet tiles; tripping over an

4 0.75-1.00 | obstacle (threshold, cable); syncopal fall in upright position; fall while ascending/
descending stairs “skipping” a step
Fall from a ladder (2-3 rungs, ~1.5-2.0 m); from a first-floor balcony/platform (<3

5 1-2 m); occupational injury: fall while working on low scaffolding/loading platform;
sports-related: fall from a low rock ledge

6 4 Fall from the roof of a single-story building (3-4 m), tree, warehouse rack; fall down
a significant stair flight (=6-8 steps); occupational: fall from a ramp/semitrailer

7 4-6 Fall from the second floor (~6 m); from an intermediate landing; fall into a shallow
shaft; occupational: fall from an upper tier of construction scaffolding

8 6-10 Fall from the third floor (~9-10 m); from the roof of an industrial hangar/workshop;
recreational/occupational fall due to safety failure (impact onto a horizontal surface)
Fall from the fourth-fifth floor (~13-15 m); from a communication mast, crane

9 10-15 boom, high scaffolding; fall on a mountain route with impact against ledges/edges
during descent

10 >15 Catastrophic fall: height >15 m (=6th-7th floor); from a high-rise building/antenna
mast; fall from a rock cornice/bridge in an urban or mountainous environment

0 1 2 3 4 5 6 T 8 9 10
1 1 | 1
om 01m 05m 0.75m 1m 2m 4m 6m 10m 15m

Fig. 2. Level scale (0-10) with boundaries defined by equivalent fall height (heg, m)

Objective limitations in applying this criterion.

First, accurate determination of Av is currently
feasible only when data from the vehicle’s Event Data
Recorder (EDR) (airbag control unit/telematics module)
are available. This device records longitudinal and lateral
changes in velocity, as well as their resultant value,
during the first 0.3 seconds following impact. In the
United States, the implementation and standardization
of EDR are regulated by the National Highway Traffic
Safety Administration (NHTSA), while in the European
Union they are governed by Regulation (EU) 2019/2144,
which mandated EDR installation in new vehicle models
between 2022 and 2024 [95, 96]. Second, even when
such equipment is formally present in the vehicle, these
data are typically unavailable to the physician during
hospital admission and primary assessment. Clinicians
are therefore compelled to rely on information obtained
from the patient or witnesses [97]. For this reason,
indirect methods for estimating Av in various types of
RTAs are presented below.

As an example, we provide a detailed method for
calculating Av in the case of a collinear one-dimensional
collision—that is, a scenario in which both vehicles
move along the same straight line (rear-end or head-on
collision) and impact occurs strictly along this axis [98].

Let m: and m2 denote vehicle masses; v: and vz
their pre-impact velocities (with signs defined along a
single axis); v/, and v/, their post-impact velocities; and
e the coefficient of restitution (typically for vehicles e
= 0.0-0.2; discussed in detail below). The derivation is
based on the law of conservation of momentum:

mv, + myv, = muv; + mzv{:,

and the restitution condition:

[ r
v, — vy = —e(v, — 1)
Solving for the post-impact velocities:
,  my— em, (1+e)m,
v = vy L
my + m, my + m,
1+e)jm mas—em
lré p— ( _) 1 Ul+ 2 1 uz
m,_-!- ms m1+ M= .
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Since Av=v - v/, for each vehicle:

(1+e)m,
Av, = ———— (v, — v
. my +m, (v 2:],
(1+e)m,
[ -
Av, oy (v, 1)

These expressions demonstrate that each vehicle
acquires a fraction of the relative velocity V_=lv,-v,l,
proportional to the mass of the opposing vehicle.
When the masses are equal, each vehicle experiences
approximately Av=0,5V,_ . If one vehicle is substantially
heavier (m,>»m,),the lighter vehicle “absorbs” nearly the
entire relative velocity change (4v,»(1+e)V_ ), whereas
the heavier vehicle undergoes minimal velocity change
(Av,=0).

Since, in the above calculations, the coefficient
of restitution is a parameter that is difficult to assess
empirically, its brief characterization is provided below.
In mechanics, e is defined as the ratio of the relative
separation velocity to the relative approach velocity of
colliding bodies along the line of impact [99, 100], i.e.:
- vf_.- vy

v;_—v: .

Its values may be interpreted as follows:

e=0 — perfectly inelastic collision: after impact, the
bodies move together as a single unit, and their common
velocity v’ is determined by the law of conservation of
momentum [101];

0<e<1 — partially elastic collision: a portion of the
relative velocity is preserved as “rebound” [102]

e=1 — perfectly elastic collision: kinetic energy is
fully conserved (as in ideally rigid bodies, e.g., a billiard
ball) [103, 104].

Vehicle bodies and bumpers are engineered to
maximize energy absorption through plastic deformation
during impact [105, 106]. Consequently, most motor
vehicle collisions are predominantly plastic in nature. For
this reason, the coefficient of restitution e in real-world
RTAs is typically very small. Its value reflects only the
fraction of energy retained in elastic deformation and
subsequently released as a minor “rebound” effect.

In frontal collisions, e is generally within the
range of 0.0-0.1, since nearly all energy is dissipated
in structural crumpling [106]. In lateral impacts, the
value is slightly higher (0.1-0.2), owing to a smaller
programmed deformation zone and a relatively greater
elastic response [107]. In low-speed rear-end collisions
(bumper-to-bumper, parking scenarios), the coefficient
may reach 0.2-0.3, as a greater proportion of elastic
components is engaged and plastic deformation is
limited. In impacts with rigid obstacles (e.g., a pole or a
tree), e approaches zero [99, 107]. For collisions with Av
> 25 km/h, practical calculations conventionally assume
e = 0, since the contribution of the elastic component
becomes negligible.

To illustrate the practical application of the proposed
calculation algorithm, several clinical examples are
provided below._

Example 1. Passenger car A overtakes at a speed of
vi = 90 km/h, while passenger car B approaches from
the opposite direction at v2 = 70 km/h. The collision
is frontal and aligned with the direction of motion. Let
mz1 = 1400 kg and m2 = 1300 kg. Taking into account
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the impact severity, the coefficient of restitution is
assumed to be e = 0. Accordingly, V,_V,, V, 160 km/h,
m + m,=2700 kg.

ms .
Av, = =i Vet =77 km/h
m; '
Avy = ———V. 4 = 83 km/h
m, +m,

The equivalent fall height heq (based on Av) is
therefore:

¥ i
254
83*
254

% 234 m

Roga =

=

=271m

h vg.2

I
For both affected vehicles, this corresponds to the
maximum level of mechanical impact on the human
body—10 points according to the proposed scale.

Example 2. Passenger car A, traveling at vi = 50 km/h,
collides with passenger car B, which is stationary at a
traffic light. In this case, the vehicle masses are assumed
equal: m,=m,=1400 kg.

With e=0
Avy, = Av, = -} 50 =25 km/h
252
"ieq.l - hpq,: ﬁ = 246m

I

which corresponds to 6 points on the proposed scale.

A logical objection to the use of the proposed
methodology is the difficulty of accurately determining
vehicle speed at the time of a RTA. However, in practical
settings, drivers are generally able to provide an
approximate estimate sufficient for primary stratification.
To demonstrate the robustness of the conclusions with
respect to plausible speed estimation error, several
representative calculations based on Example 2 are
presented below:

- 50 km/h— Av=25.0 km/h— heq=2.46 m — 6 points;

- 55km/h— Av=27.5 km/h— heq=2.98 m — 6 points;

- 60 km/h— Av=30.0 km/h— h_ =3.54 m — 6 points.

These results demonstrate that moderate uncertainty
in the initial speed does not alter the clinical assessment
category. Furthermore, analysis indicates that, in
calculating the equivalent fall height, small differences
in vehicle mass (£100-200 kg) have a negligible effect
on the resulting Av and, consequently, do not influence
classification according to the proposed scale. In clinical
practice, such fine-grained precision is unnecessary.
Of substantially greater importance is the vehicle class
(e.g., subcompact car, sedan, SUV/crossover, minivan,
truck, bus, articulated heavy truck), as inter-category
differences are considerable and may significantly affect
the distribution of impact severity between collision
participants. Therefore, for stratification purposes,
classification by vehicle type provides sufficient accuracy
while preserving the practical applicability of the method.
When vehicle masses are approximately equal, Av
equals one-half of the total closing speed, irrespective
of the exact masses; thus, a coefficient of 0.5 is used
in calculations.
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Analogously to the section on colinear (1D) collisions,
simplified coefficients for rapid estimation of Av in other
types of RTAs were derived using methods of formal
mechanics. These coefficients allow prompt estimation
of the change in velocity of the injured vehicle—and
subsequent calculation of h, —based solely on the
speed of one participant and the collision configuration
(Table 2).

When analyzing the table, particular attention
should be paid to the rollover category of RTAs, which
fundamentally differs from other scenarios in terms of Av
determination. In this case, the change in velocity is not
directly related to the frontal or lateral projection of the
relative velocity but is determined by the characteristics
of the vehicle’s rotational motion and the number of
body contacts with the surface [113]. A basic estimate
is performed using the formula:

ﬂvral.! R I"Crr.lll.! i VO

where V, — is the velocity prior to the onset of
rollover; k_, — is a coefficient dependent on the number
of rollovers/roof contacts, the rollover type, and the
environmental conditions.

In the analysis of rollover RTAs, several methods
are used to determine Av, two of which are considered
the simplest and most effective. Both approaches are
conceptually equivalent. It is recommended to apply the
method that is easier to interpret based on the available
documentation:

1. Quarter-turn (Nq) estimation method [114]. The
assessment is based on the number of quarter-turns of
the vehicle body (90° rotation = 1 quarter-turn):

Ng=1-2 - the vehicle comes to rest on its side or
roof: k , ~0.25-0.35;

Ng=3-4 - rollover over the roof or a complete 360°
rotation: k_, #0.35-0.50;

Ng = 5 - multiple rollovers: k_, =0.50-0.65.

2. Roof-impact count method (M, roof impacts)
[115-117]. This method estimates the number of roof or
pillar contacts with the road surface and is particularly

convenient in cases of multiple rollovers:
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where M is the number of contacts. In practice, k_,
does not exceed 0.65. To improve calculation accuracy,
contextual adjustments are recommended depending
on the specific conditions [113. 118]. In the analysis of
rollover RTAs, the following scenarios are distinguished:

- “Tripped” rollover, initiated by an external obstacle
(e.g., curb, ditch, soft shoulder) that “catches” the wheel
and triggers rotation. Such scenarios are more likely to
result in abrupt energy dissipation and a greater Av. In
calculations: k_, +0.03-0.05;

- “Untripped” rollover, occurring due to the vehicle’s
own dynamics (sharp maneuver, skidding, center-of-
gravity displacement) without impact against an external
obstacle. In these cases, Av is usually lower than in
“tripped” scenarios; therefore, the coefficient is adjusted
downward: k,, -0.03...-0.05.

Additionally, terrain and surface conditions are taken
into account: steep slope/embankment (k. , =+0.03)
hard road surface (asphalt) - k,, —0.02...-0.03, soft
surface (soil)- k,, +0.02-0.03 [119]. Example. A vehicle
was traveling on a rural road at approximately 70 km/h.
During an overtaking maneuver, one wheel entered a soft
unpaved shoulder. Loss of support caused a “tripped”
rollover (a typical obstacle-initiated rollover), after
which the vehicle overturned laterally, making two roof
contacts with the surface.

Using the roof-impact method with M=2 k_ ~0.36.
Since the rollover was initiated by “tripping” on a soft
soil edge, corrections of +0.04 (“tripped” mechanism)
and +0.02 (soil surface) are applied, yielding a final:
k  =~0.42.

roll

Thus,
Av = (0.36+0.04 + 0.02) -V, ~042-70 =~ 294km/h
5 2947 ok
loqg & 254 © 3 m

The obtained value corresponds to level 6 on the
proposed scale (interval 2-4 m).

Table 2. Coefficients for rapid estimation of Av in various types of RTAs (assuming comparable vehicle masses) [107-112]

Type of RTA Coefff(l:;lir‘llt (k) Comment
Colinear (frontal/ . . . .
rear-end) 0.5 Each vehicle receives half of the relative velocity
Lateral impact 0.5 For the struck vehicle, Av = half of the normal velocity component
0.25 - for 30°
0.35 - for 45°
Oblique impact Av depends on the contact angle
0.43 - for 60°
0.48 - for 75°
Sideswipe 0.05-0.20 With tangential contact, Av is small; energy is dissipated in friction/sliding
Emp_act with rigid =1 With e = 0, Av approximates the impact speed
arrier
Rollover 0.25-0.65 Av estimated as a fraction of pre-rollover speed; depends on number of rotations
Multi-event collision Maximum Av In multiple impacts, the largest Av is used (based on EDR data or reconstruction)
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The presented data demonstrate the feasibility of
applying relatively simple methodologies for approximate
assessment of the traumatic mechanical impact on the
human body within two fundamental scenarios—fall
from height and various types of RTAs. To accelerate
and simplify information processing, eliminate the
need for independent mathematical calculations, and
account for multiple modifying factors, we developed
a dedicated online calculator. Its structure, functional
capabilities, and operating algorithms are described in
the corresponding section of this article.

Assessment of mechanical impact on the spine

It is evident that heq, which reflects only the
integrated magnitude of mechanical exposure, alone
does not allow an adequate assessment of the impact on
the spine [70]. Actual traumatic potential is determined
by how the energy is converted into forces over the
duration of deceleration and along the deceleration path,
the geometry of its application to the body, and the
proportion that mechanically affects the spinal column
[1, 120]. Therefore, identical heq values can correspond to
fundamentally different clinical outcomes [77, 121, 122].
For example, a fall from 1 m onto rigid concrete versus
a thick mat, even with identical h,,, results in markedly
different loading and risk of injury [123].

Key additional factors influencing actual traumatic
potential include the patient’s body mass, the impulse
transfer coefficient, and the effective deceleration
distance [120, 124-126].

Patient body mass

The patient’s body mass (m) is a fundamental
parameter that determines the inertial properties of
the system [127, 128]. For any traumatic event with a
given Av, and consequently a given equivalent height h,_,
mass linearly scales both the energy to be dissipated
and the impulse that must be absorbed by supporting
structures [129, 130].

According to the integral form of Newton’s second
law, the work of external forces required to bring the
body to a complete stop equals its kinetic energy (E):

Ew

At fixed Vor heq the energy E is proportional to mass.
Thus, a heavier body requires dissipation of a greater
energy reserve at the same h,,.

The impulse (J) that braking forces must provide is
calculated as:

1
Em(ﬁv)z = mgh,q.

J= fF(t)dr =mAv

Impulse increases linearly with mass at a fixed Av
[131]. Accordingly, if the deceleration occurs over a fixed
time (t), the average applied force is:

- | mAv
F = e = e—
t t
which also scales linearly with mass.
Closer to clinical practice, the relevant scenario

is deceleration over a characteristic path (s), e.g., the
thickness of a cushioning surface or the deformation
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depth of a structure. In this case, the average applied
force can be calculated as:

= E _ mgh,q'
s s

which similarly reflects a linear dependence on mass
under otherwise identical conditions [132, 133].

Thus, patient body mass is an independent
modifying factor for traumatic potential. At fixed Av or
h., it systematically increases the impulse and work
required to stop the body, and consequently the average
and peak loads transmitted to the spinal supporting
structures [125]. For a correct interpretation of “event
force,” body mass should be considered at least
descriptively, even if the metric used for assessment is
mass-neutral [134].

Impulse transfer coefficient

The impulse transfer coefficient (7, ) is a
dimensionless quantity that characterizes the fraction
of mechanical energy from a traumatic event that
reaches the spine [1, 135]. It reflects the effectiveness
of "biomechanical filters” (joints, muscles, soft tissues)
and protective systems (seat belts, airbags, seats)
that dissipate or redistribute the impact [120, 136].
Accordingly, T, , determines the portion of the total
mechanical exposure that is transformed into loading
on the spinal column. While axial compression is most
common, other components (shear or rotational) may
dominate depending on the direction and resultant vector
of the applied force [137].

The primary factors influencing T, , are the

point of force application and contact geometry
[126, 137, 138]. For instance, a fall onto the feet with
deep knee flexion and active muscular engagement
dissipates a significant portion of the impulse, yielding
T, ® 0.4-0.6 [139, 140]. Conversely, a fall onto the
buttocks or back results in minimal absorption, with
T,.. @pproaching 0.9-1.0, transferring almost the entire
energy to the thoracolumbar spine [141]. In frontal
RTAs, seat belts and airbags distribute the kinetic load
across the chest and shoulder girdle, increasing the area
and duration of energy absorption, thereby reducing
direct impulse transfer to the spine [142, 143]. In the
absence of restraints, impact against the steering wheel
or dashboard occurs locally, with negligible damping,
transmitting almost the entire load to the spinal column.
In some cases (e.g., axial head impact), local impulse
concentration may formally exceed 1, reflecting not
“energy generation” but amplification of its effect on a
limited spinal segment [144].
In clinical practice, T, , is estimated based on the
injury scenario: which structures bear the main load, how
much energy is absorbed along the transmission path,
and what fraction reaches the spinal column [126, 141].
For calculations, a typical (average) coefficient value is
used, while minimum and maximum limits are considered
as a variability range.

Based on literature analysis, average T, , values
with approximate ranges have been determined for main
clinical scenarios (Table 3).
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Table 3. Average impulse transfer coefficient values for the thoracolumbar spine in common clinical scenarios [1, 70, 120,

126, 135-154]

Brief description

Tland (min-
typical-max)

Justification (concise)

Falls:

Onto feet, deep
absorption (deep squat)

0.40-0.55-0.65

Significant portion of the impulse is dissipated through knee and hip joint
flexion and the musculoskeletal complex; no more than half of the energy
reaches the spine

Onto feet, semi-flexed

0.60-0.70-0.80

Moderate energy filtering through joints and muscles; axial load fraction
transmitted is higher than in deep absorption, but part of the impulse is
absorbed

Onto feet, stiff/almost
locked

0.80-0.90-0.95

Minimal joint cushioning; impulse is almost fully transmitted along the spinal
axis, generating marked compression

Onto buttocks/pelvis

0.80-0.95-1.05

Limited cushioning by soft tissues of the pelvis; load is almost entirely
transmitted to the lumbar spine. Local concentration (>1) may occur in some
cases

Onto back

0.90-1.05-1.15

Impact over a broad surface with transmission through the rib-spine
framework produces nearly complete axial loading; additional bending
moment may occur

Onto side/pelvis

0.60-0.75-0.85

Significant portion of energy dissipated through lateral soft tissues and
pelvic structure; axial component reduced

Onto hands/elbows/
knees

0.40-0.60-0.70

Extremities act as shock absorbers, dissipating part of the energy; only
40-70% of impulse reaches the spine

Onto knees (with
subsequent axial impact)

0.50-0.70-0.85

Primary filtering through knee flexion, followed by sharp transmission of
residual energy along the axis; final fraction is variable

RTAs:

Frontal, seatbelt + airbag

0.50-0.65-0.75

Seatbelt and airbag distribute load across the chest and shoulder girdle,
prolonging contact duration and reducing the fraction of energy transmitted
to the spine

Frontal, seatbelt only

0.60-0.75-0.85

Without an airbag, load distribution is less effective; impulse through the
belt and chest is largely transmitted to the spine

Frontal, no restraint
(dashboard/steering
wheel)

0.85-0.95-1.00

Direct chest contact with steering wheel or panel; absence of cushioning
structures leads to almost full impulse transfer to the spine

Side impact, with
seatbelt

0.55-0.70-0.80

Belt restrains the torso and redistributes part of the energy; door and seat
deformation further dissipate load

Side impact, no seatbelt

0.70-0.85-0.95

Rigid impact through lateral body surface; absence of controlled distribution
increases transmitted fraction

Rollover, with seatbelt

0.90-1.00-1.10

Roof contact with head/shoulders generates axial load with minimal filtering;
local concentration can increase transmission

Rollover, no seatbelt 0.90-1.05-1.15

Contact with rigid cabin elements or ground; impact geometry is variable,
but direct, localized loading on the spine is more frequent

Note: For practical calculations, it is recommended to use the typical (average) Tland value, as it represents the most
probable contact scenario. The "min” and "max” values are provided as references to assess the degree of variability and

potential calculation error.

Effective deceleration distance

The effective deceleration distance (S, ) is defined
as the actual path over which the velocity of the body
(or the spine-relevant portion of it) is reduced following
an impact [139, 150]. Unlike the “geometric” fall height,
S... €ncompasses all sources of system “compliance”:
support deformation (mats, soil, seats, airbags), soft
tissue compression, joint flexion, as well as body sliding
and rotation [129, 133]. A greater S _ , distributes
energy absorption more smoothly over time, resulting
in lower average and peak spinal loads for the same
event [154].

Factors influencing S , include the point of force
application and body posture (e.g., legs with flexed
knees provide a long deceleration path, whereas
landing on the buttocks or back yields a short path),
surface properties (rigid asphalt offers minimal energy
absorption, whereas soft surfaces, snow, or mats extend

the deceleration distance), and passive safety elements
in vehicles (seatbelts, pretensioners, airbags, seat and
chassis deformation increase the effective path) [152]
(Tables 4 and 5). Secondary movements are also
important: sliding, rolling, and rotation reduce strictly
axial compression on the spine, effectively increasing
the deceleration distance [113, 118].

In clinical practice, the assessment is performed
according to the scenario and context: body position
at the moment of contact, surface or equipment type,
and the nature of the injuries are analyzed, after which
a realistic range of values is selected for calculations.

Proposed metrics for injury characterization

Based on the analysis of the described parameters
and the principles of applied mechanics, a set of metrics
has been proposed to formalize and quantitatively
describe the mechanical impact on the spine.
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Table 4. Effective deceleration distance values for selected typical clinical scenarios [131, 136, 139-150,

152-154]

Brief description

Sland, m (min-
typical -max)

Mechanism

Falls:

Onto feet, deep absorption (deep

0.40-0.50-0.60

Knee and hip flexion, foot elasticity, posterior pelvic

squat) shift
. _ _ Partial knee flexion, joint elasticity, moderate
Onto feet, semi-flexed 0.25-0.30-0.40 absorption

Onto feet, stiff/almost locked

0.15-0.20-0.25

Minimal joint motion, abrupt impact transmission;
short path

Onto buttocks/pelvis

0.02-0.04-0.06

Soft tissue compression, minimal sliding; very short
path

Onto back

0.03-0.04-0.05

Deformation of back and chest soft tissues upon
impact

Onto side/pelvis

0.06-0.08-0.10

Lateral soft tissue deformation and pelvic
compression

Onto hands/elbows/knees (with load
transfer)

0.10-0.15-0.20

Limb flexion, partial energy absorption by joints

Onto knees (with subsequent axial
impact)

0.08-0.10-0.12

Soft tissue compression of the knees + joint flexion
before spinal impact

RTAs:

Frontal: seatbelt + airbag

0.20-0.30-0.40

Belt stretch, airbag compression, seat deformation

Frontal: seatbelt only

0.15-0.25-0.30

Belt elongation and seat deformation

Frontal: no seatbelt (dashboard/
steering wheel)

0.02-0.05-0.08

Near-instantaneous stop; extremely rigid contact

Side impact, with seatbelt

0.10-0.15-0.25

Door/seat deformation, torso sliding

Side impact, no seatbelt

0.05-0.10-0.15

Rigid contact; minimal controlled deformation

Rollover, with seatbelt

0.02-0.04-0.08

Roof contact with head/shoulders; limited
deceleration path

Rollover, no seatbelt (contact with
cabin/ground)

0.02-0.06-0.10

Rigid, variable geometry; short deceleration
distance

Note: For practical calculations, it is recommended to use the typical (average) Sland value, as it represents
the most probable contact scenario. The "*min” and “max” values serve as references to estimate variability

and potential calculation error.

Table 5. Modification factors for effective deceleration distance depending on environment, surface, and

equipment [123, 155-168]

Parameter

Contribution to Sland, m (min- typical-max)

Asphalt/concrete/tiles

0.001-0.003-0.005

Wooden floor/linoleum

0.002-0.005-0.010

Sports mat 10-20 mm thick

0.01-0.02-0.03

Tatami mat 40-60 mm thick

0.03-0.05-0.07

Gymnastics mat 80-120 mm thick

0.08-0.12-0.18

Compacted soil/ground

0.005-0.015-0.030

Dry sand (beach)

0.10-0.20-0.30

Wet/compact sand

0.05-0.10-0.20

Packed snow

0.02-0.05-0.10

Loose snow (20-40 cm)

0.15-0.30-0.50

Water, entry “feet first”

0.50-1.00-1.50

Water, entry “flat”

0.05-0.10-0.20

Light clothing

0.002-0.005-0.010

Winter/multilayer clothing

0.01-0.02-0.03

Note: when modification factors are considered, the calculation uses the sum of the relevant components

along the load path.
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1. Mean "spinal” overload

The mean spinal overload (Jspine) reflects the
“stiffness” of the injurious event’s impact on the spine
and is expressed in multiples of gravitational acceleration
(9). Unlike absolute force or energy parameters, (Jspine)
is independent of the patient’s body mass and therefore
provides a universal, comparable criterion across
different clinical scenarios [169].

Formally, it is defined as:

hﬁ.q
Sland

For falls, Jspine is primarily determined by surface
type and body position: minimal deceleration distance
(e.g., falling on asphalt or concrete) results in high
overloads, whereas soft ground, water, or mats
increase the deceleration distance and reduce overload
[133, 152, 170]. When falling on the feet, overload
depends on the ability to absorb impact: the deeper
the joint flexion, the longer S, , and the lower Jspine -

In RTAs, the indicator depends on the effectiveness
of passive safety systems. Seat belts and airbags
increase the deceleration distance and duration,
distribute the load over a larger area, and reduce the
net overload [143, 170, 171]. In the absence of restraint
systems or during contact with rigid cabin structures,
deceleration distance is minimal, T, , approaches 1, and
depine reaches maximum values.

The main advantage of J.pme is its comparability:
the same value indicates the same “stiffness” of spinal
loading regardless of the victim’s body mass [169]. It
is assumed that this metric correlates well with the
probability of structural injuries and can serve as a key
integrative criterion of biomechanical trauma.

2. Energy acting on the spine

The energy acting on the spine (£, ) quantifies
the absolute amount of mechanical energy absorbed by
the spinal column. Unlike mass-neutral metrics, which
reflect relative “stiffness” of impact, E indicates the

spine

full energy budget that the spine must absorb:

gspinw e

* Tiand

E.s'p:'rta =mg hpq Tland
For falls, E

pine PFiMarily depends on body mass and
the biomechanical load path: when falling on the “feet”,
part of the energy is absorbed by joints and muscles,
whereas when falling on the buttocks or head, nearly
the entire impulse is transmitted along the spinal axis
[158, 172, 173]. In RTAs, the energy reaching the spine
depends on passenger mass and the force direction
(through the chest or pelvis) [174]. Passive safety
systems (belts, airbags) do not reduce £_,  butincrease
S,..» Spreading the impulse over time and reducing peak
loads [175, 176].

The advantage of this metric is its physical
transparency: it is expressed in absolute energy units
(3) and can be used for engineering and biomechanical
calculations, as well as injury modeling. Its limitation is
mass dependence: for the same heq, a heavier patient
inevitably experiences a greater energy load on the
spine [177].

Thus, E_, . should be considered a secondary
parameter, important for analyzing the total energy
component of an event and for biomechanical modeling,
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whereas mass-neutral metrics may be preferable for
clinical comparison.

3. Mean force acting on the spine

The mean force acting on the spine (F,,)
represents the averaged magnitude of the axial force
transmitted to the spine during deceleration. Unlike
mass-neutral parameters, F_, directly depends on the

patient’s body mass and therefore characterizes the
absolute force scale of the traumatic impact.

F- - mgheg TNland
spine Si'ﬂ?‘ld

In falls, the magnitude of is determined by body
mass and the type of contact: falling onto a rigid
surface with minimal deceleration distance leads to
extremely high mean forces [161, 162], whereas soft
surfaces or the shock-absorbing properties of the joints
substantially reduce them [155, 167]. In traffic collisions,
the parameter depends on passenger body mass and
the effectiveness of restraint systems [176]. Seat belts
and airbags increase S thereby reducing both mean
and peak forces [178].

The advantage of this metric lies in its intuitive clarity:
force expressed in newtons is readily interpretable for
clinicians and engineers and can be directly compared
with known strength limits of osseoligamentous
structures [173]. Its limitations include dependence on
body mass and the difficulty of accurately estimating
S,..- Moreover, in real-world conditions, the peak force—
rather than the mean force—may be most critical and
may differ substantially from the averaged value [177].

Thus, .Epm, may be regarded as an additional force
descriptor useful for engineering and biomechanical
applications, but not as a primary clinical indicator.

4. Spinal-equivalent height

The spinal-equivalent height (hg{ﬂe - is a
recalculated (normalized) equivalent fall height that
would produce the same mean axial load on the spinal
column under reference deceleration conditions as the
actual traumatic event under its specific posture and
contact characteristics. This metric is mass-neutral
and therefore enables valid case comparisons. The
concept is to reduce heterogeneous injury mechanisms
to a single, physically interpretable “height” scale
specifically oriented to the spine, taking into account
load transmission and contact “stiffness.” Formally, it
is defined as:

land’

h‘ff

spine

= Sref T
o land
e land i

where s . - is the reference deceleration distance
(0.10 m in the present study).

In clinical fall scenarios the magnitude of -”l_‘;‘;{ﬂf

naturally differentiates contact regimes. When landing on
the feet, S, ,is large due to multijoint shock absorption
(knee and hip flexion, footwear elasticity), and part of
the impulse and work is dissipated distal to the spine.
This is reflected in a reduced transmission coefficient T,
(<1). Conversely, when falling onto the back or buttocks,
the deceleration distance is markedly shorter (rigid
contact, minimal support deformation), the axial impulse
component is maximal, T, increases, and for the same

land
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h,, a greater hg{ne, is obtained—indicating a locally
“stiffer” impact on the thoracolumbar spine [172, 173].
In traffic collisions, the metric reflects the performance
of passive safety systems: seat belts, pretensioners,
and airbags do not alter the total energy budget of the
event (mgh_), but they increase S_ ., (by extending
torso deceleration distance and spreading the impulse
over time), thereby reducing h.gpine [175, 176]. The
geometry of the load path (through the torso) generally
remains unchanged; thus, in first approximation, T,
varies minimally.

Fixing the reference distance at s5_,=0.1 m
standardizes the metric and ensures comparability
across scenarios: hg{ﬂe should be interpreted as
the “height under standard conditions” energetically
equivalent to the given event specifically for the spine.
As noted above, the mean axial spinal overload in units
of g is:

eff
g _ hrq T Ny hspim
spine — * 1 and spine = d
3 sl’und 3 srvf

In other words, hﬁ;:{ﬂg represents the mean spinal
deceleration Jspine cOnverted into “meters” relative to the
selected s, thereby preserving the physical relationship
with deceleration dynamics while simultaneously
providing an intuitive clinical interpretation [179].
The metric is mass-neutral and therefore suitable for
population-based comparisons and for correlation with
indicators of bone tissue quality.

The principal advantage of this parameter lies in the
unification of event force description within a convenient
“height-based” format while maintaining spine-specific

Equivalent Fall Height and Spinal-Equivalent Height Calculator
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clinical relevance. This facilitates risk stratification
and cohort comparison, enables the direct conversion
of h_‘:::{m into categorical scores of the proposed
(spine-oriented) scale for operational communication
and statistical analysis, and allows its application
in constructing quantitative associations with bone
quality indicators—dual-energy X-ray absorptiometry
(DXA), trabecular bone score (TBS), and computed
tomography-derived density expressed in Hounsfield
Units (CT-HU) [180, 181].

The limitations of the metric are related to the need
for expert reconstruction of contact conditions: errorsin
the estimation of S, ,and T, , are linearly propagated
into the final result. Therefore, detailed documentation
of injury circumstances substantially enhances the
accuracy and effectiveness of the assessment.
Overall, h"f{ﬂg serves as a fundamental mass-
neutral descriptor of mechanical exposure to the spine,
integrating event geometry, posture, deceleration path,
and the point of force application, thereby ensuring a
physically valid and clinically meaningful evaluation of
impact severity.

Development of the online calculator

To accelerate data processing, eliminate the need
for constant reference to lookup tables, expand the
range of applicable scenarios, and simplify coefficient
adjustment for validation purposes, we developed a
web-based calculator (Fig. 3).

The tool provides modular input based on typical
scenarios (“Fall,” “"RTA”), automatically populating
standard values and ranges for the parameters T, ,and
S,..s depending on the selected body position and landing
surface. In the case of RTAs, it additionally supplies
rapid estimation coefficients for Av according to vehicle

Equivalent Fall Height and Spinal-Equivalent Height Calculator
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Fig. 3. Interface of the developed web calculator: A — fall; B — RTA
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type and collision pattern. Users may retain the “default
values” (in accordance with the embedded reference
libraries) or manually override them; all modifications
are instantly incorporated into the calculations.

The calculator is available at: www.spine.org.ua/
scale.

Validation of the scale and derived metrics

The objective of the subsequent phase was to
quantitatively evaluate the metric properties of the
spine-oriented measure h_‘;‘:{ﬂf and its derived indicators
(baseline heq, Jepiner Eopine and ‘F_sp:lnv ), as well as the final
composite scores (0-10) based on these parameters. The
analysis included assessment of construct and criterion
validity, relative and absolute reliability, agreement for
continuous metrics, threshold stability, and known-
groups validity.

Construct validity. Within the dataset of clinical
and anamnestic variables used for verification, the metric
heff demonstrated the expected convergence with the
ih?éai;'al measure of mechanical exposure: the correlation
with baseline heq was 0.82 (p < 0.001), indicating that
approximately 67% of the variance in h_';‘:{ﬂe is explained
by variability in event energy normalized to height.
Associations with spinal injury morphology based on
CT/MRI findings were also consistent with theoretical
expectations: increasing h"’f{ﬂf was accompanied by
greater anterior wedge deformation (r = 0.58, p <
0.001; explained variance =34%) and a higher degree of
spinal canal compromise (r = 0.49, p < 0.001; explained
variance =24%). A monotonic relationship was identified
with ordinal injury severity according to the AO Spine
classification (p = 0.62, p < 0.001): progression from
low-energy patterns (Al) to burst and complex types
(A3/A4, B/C) was associated with increasing metric
values.

In binary logistic regression for the threshold >A3,
each additional 1 m was associated with a 1.85-fold
increase in the odds ratio (OR) of sustaining burst/
unstable injuries (95% CI 1.45-2.38, p < 0.001), after
adjustment for age and sex. This finding is consistent
with the biomechanical interpretation of the metric:
an increase of 1 m in h_‘;';{ﬂe nearly doubles the odds of
injuries classified as =A3.

From a practical standpoint: if at h_‘;','{:{ﬂe = 0.8 mthe
conditional probability of injury >=A3 is approximately
20% (OR =0.25), then at 1.8 m (+1 m), the OR increases
by a factor of 1.85 (=0.46), and the probability rises to
approximately 32%; with a 2 m increase, it approaches
®46%. Assessment of logit linearity (Box-Tidwell
test, restricted cubic splines) revealed no significant
nonlinearity within the studied range and no evidence
of multicollinearity.

The mass-neutral property, which is critically
important for this metric, was confirmed by partial
correlation with body weight: after controlling for
mechanism and position, r = 0.06 (p = 0.41), indicating
no statistically significant association. In contrast, the
energy-dependent metric £_, = showed the expected
strong correlation with body mass (r = 0.74, p < 0.001).
These results support the theoretical interpretation of
hﬁg{nf as an indicator of external mechanical exposure
to the spine rather than a surrogate marker of bone
tissue strength.
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Criterion validity. In the absence of external
verified indicators (EDR, objective measurement of
height), clinical outcomes based on neuroimaging
findings served as the criterion. The ability of 4/ to
predict the presence of vertebral fracture was r;'fgldf as
“good” according to the Hosmer-Lemeshow criteria:
the area under the ROC curve (AUC) was 0.82 (95%
CI 0.73-0.90). For the detection of compression-burst
injuries (A3/A4), the AUC was 0.78. An optimal threshold
of approximately 1.3 m yielded a sensitivity of =0.76
and a specificity of =0.72 (based on the maximum
Youden index). This corresponds to LR*=2.7 and LR-
=0.33, which clinically indicates a weak to borderline
moderate increase in post-test probability with a positive
result and a weak decrease with a negative result.
Thus, the metric is useful as an adjunctive tool for risk
stratification. For features of posterior ligamentous
complex injury, discrimination was predictably lower
due to more complex biomechanics: AUC = 0.74, with a
threshold of approximately 2.4 m. In screening scenarios
(where minimizing missed cases is critical), lowering the
threshold below the optimum (favoring sensitivity) is
advisable; in confirmatory contexts, raising the threshold
above the optimum (favoring specificity) is appropriate.
By definition, a single mechanical descriptor cannot
account for the full extent of interindividual variability;
however, the reported AUC values indicate practically
meaningful diagnostic utility for risk stratification and
severity ranking.

Additional robustness checks (restriction of analyses
to cases with low uncertainty regarding 7, ,and S, ,
analysis limited to thoroughly documented postures and
contact surfaces, and bootstrap estimation of AUC) did
not materially alter the conclusions. Model calibration
(intercept/slope) remained satisfactory, with no evidence
of systematic bias in clinically relevant threshold ranges.
Collectively, construct and criterion validity consistently
support that h_';',',{{ﬂe is an informative indicator of “event
severity” for the spine, useful for clinical communication,
stratification, and research on associations with bone
quality and therapeutic outcomes.

Relative reliability of measurements. Inter-rater
agreement for the presented anamnestic cases (n = 40,
5 experts) was assessed using the intraclass correlation
coefficient ICC (2.1) (two-way random-effects model,
absolute agreement, single measure). For the baseline
score calculated directly from heq, ICC was 0.84 (95% CI
0.77-0.89), corresponding to “"good” agreement. For the
spine-oriented score based on h“f{nf, ICC was slightly
lower at 0.79 (95% CI 0.71-0.86), also within the “good”
reliability range.

When averaging the ratings of five experts
(ICC(2,k)), agreement increased to 0.95 and 0.92 for heq
and h_';'?‘:{ﬂf, respectively, corresponding to an “excellent”
level. The weighted k coefficient with quadratic weights
was 0.78 (h,) and 0.72 (hﬁg{ﬂf), indicating “substantia
agreement according to the scale of Landis & Koch.

Repeated assessment of a subsample of cases
(test-retest, 10 cases, reassessment after >2 weeks)
demonstrated high stability: ICC (2,1) was 0.90 (95% CI
0.83-0.95) for the baseline score and 0.85 (95% CI 0.76-
0.92) for the spine-oriented score. The mean absolute
difference between the first and repeated assessments

K
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was 0.42 and 0.58 points, respectively, confirming high
temporal reproducibility of the instrument.

Absolute reliability. To evaluate the precision
of individual measurements, SEM and MDC,, were

Icul d.
calculate SEM = SDVT — ICC,

where SD is the standard deviation of scores across
the entire sample.

For the baseline score, SEM was 0.80 points; for the
spine-oriented score, 0.95 points.

MDC,., was calculated as

MDC,s = 1.96 2 SEM,

yielding »2,2i 2,6 points for h,, and respectively.

These findings indicate that fluctuations of less than
2-3 points may be attributable to random variability. At
the same time, the clinical relevance of such differences
depends on the scale range: at lower levels (where
intervals correspond to tens of centimeters), a change
of 1-2 points is usually not meaningful, whereas at
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higher levels even a 1-point difference (corresponding
to an increase in height by an order of meters or tens of
meters) may reflect a substantial change in mechanical
exposure. In general, exceeding the MDC threshold of
approximately 2-3 points is highly likely to represent a
statistically significant difference; however, its clinical
interpretation should consider the scale level.

Thus, the scale demonstrates both high relative
reliability (inter-rater agreement and temporal stability)
and acceptable absolute precision (low SEM and MDC)
(Table 6). This supports its use both for patient
stratification based on a single measurement and for
longitudinal monitoring, in which changes =MDC should
be considered meaningful.

Agreement for continuous metrics. To assess
agreement between the calculated metric values
(based on expert ratings) and the reference algorithmic
computations (online calculator based on author-
derived values), Bland-Altman plots were constructed
(Fig. 4).

Table 6. Indicators of relative and absolute reliability of the scale (40 cases, 5 experts)

: Baseline score Spine-oriented :
Indicator . score (p¢/7 ) Interpretation
spine
: _ 0.84 (95% CI 0.79 (95% CI “ " :
ICC (2.1) (inter-rater) 0.77-0.89) 0.71-0.86) Good” agreement (Koo & Li, 2016)
ICC (2.k) (mean of 5 experts) 0.95 0.92 “Excellent” agreement
Weighted k 0.78 0.72 “Substantial” (Landis & Koch, 1977)
_ 0.90 (95% CI 0.85 (95% CI : o
ICC (2.1) , test-retest 0.83-0.95) 0.76-0.92) High stability
SEM, points 0.80 0.95 Standard error of measurement
MDC_95, points 2.2 2.6 Minimal detectable change
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Fig. 4. Bland-Altman plots for the analyzed metrics: A - for heq; B - for hm’ﬂf
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For heq he mean bias was 0,03 m, with 95% limits of
agreement (—0.49;0.43) m, for hg{ﬂf — 4+0.05 m, with
95% limits of agreement (-1.02;1.12) m.

Thus, for the baseline metric h, near-complete
concordance between expert-derived and reference
estimates was observed, whereas for h_';';:{ﬂf the limits
of agreement were wider. These findings reflect not
methodological error but biomechanical uncertainty
related to variability in the selection of the deceleration
pathway and load-transfer coefficient. Analysis of
heteroscedasticity demonstrated that dispersion did
not increase at higher or lower metric levels, ensuring
comparable precision across the entire range of analyzed
values.

Threshold stability. To assess the robustness of
score-based classification, a sensitivity analysis was
conducted by varying threshold values by £10-15%,
as well as by recalculating scores under “minimal” and

“maximal” S, and T,  scenarios in the estimation of
h.':;:{ﬂf'

For the baseline scale (based on h,) concordance
of the assigned level was maintained in 77% of cases;
disagreement by +1 level occurred in 20%, and by more
than £1 level in only 3%.

For the spine-oriented scale (based on hg{ﬂf)
identical level assignment was observed in 62% of cases;
a shift of 1 level occurred in 31%, and of more than
+1 level in 7%.

The greatest sensitivity was noted in transitional
scenarios (e.g., falling onto the knees with subsequent
axial load transfer) and in landings on soft surfaces,
where the potential ranges of S, and T, , are broader.
Nevertheless, even with parameter variation of 15%,
discrepancies in most cases did not exceed one scale
level, confirming the practical robustness of the
instrument.

Known-groups validity. To evaluate discriminative
ability, two clinically relevant groups were compared:

- fragility scenarios: patients 265 years old who
sustained a fall from a height <1 m, typically associated
with osteoporotic fractures.

- non-fragility scenarios: younger patients or those

injured from falls >1 m and/or in RTAs.
The median h_‘;‘:{ﬂf in the fragility group was
0.48 m (interquartile range 0.32-0.72), whereas in
the non-fragility group it was 2.15 m (interquartile
range 1.40-3.10). The differences were statistically
significant (p < 0.001). Cohen’s effect size wasd = 1.10,
corresponding to a large effect.

These findings confirm the clinical meaningfulness
of the metric: low values of hﬁ;:{ﬂf are characteristic of
low-energy osteoporotic fractures, whereas high values
are typical of high-energy trauma requiring different
management strategies and associated with a distinct
therapeutic prognosis.

Discussion

Interpretation of results and clinical
significance

Validation of the multilevel scale for quantitative
assessment of external mechanical impact on the spine
demonstrated its informativeness and consistency
with the actual severity of injury. Hiqher values of
the calculated indices—primarily h,, h_‘;,,m,_, and Fopine
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were statistically associated with more pronounced
pathomorphological changes of the spine.

These findings further substantiate the clinical
relevance of the metric: low -’1.‘;’7{1-“ values are typical
of low-energy osteoporotic fractures, whereas high
values correspond to high-energy trauma requiring
different therapeutic approaches and associated with
different outcome expectations. Elevated h_, and -”l_‘;},m
were more frequently associated with severe structural
damage, and increasing Jspine reflecting loads exceeding
physiologically tolerable limits—was accompanied by a
higher probability of severe injury (including categories
corresponding to AIS >3). This concordance indicates
that the scale effectively “captures” the physical “energy
of the event” underlying injury severity.

A key advantage of the proposed approach is
its quantitative and continuous nature. Instead of
descriptive labels, the scale provides numerical values
with direct physical interpretation: each increment in
Moo henie and Jepime corresponds to a real increase
in injurious mechanical exposure rather than merely
crossing an arbitrary threshold. This enhances clinical
interpretability. For example, the conclusion that “the
impact is equivalent to a fall from approximately 3 m”
can be readily contextualized in terms of expected risk,
while load values expressed in units of g are intuitively
understood by practicing clinicians.

The results are consistent with clinical experience
and epidemiological observations: more intense
mechanical exposures (including falls from height and
high-speed collisions) are predictably associated with
more severe injuries [3, 182], whereas low-energy
scenarios (e.g., “standing height or less”) more often
result in less extensive morphological damage [80,
183]. Importantly, the scale accurately describes the
continuum of mechanical exposure: it can be applied to
both high- and low-energy events, enabling risk ranking
without an a priori assumption regarding the “*dominant”
mechanism [1, 88].

In practical terms, high values of h_ and h_‘;';{ﬂf serve
as early indicators of potentially complex spinal injuries
(even in the presence of minimal initial symptoms) [153,
184], whereas low values justify a more conservative
diagnostic approach [185, 186]. Overall, the scale
strengthens the causal link between event biomechanics
and clinical outcome, thereby improving the accuracy
of risk stratification and supporting evidence-based
diagnostic and therapeutic decision-making [187, 188].

Comparison with existing classifications and
scales

Abbreviated Injury Scale (AIS) The proposed
quantitative approach differs substantially from
traditional trauma severity scales. The Abbreviated
Injury Scale (AIS) is a widely accepted instrument for
grading injury severity based on anatomical damage
[17, 18]. AIS assigns injuries scores from 1 (minor) to 6
(maximal, currently untreatable) according to the nature
and location of the lesion. However, AIS represents a
retrospective assessment—performed after patient
evaluation—once specific injuries (fractures, ligament
ruptures, spinal cord contusions, etc.) have been
identified [153]. AIS neither measures nor describes the
mechanism of injury [189]. Moreover, AIS encompasses
injuries of the entire body rather than focusing
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specifically on the spine; therefore, it inadequately
reflects differences in external mechanical exposure. Two
patients may receive the same AIS score—for example,
AIS 3—although one sustained injury from a fall from
height and the other from a high-speed RTA [190].

The scale proposed herein is oriented toward injury
biomechanics, i.e., the characteristics of the external
impact that caused the damage. It complements AIS
by enabling assessment at the stage of mechanism
evaluation, prior to definitive diagnosis. For example,
knowing that h;,mp ~ 5 m allows one to anticipate
a high probability of serious spinal injury, even in the
absence of obvious signs at initial examination. Thus,
the scale functions as a prognostic tool [88]. Similarly, a
high h_, value may raise suspicion of injuries to both the
musculoskeletal system and internal organs. In contrast,
severity according to AIS (e.g., AIS =3, typically
indicative of serious trauma) is determined only after
the injury itself has been documented [191]. Accordingly,
the proposed scale does not replace AIS but rather
complements the trauma assessment system: AIS ranks
severity by consequence, whereas the present scale
ranks it by causal factor (impact energy). The integration
of both approaches enables a more comprehensive
characterization and prognosis of trauma.

Classifications of spinal injuries. Existing classification
systems (e.g., AO Spine, TLICS) are primarily oriented
toward injury morphology and clinical consequences [19,
192, 193], without providing a quantitative assessment
of mechanical exposure [3, 194]. The contemporary
international AO Spine Classification System, developed
under the auspices of the AO Foundation and partially
derived from the Magerl system, categorizes injuries by
type (A - compression, B - distraction, C - rotational/
translational injuries), supplemented by neurological
status and clinical modifiers, including the condition
of the posterior ligamentous complex [195-197]. Its
principal strength lies in its comprehensiveness and high
reproducibility for guiding management decisions [198].
However, two injuries with the same AO code may result
from fundamentally different magnitudes and directions
of external load.

The proposed scale quantitatively characterizes the
“force of the event” prior to the anatomical outcome,
thereby complementing morphological systems.
Clinically, this allows the conventional diagnostic
formulation (e.g., "AO Spine A3”) to be supplemented
with the level of mechanical exposure (e.g., “equivalent
to a fall from =4 m” or the numerical values of heq, h_‘;';:{m
and .gfs,,m,. Such an approach enhances the prognostic
and communicative value of case descriptions: the
morphological system specifies what is injured, whereas
the quantitative scale indicates the energy/rigidity of
the impact that produced the injury [199, 200]. An
additional advantage is the mass-neutral and physically
interpretable nature of the indicators, which reduces
subjectivity and enables valid comparisons across
patients and cohorts.

CDC Field Triage Guidelines. In emergency medicine,
decisions regarding transport to a trauma center have
traditionally relied on mechanism-of-injury criteria
[88]. The U.S. National CDC Field Triage Guidelines
(developed by the Centers for Disease Control and
Prevention in collaboration with the American College of
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Surgeons) identify several “high-risk mechanisms.” For
example, an adult fall from >6 m (20 feet) is considered
indicative of a high risk of severe trauma and constitutes
a criterion for transport to a specialized trauma center
[201, 202]. Other “dangerous mechanisms” include
significant vehicle deformation (intrusion >30 cm),
partial or complete ejection from the vehicle, death
of the passenger in the same vehicle, and high-speed
motorcycle crashes [5, 199]. The principal advantage of
this approach lies in its simplicity and rapid applicability:
paramedics can make prompt decisions even when vital
signs remain stable [185, 203].

However, the limitations of a threshold-based
scheme are evident. Mechanism severity is a continuous
variable: the difference between 5.9 m and 6.1 m is
negligible, while the threshold itself is conventional
[80]. Outcomes are influenced by modifiers that are
typically not explicitly incorporated, such as surface type
and stiffness, posture/contact geometry, deceleration
duration, and the performance of passive safety systems
[133, 137, 152]. Consequently, clinical paradoxes arise:
a formally “low-energy” event may result in severe
injury, whereas a “threshold” event may not [204,205].
This is particularly relevant in vulnerable populations. In
older adults, even a fall from standing height may lead
to severe cervical injury [82, 183]. Reviews addressing
medical triage have also documented substantial rates
of under-triage and over-triage, reflecting inevitable
information loss when a continuous variable is
dichotomized [88].

The proposed quantitative scale complements
field triage rules without attempting to replace them.
Instead of a binary “threshold exceeded/not exceeded”
approach, it provides a graded assessment of mechanical
exposure (e.g., heq 4, 6, or 8 m) and incorporates key
modifiers (surface/posture/ S, ), such that two falls
“from the same height” yield different values when the
“rigidity” of contact is fundamentally different. Such
integration allows risk differentiation within a given
category, potentially reducing both underdiagnosis
and unnecessary over-triage. The evolution of medical
triage is increasingly oriented toward objective data and
telemetry (vehicle parameters/event data recorder, EDR)
[171]. In this context, numerical indicators such as (h,)
can be naturally incorporated into EMS algorithms as
an additional standardized, evidence-based parameter
supporting individualized decision-making [149, 206].

The practical application of the scale lies in its role
as a complement—not a substitute—for morphological
classifications (e.g., AO Spine, AIS). Quantitative
assessment of mechanical exposure is particularly
valuable during prehospital triage and patient routing
(risk prediction of complex injuries; justification for
transport to a trauma center), in planning the scope of
imaging, and in multicenter research for standardizing
the description of “event severity.” In the in-hospital
setting, treatment decisions are based primarily on
injury morphology and patient status, whereas the
scale provides a quantitative context of the mechanism,
thereby enhancing communication and risk stratification.

Limitations

This study represents the initial (pilot) stage of scale
development and validation. For active implementation in
healthcare practice, further calibration of the proposed
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indices and expansion of clinical scenarios are required.
In particular, external multicenter validation of thresholds
and coefficients underlying the calculations is necessary
(refinement of T ,and S, , the selected reference s,
and the boundaries of the 0-10 categories). Additional
accumulation and analysis of cases with “atypical”
mechanics (sliding/oblique contacts, multi-impulse
events, compression injuries, blast trauma, multistage
falls) are also warranted. Furthermore, the impact of
integrating the scale into clinical and organizational
decision-making (scope of imaging, patient routing,
choice of fixation strategy) on clinical outcomes and
resource utilization should be evaluated.

The proposed indicators were optimized for the
thoracolumbar junction (T11-L2) as the region most
vulnerable to indirect axial loading. Regional adaptation
is required for other spinal segments. For example, in
the cervical spine, consideration of “head-first” and
diving scenarios, as well as whiplash components, is
necessary. Overall, this entails the development of
segment-specific scenario libraries and recalibration of
coefficients accounting for anatomical and biomechanical
differences.

Conclusions

The proposed scale represents a mechanistically
grounded, mass-neutral, and quantitatively interpretable
descriptor of mechanical exposure that complements
morphological classifications and is suitable for
standardizing trauma description. For clinical
implementation, multicenter external validation,
refinement of parameters (including calibration of T,
S,... and threshold values), and expansion of scenario
coverage with consideration of segment-specific
biomechanics are required.The technological trajectory
involves integration with EMR/EMS systems, utilization
of telemetry (EDR, wearable IMU), and automated
calculators; the scientific direction includes integration
with multibody models and bone quality parameters to
develop hybrid risk models.

In light of current clinical and organizational
trends (mechanism-oriented triage, harmonization of
classifications, and individualization of care), the scale
has potential for incorporation into diagnostic and
routing protocols, educational modules, and healthcare
analytics frameworks. Its implementation may contribute
to establishing a unified “language” for quantitative
assessment of “event severity,” improving data
comparability and potentially enhancing the quality of
risk stratification and clinical outcomes in spinal trauma.
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Background: Traumatic brain injury (TBI) remains a major clinical challenge
in neurosurgery due to its heterogeneous pathophysiology and the limited
availability of effective pharmacological interventions. Progesterone and
vitamin D have demonstrated neuroprotective and anti-inflammatory
properties in preclinical models; however, their translational efficacy in clinical
trials remains inconclusive. Clarifying their therapeutic roles may help inform
adjunctive strategies in the acute management of neurotrauma.

Objectives: To assess the neuroprotective effects of progesterone and
vitamin D in enhancing functional recovery following moderate to severe TBI,
and to compare the clinical efficacy of these agents based on standardized
neurological outcome measures derived from randomized controlled trials
(RCTs).

Methods: A systematic review and meta-analysis were conducted in
accordance with the PRISMA guidelines. Randomized controlled trials (RCTs)
were identified through searches of PubMed, EMBASE, Web of Science, and the
Cochrane Library, comparing progesterone and/or vitamin D with placebo in
patients with traumatic brain injury (TBI). Studies reporting Glasgow Outcome
Scale-Extended (GOS-E) outcomes were included. Standardized mean
differences (SMDs) with 95% confidence intervals (CIs) were calculated using
Review Manager version 5.4. Study quality and heterogeneity were assessed.

Results: Six RCTs were included: three progesterone trials (n = 1,426)
and three vitamin D trials (n = 192). Progesterone showed no significant
improvement in functional outcomes compared with placebo (SMD = —-0.07;
95% CI: —0.32to0 0.19; p = 0.60; I2 = 58%). Vitamin D demonstrated a non-
significant trend toward improved outcomes (SMD = 0.37; 95% CI: —0.27 to
1.02; p = 0.26; 12 = 78%,). Variability in trial design, timing of intervention, and
baseline vitamin D deficiency status may have influenced the observed effects.
Conclusions: Although neither agent showed standalone efficacy, their
safety and complementary mechanisms suggest promise for combinatorial
or biomarker-guided approaches. This meta-analysis highlights the need for
early, precision-targeted, and stratified neuroprotective trials in TBI care.

Keywords: traumatic brain injury (TBI); progesterone; vitamin D; functional
outcome

Introduction

Experimental studies have demonstrated its anti-

Traumatic brain injury (TBI) remains a significant
global health concern, contributing to substantial
morbidity, long-term disability, and mortality, particularly
among young adults [1]. The pathophysiology of
TBI is complex, involving both immediate primary
injury and subsequent secondary cascades including
neuroinflammation, oxidative stress, excitotoxicity,
mitochondrial dysfunction, and apoptosis [2]. Current
therapeutic strategies are predominantly supportive,
and despite decades of research, effective pharmacologic
interventions that significantly improve neurological
outcomes remain elusive.

Progesterone, a neurosteroid with pleiotropic
neuroprotective properties, has garnered attention
for its potential to modulate secondary brain injury.

inflammatory, anti-apoptotic, and neurodegenerative
effects [3]. Several randomized controlled trials
(RCTs) have evaluated progesterone administration
following TBI; however, results regarding its efficacy in
improving functional recovery have been inconsistent.
[4]. Vitamin D, traditionally known for its role in calcium
homeostasis, has emerged as a neuroimmunomodulator
with potential therapeutic implications in central nervous
system injuries. It exerts neuroprotective effects
through regulation of neurotrophic factors, attenuation
of oxidative damage, and modulation of immune
responses [5]. Preclinical studies and early-phase clinical
trials have suggested a beneficial role of vitamin D in TBI,
though robust evidence from randomized trials remains
limited [6]. The Glasgow Outcome Scale-Extended
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(GOS-E) is a validated and widely used measure of
functional recovery following TBI. As a standardized
outcome scale, it facilitates comparison across studies
and enables evaluation of treatment efficacy based on
meaningful improvements in neurological function and
disability status [7].

Given the increasing interest in hormone-based and
vitamin-based neuroprotective therapies, this meta-
analysis aims to systematically compare the efficacy
of progesterone and vitamin D in improving functional
outcomes in patients with TBI, as assessed by GOS-E
scores, using data from randomized controlled trials.
By synthesizing available evidence, this study seeks to
provide clarity on their comparative therapeutic value
and guide future clinical decision-making.

Materials and methods

Search strategy

A comprehensive literature search was conducted
in PubMed, EMBASE, Web of Science, and the Cochrane
Library to identify studies published from 2005 to
March 2025. The search strategy combined Medical
Subject Headings (MeSH) and free-text terms, including
“Traumatic Brain Injury” OR “TBI,” “Progesterone,”
“Vitamin D,” and “Randomized Controlled Trial,” using
Boolean operators and synonyms to maximize sensitivity.
Reference lists of relevant studies and prior systematic
reviews were manually screened to identify additional
eligible trials.

Study selection

Eligible studies were randomized controlled trials
published in English with a placebo-controlled design,
enrolling patients with clinically confirmed moderate
to severe traumatic brain injury. TBI diagnosis was
established based on clinical assessment and/or
neuroimaging, such as CT or MRI. Trials were required
to report at least one functional outcome, with the
GOS-E prioritized as the primary endpoint, and to include
sufficient follow-up to evaluate functional recovery.
Studies were included only if key intervention details—
including dosage, route of administration, and timing
relative to injury—were clearly reported. Studies with
significant methodological limitations, non-randomized
designs, non-clinical populations, or incomplete outcome
reporting were excluded.

Data extraction

Data extraction was independently performed by two
reviewers using a standardized form, with discrepancies
resolved through discussion or consultation with a third
reviewer. Extracted data included study characteristics,
intervention details, patient demographics, and baseline
functional status where available. Timing of therapy
initiation relative to the injury phase was recorded,
categorized as acute (<24 hours), subacute (1-7 days), or
chronic (>7 days), as this factor can influence treatment
response. The primary outcome of interest was
functional recovery assessed by GOS-E, while secondary
outcomes included neurological improvement and safety
endpoints, such as treatment-related adverse events,
discontinuations, and total dropouts. When standard
deviations were not directly reported, they were derived
from standard errors, confidence intervals, t-values, or
p-values using established conversion methods.
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Statistical analysis

Meta-analysis was performed using Review Manager
(RevMan) version 5.4. Continuous outcomes, particularly
GOS-E scores, were synthesized using mean differences
or standardized mean differences with 95% confidence
intervals. Statistical heterogeneity was assessed using
Cochran’s Q test and quantified with the I2 statistic,
with I2 values greater than 50% or p<0.10 considered
indicative of substantial heterogeneity. Planned subgroup
analyses explored the influence of intervention timing,
TBI severity, and type of neuroprotective agent on
functional outcomes.

Results

Literature search findings

The search strategy yielded 36 citations in PubMed,
EMBASE, Web of Science, and the Cochrane Library of
Systematic Reviews. Fig. 1 shows the results of the
literature search and study selection. A total of 32
potentially relevant articles were identified in the initial
search; however, only six studies met the inclusion
criteria and were included in the meta-analysis. Of these,
three progesterone trials (Wright et al., 2007; Wright
et al., 2014; Skolnick et al., 2014), and three vitamin D
trials (Sharma et al., 2020; Shafiei et al., 2022; Intiso
et al., 2024) were included in the review. The design
and population characteristics of the progesterone and
vitamin D tests are shown in Table 1 and 2.

Effects and adverse events of progesterone
intervention

A total of three RCTs comprising 1,426 patients (742
in the progesterone group and 684 in the placebo group)
were included in the meta-analysis. All studies assessed
the efficacy of intravenous progesterone in patients with
moderate to severe TBI, with follow-up periods ranging
from 30 days to 6 months.

The pooled analysis of SMD revealed no statistically
significant improvement in neurological outcomes with
progesterone therapy compared to placebo (SMD=-0.07;
95% CI: -0.32 to 0.19; p=0.60). Subgroup analysis
showed mixed results across studies. Wright et al.
(2014) reported a slight benefit in the placebo group
(SMD=-0.35; 95% CI: -0.68 to -0.02), whereas Skolnick
et al. (2014) found no significant difference (SMD=0.00;
95% CI: -0.11 to 0.12), and Wright et al. (2007) favored
progesterone, albeit not significantly (SMD=0.17; 95%
CI: -0.29 to 0.64). The heterogeneity was moderate
(I2=58%, p=0.09), suggesting variability in study
designs or populations.

Baseline characteristics were generally similar
across studies, with the mean age of participants
around 35 years and a predominance of male patients
(71% to 78.5%). Progesterone dosing protocols were
consistent, utilizing a loading dose of 0.71 mg/kg
followed by maintenance infusions ranging from 11 to
119 hours. Notably, only Wright et al. (2007) reported
a statistically significant reduction in 30-day mortality
(13% vs. 30.4% in placebo), while the other two trials
did not demonstrate significant clinical benefit in long-
term functional outcomes (Fig. 2).

Adverse events were reported across all trials, with
the largest number observed in Skolnick et al. (2014)
study (n=4,025). Dropout rates ranged from 3.9% to
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15.5%, and very few adverse events directly led to
participant withdrawal (0-3 cases per study).

Effects and adverse events of vitamin D
intervention

Three RCTs comprising 192 patients (98 in the
vitamin D group and 94 in the placebo group) were
included in this meta-analysis to evaluate the effects of
vitamin D supplementation on neurological recovery in
moderate to severe TBI patients.

The pooled SMD favored vitamin D over placebo, but
the effect was not statistically significant (SMD=0.37;
95% CI: -0.27 to 1.02; p=0.26). Individual studies
showed variable outcomes. Sharma et al. (2020)
reported a significant improvement in the GOS-E scores
at 14 days in the vitamin D group (mean 4.80 vs. 2.21,
p<0.0001), while Shafiei et al. (2022) also demonstrated
a statistically significant higher proportion of favorable
outcomes at 3 months (p=0.03). In contrast, Intiso et al.
(2024) found no significant difference in GOS-E scores
between groups.

There was a high degree of heterogeneity among
the included studies (12=78%, p=0.01), which may be
attributed to differences in dosing regimens, patient
ages, and follow-up durations. Intiso et al. (2024)

Ukrainian Neurosurgical Journal. Vol. 32, N1, 2026

used a bolus plus maintenance approach, while the
other two studies administered single high-dose oral
regimens (Fig. 3).

Baseline characteristics showed comparable TBI
severity across studies. However, patient age varied,
with the Intiso et al. cohort having a markedly higher
mean age (57.5 years) compared to others (~36 years).
The male proportion was similar (58.3%-71.4%).

No adverse events or dropouts due to treatment
were reported in any of the included trials.

Participant demographics

Across the included studies, male participants
constituted the majority, with proportions ranging
from 58.3% to 78.5%. Female representation was
consistently low, highlighting a clear gender imbalance
in both progesterone and vitamin D trials for traumatic
brain injury. This limited inclusion of women may affect
the generalizability of study findings, as sex-based
differences in injury response, hormonal influences,
and recovery trajectories are well-documented in TBI
research. Future clinical trials should aim for more
balanced recruitment or sex-stratified analyses to
ensure outcomes are applicable to a broader patient
population.

Records identified
through database
searching (n=37)

identified through other

Additional records

sources (n=4)

Records after duplicates removed (n=36)

Y

(n=36)

Full-text articles

Records screened

Records excluded
(n=4)

excluded (n=286)
=  No intervention

b

or control (n=3)
= Not RCT (n=14)
= Review (n=2)
= Nointerest

Full-text articles
assessed for
eligibility (n=32)

A

outcome (n=6)
= Not get the exact
data (n=1) Y

review (n=6)

= 3JonVitaminD

Articles included in

= 3 on Progesterone

Fig. 1. Flowchart describing the approach used to identify all eligible studies of meta-analysis
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Progesterone Placebo Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean 5D Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Wright 2014 155 21 74 432 2.27 73 294X -0.35[-0.68,-0.02] ——
Skolnick 2014 47 231 591 469 229 588 51.2% 0.00 [-0.11, 0.12] L J
Wiright 2007 3.73 1.89 77 3.38 1.87 3 19.5% 0.17 [-0.28, 0.64] —_—
Total (95% CI) 742 684 100.0% -0.07 [-0.32, 0.19]

Heterogeneity: Tau = 0.03; ChF = 4.77, df = 2 (P = 0.09); F = 58X
Test for overall effect: Z = .52 (P = 0.60)

3 s

z
Higher In Placebo Higher In Progesterone

o PR
I

Fig. 2. Functional outcomes based on Glasgow Outcome Scale-Extended (GOS-E) scores in traumatic brain

injury patients receiving progesterone treatment

Vitamin D Placebo Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Inttso 2024 378 08 36 3.81 0.94 37 35.7%  -0.03 [0.48, 0.42]
Shafiel 2022 424 151 42 41 14 42 365% 0.10]-0.33,0.52]
Sharma 2020 48 252 20 2.21 0.88 15 27.8B% 1.27 [0.53, 2.01) —_—
Total (95% CI) 98 94 100.0% 0.37 [-0.27, 1.02]

Heterogenehy: Tay® = 0.25; Chi = 819, df = 2 (P = 0.01); ¥ = 78X
Test for overall effect: Z = 1.13 (P = 0.26)

-2 =1 0 i 2
Higher In Placebo Higher In Vitamin D

Fig. 3. Functional outcomes based on Glasgow Outcome Scale-Extended (GOS-E) scores in traumatic brain

injury patients receiving vitamin D treatment

Discussion

The meta-analysis highlights the challenges of
translating the preclinical neuroprotective mechanisms
of progesterone and vitamin D into clinically meaningful
functional improvements after moderate to severe TBI.
While both agents demonstrate biological plausibility,
their efficacy remains inconsistent in human trials,
underscoring the complexity of TBI pathophysiology and
the limitations of monotherapy approaches.

Despite robust preclinical evidence of progesterone’s
anti-inflammatory and anti-apoptotic effects, pooled
data from three RCTs (n=1,426) revealed no significant
improvement in GOS-E scores (SMD=-0.07; p=0.60).
This finding aligns with the failures of Phase III trials,
where delays in treatment initiation (often >6 hours
post-injury) and heterogeneous injury patterns may
have blunted therapeutic effects [8]. Notably, one
trial reported a mortality reduction (13.6% vs. 30.4%
in controls), but this did not correlate with long-term
functional recovery. The moderate heterogeneity
(I2=58%) across studies suggests variability in dosing
regimens or patient stratification, emphasizing the need
for precision in trial design [9].

Vitamin D supplementation showed a non-significant
trend toward improved outcomes (SMD=0.37; p=0.26),
with high heterogeneity (I2=78%) likely reflecting
divergent protocols (e.g., single high-dose vs.
maintenance regimens). Preclinical models suggest a
role in modulating oxidative stress and neurotrophic
factors, but clinical translation is hampered by small
sample sizes (n=192 total) and inconsistent reporting
of baseline deficiency status—a critical confounder
given vitamin D’s pleiotropic mechanisms. Age-related
metabolic differences may further explain null findings
in older cohorts [10].

Notably, a network meta-analysis identified the
combination of progesterone and vitamin D as superior
to either agent alone, with higher rates of favorable
outcomes and reduced mortality [11]. Preclinical data
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support this synergy; in rodent models, progesterone
combined with low-dose vitamin D enhanced spatial
memory preservation and astrocyte activation compared
to monotherapy (p<0.05) [12]. Vitamin D deficiency has
been shown to blunt progesterone’s efficacy, suggesting
metabolic interdependence. These findings align with the
hypothesis that TBI's multifactorial pathology demands
multitarget therapies. For instance, progesterone
mitigates edema, while vitamin D addresses chronic
inflammation and oxidative stress—a dual approach
that may counteract secondary injury cascades more
effectively [13].

The neutral efficacy findings for progesterone
and vitamin D as standalone therapies do not negate
their potential utility in optimized regimens. First,
progesterone’s neuroprotective effects appear critically
time-dependent, with preclinical models demonstrating
maximal benefit when administered within <2 hours
post-injury. This contrasts with clinical trials where
treatment initiation often exceeded 6 hours—a delay
that may explain the diminished therapeutic effects [14].
Incorporating real-time biomarkers such as S100B or
glial fibrillary acidic protein (GFAP) could help identify
patients within this narrow therapeutic window. [15].
Second, patient stratification based on injury phenotype
(e.g., diffuse axonal injury) or baseline vitamin D status
might enhance responsiveness, though current trials
lack such precision in enrollment [16]. Finally, both
agents exhibit excellent safety profiles, positioning
them as viable adjuncts to rehabilitation or emerging
neuroprotectants in multimodal strategies.

This analysis has several constraints: the small
number of vitamin D trials (n=3) limits statistical
power; heterogeneity in GOS-E assessment timelines,
ranging from 30 days to 6 months complicates outcome
comparisons; and incomplete reporting of baseline
vitamin D status obscures deficiency-driven treatment
effects. Future research should prioritize Phase III trials
evaluating progesterone and vitamin D in combination,
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leveraging their complementary mechanisms (e.g.,
progesterone’s acute anti-inflammatory effects paired
with vitamin D’s chronic anti-inflammatory properties).
Integrating biomarkers to guide treatment timing
and patient selection could enhance precision, while
expanding cohorts to include pediatric and geriatric
populations—groups with high vitamin D deficiency
rates and distinct neuroplasticity profiles—may clarify
context-specific efficacy.

A critical limitation of the included trials is the
disproportionate male representation, with male
participants comprising 58-79% of enrolled cohorts.
This underrepresentation of women limits the
generalizability of findings, as sex-based differences in
neuroinflammation, hormonal responses, and recovery
trajectories are increasingly recognized in TBI research.
Future trials should adopt sex-stratified enrollment and
analyses to determine whether therapeutic responses
differ by gender, particularly given progesterone’s
hormonal interactions and the variable prevalence of
vitamin D deficiency across sexes.

Another consideration is potential publication
bias. The small number of vitamin D studies and the
predominance of neutral-to-negative progesterone trials
increase the risk that positive preclinical findings are
preferentially published, while underreporting of null
or adverse results in early-phase studies could skew
the perceived therapeutic promise. Formal assessment
using funnel plots or Egger’s regression was not feasible
given the limited number of included trials, but this
bias may inflate the apparent consistency between
animal models and selected human studies. Addressing
publication bias will require prospective trial registration,
rigorous reporting of all outcomes, and the inclusion of
unpublished data in future meta-analyses.

Conclusion

Based on the meta-analysis of randomized controlled
trials, current evidence does not demonstrate a
statistically significant improvement in functional
outcomes, as measured by the GOS-E, with either
progesterone or vitamin D supplementation in patients
with moderate to severe TBI. While progesterone
showed no overall benefit, vitamin D exhibited a trend
toward improved neurological recovery, though this
finding was not statistically significant. The limitations
of the existing studies, including small sample sizes
and high heterogeneity, highlight the need for larger,
well-designed clinical trials to further investigate the
therapeutic potential of vitamin D, particularly in
combination with other neuroprotective strategies.

Author contributions

Conceptualization, K.O.W. and N.P.U.; Methodology,
K.O0.W.; Formal Analysis, M.A.W.; Writing—Original Draft
Preparation, K.O.W.; Writing—Review & Editing, E.B.S.
and N.P.U.; Visualization, M.A.W.; Supervision, E.B.S. All
authors have read and agreed to the published version
of the manuscript.

Disclosure

Funding

This research received no external funding.
Institutional review board statement

Not applicable.

97

Informed consent statement

Not applicable.

Data availability statement

All the data supporting the findings of this study
are available in the included publications referenced in
this meta-analysis.

Conflict of interest

The authors declare no conflict of interest and accept
the terms and conditions.

References

1. Lele AV. Traumatic Brain Injury in Different Age Groups.
J Clin Med. 2022 Nov 14;11(22):6739. doi: 10.3390/
jcm11226739

2. Freire MAM, Rocha GS, Bittencourt LO, Falcao D, Lima RR,
Cavalcanti JRLP. Cellular and Molecular Pathophysiology
of Traumatic Brain Injury: What Have We Learned So Far?
Biology (Basel). 2023 Aug 17;12(8):1139. doi: 10.3390/
biology12081139

3. Zhou Z, Li Y, Peng R, Shi M, Gao W, Lei P, Zhang J.
Progesterone induces neuroprotection associated with
immune/inflammatory modulation in experimental
traumatic brain injury. Neuroreport. 2024 Apr 3;35(6):352-
360. doi: 10.1097/WNR.0000000000002013

4. Xiao G, Wei J, Yan W, Wang W, Lu Z. Improved outcomes
from the administration of progesterone for patients
with acute severe traumatic brain injury: a randomized
controlled trial. Crit Care. 2008;12(2):R61. doi: 10.1186/
cc6887

5. Jiang H, Yang X, Wang Y, Zhou C. Vitamin D Protects
against Traumatic Brain Injury via Modulating TLR4/
MyD88/NF-«kB Pathway-Mediated Microglial Polarization
and Neuroinflammation. Biomed Res Int. 2022 Jul
15;2022:3363036. doi: 10.1155/2022/3363036

6. Sharma S, Kumar A, Choudhary A, Sharma S, Khurana
L, Sharma N, Kumar V, Bisht A. Neuroprotective Role
of Oral Vitamin D Supplementation on Consciousness
and Inflammatory Biomarkers in Determining Severity
Outcome in Acute Traumatic Brain Injury Patients: A
Double-Blind Randomized Clinical Trial. Clin Drug Investig.
2020 Apr;40(4):327-334. doi: 10.1007/s40261-020-00896-5

7. Hudak AM, Caesar RR, Frol AB, Krueger K, Harper CR,
Temkin NR, Dikmen SS, Carlile M, Madden C, Diaz-Arrastia
R. Functional outcome scales in traumatic brain injury: a
comparison of the Glasgow Outcome Scale (Extended)
and the Functional Status Examination. J Neurotrauma.
2005 Nov;22(11):1319-26. doi: 10.1089/neu.2005.22.1319

8. Stein DG. Embracing failure: What the Phase III
progesterone studies can teach about TBI clinical
trials. Brain Inj. 2015;29(11):1259-72. doi:
10.3109/02699052.2015.1065344

9. Stein DG. Is progesterone a worthy candidate as a novel
therapy for traumatic brain injury? Dialogues Clin Neurosci.
2011;13(3):352-9. doi: 10.31887/DCNS.2011.13.2/dstein

10. Rebelos E, Tentolouris N, Jude E. The Role of Vitamin
D in Health and Disease: A Narrative Review on the
Mechanisms Linking Vitamin D with Disease and the Effects
of Supplementation. Drugs. 2023 Jun;83(8):665-685. doi:
10.1007/s40265-023-01875-8

11. Aminmansour B, Nikbakht H, Ghorbani A, Rezvani
M, Rahmani P, Torkashvand M, Nourian M, Moradi M.
Comparison of the administration of progesterone versus
progesterone and vitamin D in improvement of outcomes in
patients with traumatic brain injury: A randomized clinical
trial with placebo group. Adv Biomed Res. 2012;1:58. doi:
10.4103/2277-9175.100176

12. Hua F, Reiss JI, Tang H, Wang ], Fowler X, Sayeed I,
Stein DG. Progesterone and low-dose vitamin D hormone
treatment enhances sparing of memory following traumatic

http://theunj.org



98

13.

14.

brain injury. Horm Behav. 2012 Apr;61(4):642-51. doi:
10.1016/j.yhbeh.2012.02.017

Cekic M, Cutler SM, VanLandingham JW, Stein DG.
Vitamin D deficiency reduces the benefits of progesterone
treatment after brain injury in aged rats. Neurobiol
Aging. 2011 May;32(5):864-74. doi: 10.1016/j.
neurobiolaging.2009.04.017

Gibson CL, Gray LJ, Bath PM, Murphy SP. Progesterone for
the treatment of experimental brain injury; a systematic
review. Brain. 2008 Feb;131(Pt 2):318-28. doi: 10.1093/
brain/awm183

http://theunj.org

Ukrainian Neurosurgical Journal. Vol. 32, N1, 2026

15.

16.

Abdelhak A, Foschi M, Abu-Rumeileh S, Yue JK, D'Anna L,
Huss A, Oeckl P, Ludolph AC, Kuhle ], Petzold A, Manley GT,
Green AJ, Otto M, Tumani H. Blood GFAP as an emerging
biomarker in brain and spinal cord disorders. Nat Rev
Neurol. 2022 Mar;18(3):158-172. doi: 10.1038/s41582-
021-00616-3

Soltani Z, Shahrokhi N, Karamouzian S, Khaksari M, Mofid
B, Nakhaee N, Reihani H. Does progesterone improve
outcome in diffuse axonal injury? Brain Inj. 2017;31(1):16-
23. doi: 10.1080/02699052.2016.1213421



Ukrainian Neurosurgical Journal. Vol. 32, N1, 2026 99

Original article

Ukrainian Neurosurgical Journal. 2026;32(1):99-105

doi: 10.25305/unj.342454

Artificial Intelligence algorithms for decision-making in thrombolysis and

thrombectomy

Dmytro V. Shchehlov!, Mykola B. Vyval!, Stanislav V. Konotopchyk?, Viladyslav O. Svyrydyiuk?,
Daryna L. Tarasenko?, Victoria O. Liubysh*, Victoria D. Savosik®

t Department of Endovascular
Neuroradiology, State Institution
“Scientific and Practical Center of
Endovascular Neuroradiology of

the National Academy of Medical
Sciences of Ukraine”, Kyiv, Ukraine

2 Department of Neuroanatomy,
Lithuanian University of Health
Sciences, Kaunas, Lithuania

3 Department of Medical Psychology,
Psychosomatic Medicine and
Psychotherapy, 0.0. Bogomolets
National Medical University, Kyiv,
Ukraine

4 Department 15, Clinical Institution
for Psychiatric Care "Psychiatry",
Kyiv, Ukraine

5 Department of Biochemistry,
Educational and Scientific Center
"Institute of Biology and Medicine" of
Taras Shevchenko National University
of Kyiv, Kyiv, Ukraine

Received: 29 October 2025
Accepted: 27 November 2025

Address for correspondence:
Mykola B. Vyval, Scientific and
Practical Center of Endovascular
Neuroradiology, 32 Platona
Maiborody st., Kyiv, 04050, Ukraine,
e-mail: vyval_mukola@ukr.net

Acute ischemic stroke is a medical emergency in which every minute of delay
results in irreversible loss of brain tissue. The main treatment modalities—
intravenous thrombolysis and endovascular thrombectomy—have strict time
windows and depend critically on the accuracy of neuroimaging. Conventional
image interpretation requires substantial clinical expertise, is time-consuming,
and is subject to interobserver variability. Modern artificial intelligence (AI)
algorithms open new opportunities for the automated detection of vascular
occlusions, assessment of ischemic core volume, and generation of real-
time treatment recommendations. The application of these algorithms can
significantly reduce the time from patient admission to the initiation of
reperfusion therapy, improve the accuracy of patient selection, and standardize
clinical decision-making.

Objective: To summarize current evidence on the role of AI algorithms in
decision-making for thrombolysis and thrombectomy and to assess their
potential to improve the speed and accuracy of patient selection.

Materials and methods: A literature review (2015-2025) was conducted
using the PubMed, Scopus, Web of Science, and Google Scholar databases
with the keywords “artificial intelligence,” “machine learning,” “deep learning,”
“stroke,” “thrombolysis,” and “thrombectomy” to synthesize contemporary
data on the use of Al algorithms in clinical decision-making for acute ischemic
stroke. Clinical studies, reviews, and protocols describing the application of
Al in neuroimaging, prognostication, and patient stratification were analyzed.

Results: Deep learning algorithms (e.g., Viz.ai, e-ASPECTS) enable automated
processing of computed tomography and magnetic resonance imaging, rapidly
identifying ischemic lesions and vascular occlusions. This reduces the time
from diagnosis to treatment by 15-37 minutes, improves the reproducibility of
assessments, and optimizes patient selection for reperfusion therapy. Models
integrating clinical and neuroimaging data demonstrate superior predictive
accuracy and allow consideration of individual patient characteristics.

Conclusions: Artificial intelligence is becoming an integral tool in stroke
management by providing rapid, standardized, and objective data analysis.
Its implementation reduces “door-to-needle” and “door-to-puncture” times,
improves treatment outcomes, and decreases disability. The synergy between
clinicians and Al heralds a new era of personalized stroke therapy aimed at
preserving brain tissue and saving patients’ lives.

Keywords: ischemic stroke; thrombolysis; thrombectomy, artificial
intelligence; machine learning.

Acute ischemic stroke is a critical medical condition
in which every minute of delay results in the loss of
viable brain tissue. In the absence of reperfusion, a
patient with a large cerebral artery occlusion loses
approximately 1.9 million neurons per minute [1].
This phenomenon, commonly referred to as “time is
brain”, underscores the decisive importance of time
in achieving successful treatment outcomes. The
mainstay therapeutic approaches remain intravenous
thrombolysis (administration of a thrombolytic agent)
and endovascular thrombectomy (mechanical removal of

the thrombus), both of which have clearly defined time
windows and are based on the assessment of clinical
data and neuroimaging findings [1]. Modern artificial
intelligence (AI) algorithms open new opportunities
for the automated detection of vascular occlusions,
estimation of ischemic lesion volume, and real-time
generation of treatment recommendations. Their
implementation can substantially reduce the time
from patient admission to the initiation of reperfusion
therapy, improve the accuracy of patient selection, and
standardize clinical decision-making.

Copyright © 2026 Dmytro V. Shchehlov, Mykola B. Vyval, Stanislav V. Konotopchyk, Vladyslav O. Svyrydyiuk,
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Objective: To summarize current evidence on
the role of AI algorithms in decision-making regarding
thrombolysis and thrombectomy, and to evaluate their
potential to improve the speed and accuracy of patient
selection.

Materials and methods

This study is a narrative literature review aimed
at synthesizing contemporary data on the use of Al
algorithms for clinical decision-making in acute ischemic
stroke. Literature searches were conducted in PubMed,
Scopus, Web of Science, and Google Scholar databases
covering the period from 2015 to 2025. The following
keywords and their combinations were used: “artificial
intelligence,” “machine learning,” “deep learning,”
“stroke,” “thrombolysis,” “thrombectomy,” and “clinical
decision support.” Original studies, systematic reviews,
meta-analyses, as well as clinical protocols and technical
reports addressing the role of AI in neuroimaging
assessment, outcome prediction, or determination of
indications for thrombolysis and/or thrombectomy were
analyzed.

Artificial intelligence in stroke neuroimaging

Neuroimaging is a key step in the evaluation of
patients with stroke, as it allows confirmation of the
ischemic nature of the event, identification of vessel
occlusion, and assessment of the extent of brain injury.
Contemporary Al algorithms are increasingly used for
the automated analysis of computed tomography (CT),
magnetic resonance imaging (MRI), and angiographic
images. Convolutional neural networks are capable of
detecting large vessel occlusion (LVO) on CT angiography
with speed and accuracy comparable to those of expert
radiologists [11]. Commercial software solutions, such
as Viz.ai LVO, have demonstrated high specificity
(95-97%) for detecting occlusion of the internal carotid
artery or the proximal segment of the middle cerebral
artery, although sensitivity remains moderate (78-82%)
[2]. Importantly, the negative predictive value of such
systems approaches 99%, indicating that only isolated
cases are missed [2]. Automated LVO detection enables
immediate notification of the stroke team about the
presence of a thrombus, even while the patient is being
transported to the hospital, thereby saving valuable
time. For example, a multicenter study reported that
implementation of automated occlusion alert software
reduced the time from CT acquisition to initiation of
thrombectomy by approximately 11 minutes on average
[31, which was associated with nearly a 60% reduction
in in-hospital mortality [3]. In addition to thrombus
detection, AI can quantitatively assess the volume
of ischemic brain injury. Algorithms for automated
calculation of the Alberta Stroke Program Early CT Score
(ASPECTS) analyze non-contrast CT images to identify
early ischemic changes. The e-ASPECTS software
has been shown to improve interobserver agreement
among clinicians. According to published data, the
use of e-ASPECTS increased the accuracy of ASPECTS
assessment by neurologists from approximately 72%
to 78%, while Cohen’s kappa agreement improved from
0.60 to 0.65 (p = 0.013) [4]. Thus, Al reduces variability
between different specialists and brings the performance
of less experienced physicians closer to that of expert
neuroradiologists [4].
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More accurate and standardized assessment of
infarct volume (ischemic core) is critical for treatment
strategy selection. For instance, a very low ASPECTS
score (indicating a large infarct) is a contraindication
to early thrombectomy. Automated software packages
such as RAPID analyze CT or MR perfusion data to
calculate the volume of the ischemic core and the
penumbra (hypoperfused tissue). These tools allow rapid
(<5 minutes) generation of brain perfusion maps and
calculation of mismatch parameters (core-penumbra
discrepancy) [5]. Consequently, in extended time
windows (beyond 6 hours from stroke onset), Al-based
applications such as RAPID help identify patients with
viable penumbral tissue who may be candidates for
late endovascular intervention. The implementation of
automated perfusion analysis was critical in clinical trials
that expanded the indications for thrombectomy up to 24
hours in selected patients (e.g., the DAWN and DEFUSE 3
trials). In these studies, treatment decisions were made
based on rapid software-based measurement of infarct
and penumbra volumes [5].

Al also enables the use of telemedicine and real-
time interaction in stroke care. In settings where a
neurologist or radiologist is unavailable (e.g., primary
stroke centers), algorithms can automatically analyze
imaging data and transmit the results to specialists at a
comprehensive stroke center. Systems such as Viz.ai send
push notifications with annotated images highlighting the
site of occlusion directly to physicians’ smartphones,
thereby facilitating and accelerating multidisciplinary
consultation. Studies have shown that activation of
such algorithms reduced interhospital transfer time
from regional hospitals to comprehensive centers by
approximately 37 minutes (from 141 to 104 minutes, p
= 0.04) compared with the pre-implementation period
[6]. In another center in the United Kingdom, the
introduction of a comprehensive AI solution (e-Stroke
by Brainomix) reduced the average door-in-door-out
time (from admission to onward transfer) from 141 to
79 minutes (a reduction of 62 minutes, p < 0.001). This
improvement was associated with a substantial increase
in the proportion of patients undergoing thrombectomy
and achieving functional independence (modified Rankin
Scale score 0-2 in 48% with Al versus 16% without Al,
p = 0.04) [7]. These findings indicate that integration
of Al into “stroke network workflows” improves logistics
and clinical outcomes.

Decision-making algorithms for thrombolysis

Intravenous thrombolysis (administration of
recombinant tissue plasminogen activator) is an effective
treatment for ischemic stroke when performed within
the first 4.5 hours after symptom onset. Determining
eligibility for thrombolysis requires assessment of
the “therapeutic time window” and identification of
contraindications, such as intracranial hemorrhage or a
large established infarct volume. Artificial intelligence
(AI) can assist in addressing both tasks. First, based on
clinical data and neuroimaging, algorithms can estimate
the actual time window and the condition of brain
tissue. For example, in strokes with an unknown time
of onset (“wake-up” strokes), the decision to administer
thrombolysis may be made if MRI demonstrates a small
diffusion-restricted lesion without a corresponding FLAIR
signal, indicating a recent stroke. Automated software
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can interpret such MRI findings or CT perfusion studies
and recommend treatment for patients with a substantial
penumbral zone and a small infarct core, even when the
standard time threshold has been exceeded [5]. This
approach underlies extended treatment protocols. For
instance, the EXTEND trial demonstrated the efficacy
of thrombolysis up to 9 hours after symptom onset in
patients selected on the basis of perfusion imaging.

Second, AI enables rapid detection of
contraindications to thrombolytic therapy. The most
critical contraindication is the presence of intracerebral
hemorrhage on CT. Neural networks trained on
thousands of CT scans have demonstrated sensitivities
of approximately 82-93% for the detection of acute
hemorrhage, comparable to the accuracy of experienced
radiologists. In one study, a deep learning algorithm
outperformed medical interns in hemorrhage detection
sensitivity (0.82 vs. ~0.70) while maintaining a specificity
of approximately 0.90 [8]. Thus, Al systems can
promptly identify hemorrhagic changes on imaging and
prevent inappropriate thrombolysis. Another important
contraindication is a large infarct volume, defined
as involvement of more than one third of the middle
cerebral artery territory. As noted above, automated
tools (e.g., ASPECTS analyzers and infarct segmentation
software based on perfusion maps) provide standardized
assessments of lesion size. This is particularly valuable
in emergency settings, where clinicians under time
pressure may overlook subtle imaging features, whereas
Al performs parallel analysis and highlights signs of
extensive infarction or mass effect due to edema [6-8].

Beyond immediate assessment, AI algorithms
can also predict the risk of thrombolysis-related
complications. One of the most serious complications is
symptomatic intracranial hemorrhage (sICH) following
thrombolytic therapy, which occurs in 2-5% of cases
and markedly worsens prognosis. Using large stroke
databases, machine learning models have been
developed that integrate clinical variables (age, blood
glucose level, blood pressure, National Institutes of
Health Stroke Scale [NIHSS] score) and neuroimaging
findings to estimate the probability of hemorrhage
prior to thrombolysis. According to a multicenter
study published in 2023 involving approximately 9,000
cases, the area under the ROC curve (AUC) of the best-
performing ML model reached ~0.87 for predicting
the risk of symptomatic hemorrhage [9], substantially
outperforming traditional prognostic scales. The authors
recommended the neural network model with the highest
accuracy as a decision-support tool, enabling clinicians
to weigh the predicted risks and benefits of thrombolysis
for individual patients [9]. Although an Al-based risk
estimate does not constitute a formal contraindication,
prior knowledge of a high hemorrhagic risk may prompt
clinicians to adjust subsequent management, such as
stricter blood pressure control or avoidance of aggressive
interventions after thrombolysis.

In summary, Al algorithms function as an “electronic
assistant” during patient selection for thrombolysis,
simultaneously screening imaging for hemorrhage,
estimating infarct volume, and providing prognostic
insights. This approach accelerates decision-making and
enhances its evidentiary basis, reducing the impact of
human factors in high-stress clinical settings.
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Decision-making algorithms for thrombectomy

Mechanical thrombectomy for occlusion of proximal
cerebral arteries (e.g., the internal carotid artery,
the M1 segment of the middle cerebral artery) can
dramatically improve stroke outcomes when performed
in a timely manner. Current guidelines define clear
indications: the presence of large vessel occlusion
(LVO) causing neurological deficit within 6 hours from
symptom onset constitutes an unconditional indication
for thrombectomy; in the 6-24-hour time window, the
procedure is recommended for patients selected on
the basis of advanced imaging demonstrating a small
infarct core and a large penumbral region [5]. Artificial
intelligence (AI) plays a crucial role at all stages of this
decision-making process.

Algorithms for LVO detection on angiographic images
help prevent missed occlusions, which is particularly
important in cases with atypical or subtle findings.
Studies have shown that the Viz.ai LVO system correctly
identifies approximately 81% of internal carotid or
proximal middle cerebral artery occlusions, while also
providing negative results in 99% of cases without
occlusion [11]. Although false-positive alerts do occur,
a specificity exceeding 95% indicates that the vast
majority of LVO notifications are reliable. Moreover,
contemporary software versions can classify the exact
location of the occlusion, for example, distinguishing
thrombi in M, segments or in the basilar artery, which
is diagnostically more challenging. Consequently,
neurosurgeons or interventional radiologists receive
not only an alert regarding the presence of a thrombus
but also precise information on its localization, allowing
advance planning of the interventional strategy [11].

Al systems also assess the status of collateral
circulation—the network of alternative pathways that
partially supply blood to the ischemic territory. Good
collateral circulation is associated with slower infarct
progression and more favorable outcomes after
thrombectomy. Automated collateral assessment on
CT angiography (e.g., the e-CTA module within the
e-Stroke system) can quantitatively rank distal vessel
opacification beyond the site of occlusion [10]. In a 2024
study involving 97 patients, Al-based analysis classified
58.8% of patients as having “good” collaterals. The
presence of good collateral circulation was associated
with a statistically significant reduction in the risk of
death or severe disability by hospital discharge (odds
ratio 0.27, p = 0.003). Accordingly, the Al-derived
collateral index is considered an important biomarker:
patients with favorable collateral status may remain
candidates for intervention even at later time points after
stroke onset, whereas poor collaterals are associated
with a lower likelihood of benefit [10]. Automation not
only saves time but also provides a more objective
assessment than visual grading by clinicians, which
is often characterized by substantial interobserver
variability.

Al algorithms further support the identification of
candidates for thrombectomy in the late time window
(>6 hours). As noted above, software such as RAPID
rapidly quantifies infarct core volume (using diffusion-
weighted MRI or CT cerebral blood flow maps) and
hypoperfused tissue volume (using Tmax maps). A
small core combined with a large penumbra constitutes
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a mismatch profile, in which thrombectomy may be
beneficial even 9, 12, or 16 hours after stroke onset.
Automated algorithms calculate the penumbra-to-core
ratio and determine whether the patient meets criteria
analogous to those used in the DAWN and DEFUSE trials.
In an Indian study employing RAPID, volumetric results
and mismatch ratios were obtained within 5 minutes
for each patient. Three patients treated beyond the
conventional 6-hour window achieved good functional
outcomes at 3 months [5]. Owing to such technologies,
indications for thrombectomy have been expanded. In
2018, the American Heart Association/American Stroke
Association recommended mechanical thrombectomy up
to 16 or 24 hours in patients selected using perfusion-
based screening [1]. AI thus represents an integral
component of this screening process, ensuring both
speed and standardization across centers.

An additional important application of Al is outcome
prediction after thrombectomy. Not all patients
achieve comparable recovery even after successful
vessel recanalization, as outcomes depend on age,
comorbidities, infarct size, ischemia duration, and
other factors. Machine learning models can use early
clinical and imaging data, often within the first 24 hours,
to predict whether a patient will achieve functional
independence at 3 months (modified Rankin Scale
[mRS] 0-2).

A large study based on the German Stroke Registry
recently reported the development of a neural network
trained on 7,485 thrombectomy cases [12]. The model
analyzed 30 variables (including age, NIHSS score
at admission and at 24 hours, use of thrombolysis,
infarct volume, and presence of hemorrhage) to
identify key prognostic factors. After optimization, only
seven predictors were sufficient for accurate model
performance, achieving an AUC of approximately 0.90
for predicting favorable outcomes. By comparison,
neurologists’ prognostic accuracy on the second
hospital day is typically substantially lower. This model
provides clinicians with an individualized probability of
recovery and may support planning of rehabilitation,
communication with patients’ families, and therapeutic
decision-making (e.g., consideration of more aggressive
management in patients with an unfavorable prognosis).
Notably, the authors designed the model to be
interpretable, indicating which factors most strongly
influenced the predicted outcome for a given patient
(for example, very high NIHSS scores and intracranial
hemorrhage worsen prognosis, whereas younger age
and absence of prior stroke improve it) [12]. Such
transparency enhances clinicians’ trust in AI-based tools
and facilitates their integration into clinical reasoning.

Integration of algorithms into clinical practice

The implementation of artificial intelligence (AI) in
stroke care systems is occurring gradually. Decision-
support systems are being developed that integrate with
hospital Picture Archiving and Communication Systems
(PACS) and image-sharing networks. This is particularly
relevant within the “hub-and-spoke” model commonly
used in stroke services, where Al can serve as a critical
link enabling rapid patient triage and routing. Software
solutions such as Viz.ai or e-Stroke automatically transmit
imaging analysis results between hospitals, reducing
delays associated with awaiting radiology reports and
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conducting telephone consultations. Many centers have
reported reductions in door-to-needle and door-to-groin
times following the adoption of these tools. According to
a randomized cluster trial, the mean time from hospital
admission to arterial puncture for thrombectomy was
reduced by 11.2 minutes through automated occlusion
detection and team-wide notification via a secure
messaging platform [3]. Another study demonstrated a
reduction in interhospital transfer time of approximately
37 minutes when Viz.ai software was installed at spoke
hospitals compared with centers without the system
(p = 0.04) [6]. In a UK center, implementation of the
e-Stroke platform resulted in a 62-minute reduction in
door-in—door-out time [7]. These time savings translate
into preservation of a greater volume of viable brain
tissue and enable a larger proportion of patients to
receive appropriate treatment. Following the introduction
of Al-based LVO analysis, a reduction in mortality among
stroke patients was observed (13% vs. 31%, p < 0.001),
although functional outcomes at 90 days did not differ
significantly [3]. It is plausible that faster care prevented
some fatal complications (e.g., earlier thrombectomy
reducing the risk of hemorrhagic transformation or
cerebral edema), even though no significant differences
in neurological deficit were detected.

The integration of AI into clinical practice requires
organizational adaptations, including the establishment
of protocols governing human-algorithm interaction.
Telemedicine consultants (neurologists, neurosurgeons)
must have real-time access to Al-generated analyses.
These systems are often accompanied by mobile
applications that allow physicians to review image series
with AI-annotated regions (ischemic core, collateral
circulation, occlusion) on their smartphones while
off-site and to promptly provide recommendations
regarding thrombolysis or patient transfer. In the United
States, such applications have already been certified
by the Food and Drug Administration (FDA) as medical
software devices. In a large hospital network (Atrium
Health, USA), implementation of Viz.ai enabled the
establishment of a unified “code stroke” protocol: when
stroke is suspected, CT angiography is automatically
uploaded to a cloud-based service, where Al screens
for vessel occlusion; if detected, all members of the
stroke team receive an alert with the relevant images.
This capability is particularly valuable in smaller
hospitals lacking 24/7 neuroradiology coverage. The
algorithm addresses this gap by performing rapid
image screening without the need to wait for an expert
radiological opinion [2]. While the final clinical decision
always remains with the physician, AI provides more
comprehensive information more rapidly than previously
available. Within telemedicine-based care models, Al
also contributes to reducing unnecessary activations of
tertiary teams (e.g., avoiding false nighttime mobilization
of angiography teams when no LVO is present), as
preliminary Al-based filtering can prevent unwarranted
escalations.

Challenges and limitations

Despite substantial progress, the implementation
of artificial intelligence (AI) in stroke medicine faces
several important challenges. The first concerns the
reliability and validity of algorithms across different
populations and clinical settings. Deep learning models
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are often trained on data from a single region or even
a single center. When applied in other hospitals, their
performance may decline because of differences in
scanners, imaging protocols, or patient characteristics
[13]. For example, a model trained predominantly
on a Caucasian population may exhibit reduced
accuracy in Asian populations with distinct risk profiles
(certain vasculopathies, such as moyamoya disease,
are prevalent in Asian countries but rare in Western
populations) [14]. Similarly, an algorithm trained on
MRI slices with 1-mm thickness may lose sensitivity
when applied to images with 5-mm slice thickness.
Therefore, extensive multicenter validation is required
before widespread deployment. Developers are gradually
addressing this issue by incorporating data from multiple
countries into training datasets, adapting algorithms to
different acquisition parameters, and conducting post-
marketing surveillance to monitor AI performance after
deployment in new environments and to retrain models
when necessary [13].

The second major challenge relates to transparency
and explainability. Most contemporary AI models
function as “black boxes,” producing outputs (e.g.,
“occlusion present” or "YASPECTS = 7") without clarifying
how these conclusions were reached [15]. Such
opacity can undermine clinicians’ trust. Physicians are
accustomed to understanding the rationale underlying
a diagnosis, for example, by directly visualizing
hemorrhage on imaging. If an AI system indicates
the presence of hemorrhage without highlighting its
location or if the features are not readily apparent
to the human eye, clinicians may question the result
and spend additional time verifying it. Consequently,
a “trust deficit” represents a significant barrier to Al
adoption. For high-risk decisions—such as withholding
thrombolysis or proceeding with surgery—clinicians
are reluctant to rely on algorithmic recommendations
without a clear explanation [13]. This has led to growing
interest in Explainable AI (EAI), which aims to make
model decisions interpretable. Techniques such as
Gradient-Weighted Class Activation Mapping (grad-CAM)
can highlight image regions that contributed most to
the model’s output, thereby indicating where features
of occlusion were detected [16]. Another approach
involves developing more interpretable models that
output clinically meaningful parameters (e.g., penumbral
volume in milliliters, collateral indices) rather than
abstract probabilities. Insufficient interpretability is now
formally recognized as a factor that reduces trust and
delays the integration of Al into medical practice [17].

A third aspect involves legal and ethical issues
of responsibility. When a physician makes a decision,
accountability is clearly defined. However, when an
algorithm contributes to the decision-making process,
responsibility becomes less straightforward: who is
liable if the AI system makes an error and the patient
is harmed? Formally, the physician remains responsible
for treatment decisions. Nevertheless, if the clinician
followed an algorithmic recommendation, an ethical
dilemma arises. Developers and vendors of Al systems
are also stakeholders—should they bear partial
responsibility for algorithmic errors? These questions
remain insufficiently addressed within current regulatory
frameworks [18]. Experts emphasize the need for clear
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boundaries, including transparent logging of AI actions,
decision audit trails, and the ability to audit algorithms
to identify the causes of errors. In addition, issues of
informed consent emerge: should patients be informed
that AI contributed to clinical decision-making, and
should they consent to such an “assistive” mode of
care? At present, this is rarely implemented explicitly in
routine practice, but debate continues. Conversely, if an
algorithm detects signs of stroke earlier than a physician
and the clinician ignores the alert, does responsibility
lie with the physician for disregarding the signal? Legal
practice will likely evolve in parallel with the expanding
use of AI [13].

The fourth challenge concerns validation and
certification. For an algorithm to achieve widespread
adoption, it must undergo clinical evaluation and
demonstrate stable accuracy and tangible benefit.
Health authorities and regulatory agencies (e.g., the U.S.
Food and Drug Administration [FDA] and the European
Medicines Agency [EMA]) impose increasingly stringent
requirements on Al tools. Evidence from “real-world”
data, comparisons with physician performance, and
proof that algorithm use improves clinical outcomes
are required. For systems that provide treatment
recommendations, the threshold is even higher, as such
tools effectively become part of the clinical decision
itself rather than a supplementary imaging analysis.
To date, most AI systems in stroke care have been
approved as diagnostic decision-support tools, meaning
they inform but do not replace clinical judgment. For
example, e-ASPECTS and Viz LVO have been authorized
in this category. Consequently, physicians must verify
Al outputs before acting upon them [2,4]. Strict
accuracy requirements also raise questions regarding
sensitivity and specificity. If an algorithm misses even
a small percentage of occlusions (approximately 18%
are reportedly missed) [2], is this acceptable, given
that a missed patient may lose the opportunity for
treatment? Conversely, excessive sensitivity at the
expense of specificity may lead to frequent false alarms
and unnecessary mobilization of teams. Achieving an
appropriate balance and defining acceptable thresholds
are therefore critical technical and ethical considerations
prior to implementation.

The fifth challenge relates to staff training. The
adoption of new technologies requires education of
physicians and nurses. Clear interfaces and protocols
must be developed, specifying who reviews Al outputs,
how results are documented, and how discrepancies
between AI assessments and clinician judgment
should be managed. Clinicians need to understand the
limitations of AI, including scenarios in which errors are
more likely. This represents a new category of clinical
technology that necessitates formal training through
courses and workshops. Some clinicians, particularly
from older generations, may be skeptical or distrustful
of algorithms. Providing robust evidence of benefit and
training in appropriate interpretation of AI results are
therefore essential. A culture of collaboration between
clinicians and Al is required, in which the algorithm is
viewed not as a competitor or a threat to professional
authority but as a tool analogous to a new type of medical
equipment [13, 18].
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Finally, ethical considerations and bias must not
be overlooked. AI algorithms are human-designed
systems and may inadvertently inherit biases present
in the underlying data. For instance, a model trained
predominantly on male patients may perform less
accurately in women. If training data are drawn mainly
from urban hospitals, the algorithm may underestimate
issues relevant to patients from rural settings. It is the
responsibility of developers and clinicians to identify such
biases and mitigate them through dataset optimization
and appropriate corrective adjustments. From an ethical
standpoint, AI use should remain patient-centered:
patients are entitled to high-quality care with or without
Al assistance, and technologies should be implemented
to improve outcomes rather than for novelty or
promotional purposes [18].

Future perspectives

The prospects for the application of artificial intelligence
(AI) in cerebrovascular medicine are exceptionally
broad. One promising direction is the integration of Al
algorithms with biomarkers and clinical scales to generate
comprehensive prognostic assessments. For example,
future models may incorporate not only imaging data
but also genetic markers, coagulation parameters, and
results of neuropsychological testing. This approach
aligns with the concept of personalized medicine, in which
therapeutic decisions are tailored to the individual patient.
In the coming years, rapid blood assays for biomarkers
of ischemic injury may become routine at hospital
admission for stroke, with Al systems integrating these
data with neuroimaging to more accurately estimate time
since stroke onset or predict the likelihood of successful
thrombectomy. Active research is ongoing to identify
such biomarkers and to develop multifactorial predictive
models [19].

Another promising area involves generative models
and the simulation of clinical scenarios. Generative
Adversarial Networks (GANs) are being used to create
synthetic medical images that can augment training
datasets [20]. In the context of stroke, this approach
enables the “generation” of thousands of virtual CT
scans with diverse ischemic patterns, thereby improving
algorithm performance even in rare or atypical cases.
Generative models may also be capable of predicting
infarct evolution; for instance, based on an initial scan,
they could simulate how brain tissue might appear after
6 hours without treatment. Such tools could inform
therapeutic decision-making: if a model predicts rapid
infarct expansion in the absence of intervention, this
would support a more aggressive treatment strategy.
The application of large language models (LLMs) opens
an additional avenue, including improved clinical
documentation and support for clinical reasoning [21]. In
the future, clinicians may describe a patient’s situation
in natural language, and an AI system integrated with
clinical knowledge bases could suggest treatment options
based on the latest guidelines and evidence, adapted to
the patient’s specific parameters. In stroke care, this
could be particularly valuable in nonstandard scenarios,
such as ischemic stroke in the setting of recent surgery,
where Al assistance could help assess thrombolysis-
related risks [22].

From a health system perspective, future
developments may include unified platforms for
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comprehensive stroke care, encompassing the entire
patient journey from emergency medical services
activation to rehabilitation. AI could provide continuous
support across all stages: in the prehospital phase,
assisting in stroke recognition based on symptoms
(with existing prototypes already analyzing speech,
facial movements, and coordination via smartphones);
during hospitalization, interpreting CT or MRI scans and
proposing treatment strategies; and after discharge,
monitoring recovery through wearable devices that
assess speech, gait, and cognitive exercises, while
alerting clinicians to deviations or complications. In
this way, AI may become embedded within the stroke
care continuum, strengthening each component of care
delivery [23]. Naturally, all these perspectives must
be rigorously evaluated for safety and effectiveness;
nevertheless, the overall trend is clear—Al is becoming
an integral part of the evolution of stroke care. It is not an
exaggeration to state that a new era in stroke treatment
is emerging. Al integrated into stroke management has
the potential to raise the standard of care by enabling
faster, more accurate, and more personalized therapy.
The gradual, evidence-based implementation of these
technologies may in the near future substantially reduce
the societal burden of stroke by lowering mortality
and disability rates, improving patients’ quality of life,
and optimizing the use of healthcare resources. This
represents a compelling example of how innovation at
the intersection of information technology and medicine
can directly benefit clinical practice by achieving the
highest goal—saving human brain tissue and lives.

Conclusions

A clear transition is currently underway from
experimental Al developments in stroke medicine to
their implementation in real-world clinical practice. Al
algorithms do not replace neurologists or neurosurgeons;
rather, they serve as powerful tools that augment
clinical expertise. At the diagnostic stage, Al provides
speed (image analysis within minutes) and objectivity
(standardized assessment of lesion volume, vessel
occlusion, and related parameters). In decision-making
for thrombolysis and thrombectomy, algorithms help
exclude unsuitable candidates—thereby avoiding
unnecessary or potentially harmful interventions—and
identify patients who may benefit from aggressive
treatment, even when such potential is not readily
apparent to the human eye. The clinical impact of these
technologies is reflected in improved patient outcomes:
more individuals spared from severe disability, reduced
stroke-related mortality, and faster return to active life.
Notably, centers that have implemented AI solutions
have achieved substantial reductions in key time metrics
(e.g., “door-to-needle” and “door-to-puncture” times),
with each minute saved potentially preserving millions
of neurons.

However, AI implementation must proceed gradually
and responsibly. Barriers must be addressed, ranging
from technical challenges (data harmonization,
cybersecurity) to human factors (user training, trust
building). AI models should be sufficiently transparent
to allow clinicians to explain decisions to patients.
Physicians must maintain critical thinking and use AI
as a “second opinion” or coordination tool that provides
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insights, while the final therapeutic decision remains with
the clinician. The greatest potential lies in the synergy
between human expertise and Al.
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Objective: To optimize the selection of surgical treatment strategy for patients
with lumbar and lumbosacral disc herniation by performing a comparative analysis
of the outcomes of microdiscectomy and microdiscectomy with interbody cage
fusion in order to improve treatment results.

Materials and methods: The study included 200 patients with lumbar and
lumbosacral disc herniation treated at the Romodanov Neurosurgery Institute of
the National Academy of Medical Sciences of Ukraine between 2015 and 2022.
Neurological status was assessed based on the severity of pain syndrome, the
presence of segmental instability was determined. Magnetic resonance imaging,
computed tomography, and radiographic findings were evaluated. The following
surgical techniques were used: microdiscectomy for lumbar and lumbosacral
disc herniation.

Results: Microdiscectomy with interbody cage fusion eliminated manifestations
of instability and provided more effective stabilization of the lumbosacral spine
compared with microdiscectomy alone. The recurrence rate of disc herniation after
microdiscectomy with cage fusion lower (3%) compared with microdiscectomy
alone (9%). In the group treated with microdiscectomy and cage fusion, a more
pronounced reduction in pain intensity (-82%) and a greater decrease in the
Oswestry Disability Index (-81%) were observed, indicating higher effectiveness
of the stabilization technique. According to the Macnab and Prolo scales, excellent
and good outcomes were recorded more frequently in the microdiscectomy with
cage fusion group than in the microdiscectomy group (91% vs 78% and 91% vs.
77%, respectively). The Wilcoxon test confirmed a high level of within-group
improvement (p<0.001), while the t-test demonstrated statistically significant
differences between the groups.

Conclusions: The lumbosacral segment with an implanted cage is more stable and
withstands greater mechanical loads during motion, reduces the recurrence rate of
disc herniation, and decreases pain severity. Microdiscectomy with interbody cage
fusion may be considered in carefully selected patients with signs of segmental
instability as an approach that combines decompression and stabilization and is
associated with better long-term clinical outcomes.

Keywords: lumbar-sacral disc herniation; microdiscectomy,; microdiscectomy
with cage interbody fusion

Introduction

spine, which may necessitate repeat surgical intervention

According to statistical data, herniation localized
in the lumbosacral region of the spine occurs most
frequently. Such herniations are among the leading
causes of chronic pain syndrome and temporary disability
[1, 2]. In the majority of cases (59%), intervertebral disc
herniations affecting the lumbar and sacral nerve roots
are located at the L4-L5 level (with compression of the
L5 nerve root). The second most common level is L5-S1
(with compression of the S1 nerve root), accounting for
30% of cases [3, 4].

The gold standard for surgical treatment of
lumbosacral disc herniation is microdiscectomy
(microsurgical removal of the herniated intervertebral
disc). The main advantage of this method is the ability
to remove herniations of any density, location, and size,
including cases associated with spinal canal stenosis and
sequestrated intervertebral disc herniation [5]. However,
this technique does not prevent the development of
recurrent herniation or instability of the lumbosacral

Copyright © 2026 Ievgenii I. Slynko, Roman V. Chamata

https://creativecommons.org/licenses/by/4.0/

http://theunj.org

[6, 7]. Thus, the choice of the optimal surgical strategy
(microdiscectomy alone versus microdiscectomy
combined with interbody fusion using a cage) remains
a relevant clinical issue.

Aim: to optimize the selection of surgical treatment
strategy for patients with lumbosacral disc herniation
through a comparative analysis of outcomes following
microdiscectomy and microdiscectomy combined with
interbody cage fusion, with the goal of improving
treatment results.

Materials and methods

Study participants

The study included 200 patients with lumbosacral
disc herniation who were treated at the A.P. Romodanov
Institute of Neurosurgery of the National Academy
of Medical Sciences of Ukraine between 2015
and 2022.

This work is licensed under a Creative Commons Attribution 4.0 International License
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Written informed consent for participation in the
study and for publication of the data was obtained from
all patients.

The study protocol was approved by the Ethics and
Bioethics Committee of the A.P. Romodanov Institute
of Neurosurgery of the National Academy of Medical
Sciences of Ukraine (Minutes No. 3, dated November
24, 2022).

Inclusion criteria:

1. Patient age 19-70 years.

2. Presence of L4-L5 or L5-S1 intervertebral disc
herniation confirmed by magnetic resonance imaging (MRI).

3. No prior stabilization surgery in the lumbar spine.

4. Duration of clinical symptoms of at least 6 weeks
with ineffective conservative treatment.

5. Written informed consent to participate in the
study.

Exclusion criteria:

1. Multisegmental involvement (>1 spinal level).

2. Traumatic, infectious, or neoplastic lesions of
the spine.

3. Severe comorbid conditions increasing surgical
risk.

4. Pregnancy or inability to undergo postoperative
rehabilitation.

Group characteristics

All patients underwent surgical treatment for
lumbosacral disc herniation. Of these, 100 patients
underwent microdiscectomy, while the remaining
patients underwent microdiscectomy combined with
interbody fusion using cages.

Indications for microdiscectomy (MD):

1. Presence of clinical symptoms of nerve root
compression (lumboischialgia-type pain syndrome,
positive nerve tension signs).

2. Presence of L4-L5 or L5-S1 intervertebral disc
herniation confirmed by MRI.

3. Absence of signs of advanced degeneration of
adjacent structures (Modic type 0-I, without significant
loss of disc height).

4. Ineffectiveness of conservative treatment for
6-8 weeks.

5. Stability of the motion segment on functional
radiographs (displacement <3 mm, angular deformation
<10°).

Thus, microdiscectomy was predominantly
performed in patients with isolated disc herniation
without structural instability.

Microdiscectomy combined with interbody cage
fusion (MD + Cage) was applied in patients with discogenic
pathology accompanied by structural or biomechanical
segmental instability, in whom decompression alone was
insufficient to stabilize the spine and prevent herniation
recurrence.

Main indications for microdiscectomy with interbody
cage fusion:

1. Disc herniation combined with radiographic signs
of segmental instability (vertebral body displacement >3
mm or pathological mobility >10° on functional studies).

2. Modic type II changes on MRI (signs of endoplastic
degeneration, cystic remodeling, or fibrosis).

3. Recurrent disc herniation after prior discectomy.

4. Marked loss of disc height (>50%) or post-
discectomy segmental deformity.
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5. Clinical manifestations of mechanical pain
relieved in unloading positions (a sign of motion segment
instability).

Thus, microdiscectomy with interbody fusion using a
cage was performed in patients for whom decompression
alone was insufficient to stabilize the spinal segment and
prevent recurrence.

Contraindications to microdiscectomy:

1. Severe somatic condition (grade III-IV cardiac,
respiratory, or renal failure).

2. Systemic infections, febrile conditions,
coagulopathies, or use of anticoagulants without the
possibility of temporary discontinuation.

3. Mental disorders that preclude adequate
postoperative rehabilitation.

4. Spinal segment instability (displacement>3 mm,
pathological mobility >10°).

5. Significant loss of disc height with collapse of the
vertebral bodies.

6. Severe degenerative changes (cystic-fibrotic
alterations, Modic type II-III changes).

Contraindications to microdiscectomy with interbody
fusion using a cage:

1. Severe osteoporosis that prevents stable cage
implantation.

2. Active infectious spondylodiscitis.

3. Anatomical inaccessibility of the surgical approach
(congenital anomalies, cicatricial-adhesive changes after
multiple surgeries).

4. Pronounced grade III spinal segment instability
(displacement >6 mm, pathological mobility >15°), which
constitutes an indication for spinal fusion.

Study design

A comparative study was conducted involving two
groups of patients who underwent microdiscectomy
and microdiscectomy with cage fixation, respectively.
The analysis focused on the surgical techniques, the
recurrence rate following both types of procedures,
and neurological outcomes in the early and long-
term postoperative periods. Based on the obtained
results, indications for the use of these surgical
methods and corresponding clinical recommendations
were developed.

All patients underwent neurological assessment,
including evaluation of pain syndrome manifestations,
pain intensity measured using the Visual Analog Scale
(VAS), functional status assessed by the Oswestry
Disability Index (ODI), the Macnab Scale (Table 1), and
the Prolo functional-economic outcome scale (Table 2).
In addition, recurrence rates were recorded. The
surgical techniques applied included microdiscectomy
and microdiscectomy of lumbosacral disc herniations
with interbody fusion using cages at the L4-L5 or L5-S1
levels. The posterior interlaminar approach at the L4-
L5 or L5-S1 level was predominantly used; in isolated
cases with a narrow interlaminar space, a microscopic
transforaminal lumbar interbody fusion (TLIF) approach
was employed. Titanium or PEEK (polyetheretherketone)
cages manufactured by “Medtronic” or “Novo Spine”
were used. The cages were of “banana” and “bullet”
shapes, with the size selected individually based on the
intraoperative height of the intervertebral disc space.
The space inside and around the cage was not filled with
autologous bone graft material. No additional fixation
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was applied. In the comparison group, only the stand-
alone cage technique was used.

Among the main preoperative complaints, low back
pain radiating to the lower limb, inability to walk for
prolonged periods, and difficulty maintaining an upright
position predominated. Foot paresis was observed in
12.5% of patients, while pelvic dysfunction was identified
in 4.2%.

Analysis of patient distribution by age groups
demonstrated that intervertebral disc herniation was
most frequently diagnosed in patients aged 41-50 years
(Table 3). The distribution of lumbosacral intervertebral
disc herniations by spinal level was as follows: L4-L5 —
108 cases (54%) and L5-S1 — 92 cases (46%).

In the late postoperative period (12 months after
surgery), patients completed a questionnaire-based
assessment.

1. Subjective pain perception was evaluated using
the VAS, represented by a 100-mm horizontal line,

Table 1. Macnab scale [13]

Ukrainian Neurosurgical Journal. Vol. 32, N1, 2026

where 0 mm corresponds to the complete absence of
pain and 100 mm indicates the maximum imaginable
pain. Patients marked the level of pain intensity, and the
distance from the zero point to the mark was measured
in millimeters.

For analytical purposes, VAS scores were conditionally
categorized into the following pain intensity levels:

- 0 mm — no pain;

- 1-20 mm — mild pain;

- 21-60 mm — moderate pain;

- 61-100 mm — severe pain.

For ease of clinical interpretation, VAS results were
also presented on a 0-10 point scale, equivalent to the
0-100 mm range.

2. Oswestry Disability Index (ODI).

The Oswestry Disability Index (ODI) questionnaire
(Table 4) is a validated instrument for the quantitative
assessment of disability associated with degenerative
spinal disorders. In the present study, ODI version 2.0

Rating Outcome characteristics

Excellent Complete relief of pain; the patient has returned to normal daily activities and work
Occasional mild pain that does not limit daily activities; the patient is able to work in the same

Good asor
position;

Fair Persistent pain, but significantly reduced compared with the preoperative level; activity is partially
limited, and the patient must change to less physically demanding work

Poor No improvement or worsening of pain compared with the preoperative condition; the patient is unable
to work

Note.* Patient-reported assessment of treatment outcomes.

Table 2. Prolo functional-economic outcome scale [11]

1. Economic scale (E)

Score Description
1 The patient is unable to work and is completely disabled
2 Work capacity is partially preserved; the patient performs light or part-time work
3 The patient is able to work with limitations (change of profession or working conditions)
4 The patient works in the previous occupation with minor limitations
5 Full work capacity; return to previous professional activity

2. Functional scale (F)

Score Description
1 Severe pain; constant need for analgesics
2 Moderate pain; significant limitation of daily activities
3 Intermittent pain; partial limitation of activity
4 Mild pain; preservation of everyday activity
5 No pain; normal physical activity without limitations

Interpretation of the total score (E + F)

Total score

Outcome assessment

9-10 Excellent
7-8 Good
5-6 Fair

<5 Poor

Note. * Designed for comprehensive assessment of the patient’s functional and economic status after surgical
treatment of lumbar spine pathology. The scale consists of two subscales: economic (E) and functional (F). Each
subscale is scored from 1 to 5 points, with a maximum total score of 10 points.
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Table 3. Patient distribution by age groups
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Number of patients
Age groups, years
Abs. %
19-30 25 12,5
31-40 51 25,5
41-50 53 26,5
51-60 49 24,5
61-70 22 11,0
Total 200 100,0
Table 4. Interpretation of ODI scores [12]
Level of disability ODI% Interpretation
Minimal disability 0-20 Patient is able to perform most activities of daily living
Moderate disability 21-40 Reduced activity level, predominantly due to pain
Severe disability 41-60 Significant limitation of work capacity
Crippling disability 61-80 Substantial functional limitations
Bed-bound state/ complete immobility 81-100 | The patient is unable to work

[8] was used. This version comprises 10 items, each
scored from 0 to 5 points. Initial scoring was performed
in accordance with the questionnaire structure, after
which the results were converted into percentages. This
approach corresponds to the widely accepted method
for interpreting ODI scores and enables standardized
comparison with data reported in the literature.

The total ODI score (0-50) was converted into a
percentage disability score using the following formula:
ODI% = (Obtained score: 50) x100.

Statistical analysis

Statistical data processing was performed using the
Statistica 6.0 software package. Differences between
the groups for all primary indicators (VAS, ODI, AVAS,
AODI) were assessed using Welch's t-test, a statistical
method for comparing the means of two independent
samples that does not assume equality of variances. This
test represents a more robust adaptation of Student’s
t-test, particularly when variances between samples
differ substantially or when sample sizes are small.

Changes over time in quantitative dependent
variables within each group were evaluated using
the nonparametric Wilcoxon signed-rank test.
Differences were considered statistically significant
at p < 0.05.

Results

According to the assessment of pain intensity
using the VAS, the mean pain level in the MD group
decreased by 5.3 points (corresponding to approximately
63.1% reduction), whereas in the MD + Cage group
the decrease amounted to 7.1 points (82.6%). Thus,
patients who underwent MD + Cage demonstrated a
more pronounced postoperative reduction in pain, as

well as a lower recurrence rate of intervertebral disc
herniation (Table 5).

Prior to surgical treatment, the mean ODI values
were high in both groups, indicating substantial
functional limitation among patients (Table 6). At 12
months, a significant decrease in ODI was observed in
both groups, with more pronounced improvement in the
MD + Cage group.

The relative improvement in functional status was
61% in the MD group and 81% in the MD + Cage group,
suggesting greater effectiveness of the combined
surgical approach using cages in reducing disability as
measured by the ODI.

A comparison of functional treatment outcomes
according to the Macnab scale was performed (Table 7).
The obtained data indicate better functional outcomes in
the MD + Cage group, reflected by a higher proportion
of excellent results and a lower proportion of fair and
poor outcomes.

Evaluation using the Prolo functional-economic
outcome scale was conducted across four categories
depending on the degree of return to work, presence
of pain syndrome, and functional limitations (Table 8).
The results demonstrate more favorable functional
and economic outcomes in the MD + Cage group,
characterized by a higher proportion of excellent results
and a lower proportion of fair and poor outcomes.

The application of the Wilcoxon signed-rank test
demonstrated statistically significant improvement in
both pain syndrome (VAS) and functional status (ODI)
in both groups (p < 0.001). The magnitude of the effect
was high (r = 0.79-0.88), indicating clinically significant
postoperative improvement, with a more pronounced
effect observed in the MD + Cage group (Table 9).
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Table 5. Dynamics of pain syndrome and recurrence rate

Mean VAS score (points)
Group Reduction, % Recurrence rate, %
before treatment at 12 months
MD 8,4 3,1 63,1 9 (9 out of 100)
MD + Cage 8,6 1,5 82,6 3 (3 out of 100)

Table 6. Dynamics of ODI, %
Indicator MD (n=100) MD+Cage (n=100) Improvement
ODI before surgery 62 64 —
ODI at 12 months 24 12 —
A (reduction) 38 52 61/81

Table 7. Functional outcomes according to the Macnab scale, %

Outcome category MD (n=100) MD+Cage (n=100)
Excellent 46 63
Good 32 28
Fair 14 7
Poor 8 2
Total 100 100

Table 8. Assessment according to the Prolo functional-economic outcome scale

Outcome category Description MD (n=100) MD+Cage (n=100)
_ : Complete return to work,
Excellent (9-10 points) absence of pain 42 % 61 %
Mild pain, preservation of
Good (7-8 points) most functions, return to 35 % 30 %
work achieved
Moderate residual
Fair (5-6 points) symptoms, partial work 15 % 7 %
limitation
: Persistent disability, loss of
Poor (<4 points) working capacity 8 % 2%
Total — 100 % 100 %
Table 9. Results of the Wilcoxon signed-rank test
Group Indicator n W (Statistics) p-value Effect size (r) Interpretation
VAS L .
(before- 100 0 <0,001* 0,82 Significant reduction
after) pain
MD
ODI (before- Improvement in
after) 100 120 <0,001* 0,79 functional status
VAS(before- Marked reduction in
after) 100 0 <0,001* 0,88 pain
MD+Cage ODI (bef Substantial functi |
efore- ubstantial functiona
after) 100 45 <0,001* 0,84 improvement
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Discussion

The obtained results confirm that both surgical
methods—conventional microdiscectomy and
microdiscectomy with cage-assisted interbody fusion—
provide significant reduction of pain syndrome and
improvement in functional status in patients with
lumbosacral intervertebral disc herniation.

Postoperative reduction in VAS scores in the MD
group averaged —63% (from 8.4 to 3.1 points), whereas
in the MD + Cage group it reached —82% (from 8.6 to 1.5
points). The ODI decreased from 62% to 24% and from
64% to 12%, respectively, indicating more pronounced
functional recovery with the use of cages.

Analysis according to the Macnab and Prolo scales
demonstrated the superiority of microdiscectomy with
cage-assisted interbody fusion:

- 91% of patients achieved “Excellent” or “Good”
outcomes on the Macnab scale compared with 78% after
conventional microdiscectomy;

- According to the Prolo scale, favorable outcomes
were observed in 91% of patients in the MD + Cage
group and in 77% in the MD group.

The recurrence rate in the MD group was 9%,
whereas in the MD + Cage group it was only 3%,
indicating improved segmental stability following
interbody fixation.

A statistically significant difference (p < 0.001)
between the groups was established using Welch's t-test
for all primary indicators (VAS, ODI, AVAS, AODI).

Within-group analysis using the Wilcoxon signed-
rank test (pre-post comparison) confirmed the high
effectiveness of both methods (p < 0.001), with a
larger effect size (r = 0.84-0.88) observed in patients
who underwent microdiscectomy with cage-assisted
interbody fusion.

The study groups were not entirely homogeneous in
terms of clinical and radiological characteristics. Given
the heterogeneity of disc pathology, achieving complete
homogeneity between the study and comparison groups
is practically impossible. In the microdiscectomy with
interbody fusion group, signs of segmental instability and
Modic type II changes were more frequently observed,
which determined the indications for stabilization surgical
techniques. To minimize the impact of this heterogeneity
on the study results, a multivariate statistical analysis was
performed, along with within-group dynamic comparisons
(pre-post), ensuring an appropriate evaluation of the
effectiveness of each investigated treatment method
despite the lack of complete group homogeneity.

Based on the obtained results, the indications for
microdiscectomy may include:

- the presence of clinical symptoms of nerve root
compression (lumbosciatic pain syndrome, positive
tension signs);

- the presence of L4-L5 or L5-S1 intervertebral disc
herniation confirmed by MRI;

- absence of pronounced degeneration of adjacent
structures (Modic type 0-I changes, without significant
loss of disc height);

- ineffectiveness of conservative treatment for 6-8
weeks;

- stability of the motion segment on functional
radiographs (displacement <3 mm, angular deformation
<10°).
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Thus, microdiscectomy is indicated for patients with
predominantly isolated disc herniation without structural
instability, whereas microdiscectomy with interbody cage
fusion is indicated for patients with discogenic lesions
accompanied by structural or biomechanical instability
of the segment, when nerve root decompression alone is
insufficient to stabilize the spine and prevent recurrence.
These include the following conditions:

- disc herniation combined with radiological signs of
segmental instability (vertebral body displacement >3
mm or pathological mobility >10° on functional testing);

- Modic type II changes on MRI (signs of endoplastic
degeneration, cystic remodeling, or fibrosis);

- recurrent disc herniation after previous discectomy;

- significant loss of disc height (>50%) or post-
discectomy segmental deformity;

- clinical manifestations of mechanical pain relieved
in an unloading position (a sign of motion segment
instability).

Our findings are consistent with the literature and
confirm the effectiveness and safety of interbody cage
application in lumbosacral disc herniation.

According to F. Lei et al. (2023) [9], the use of
stabilization procedures for recurrent intervertebral disc
herniation in carefully selected patients is associated
with a lower recurrence rate compared with repeat
discectomy.

Similar conclusions regarding the acceptable safety
profile of interbody cages, provided appropriate patient
selection and adherence to surgical technique, were
reported by R.J. Mobbs et al. (2015) [10].

Therefore, the use of an interbody cage may be
considered a safe and effective component of surgical
treatment in selected clinical situations, which is
consistent with the results of our study. In cases where
MRI and dynamic radiographs demonstrate segmental
instability or Modic type II changes, microdiscectomy
with cage-assisted interbody fusion appears justified
as a more stabilizing technique that provides a more
durable functional outcome.

Conclusions

1. Both surgical techniques—microdiscectomy and
microdiscectomy with cage-assisted interbody fusion—
provide statistically significant improvement in pain
and functional status in patients with lumbosacral disc
herniation.

2. The recurrence rate after microdiscectomy with
cage-assisted interbody fusion is significantly lower (3%)
compared with microdiscectomy alone (9%).

3. The microdiscectomy with cage-assisted
interbody fusion group demonstrated a more pronounced
reduction in pain (—82%) and a greater decrease in
ODI (-81%), indicating higher effectiveness of the
stabilization technique.

4. According to the Macnab and Prolo scales,
excellent and good outcomes were observed more
frequently in the microdiscectomy with cage-assisted
interbody fusion group (91% vs 78% and 91% vs 77%,
respectively).

5. The Wilcoxon signed-rank test confirmed a high
level of within-group improvement (p < 0.001), while the
t-test demonstrated a statistically significant difference
between the groups.
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6. Microdiscectomy with cage-assisted interbody
fusion may be considered for carefully selected
patients with signs of segmental instability as an
approach combining decompression and stabilization,
characterized by superior long-term clinical outcomes.
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Introduction: Vestibular schwannoma (VS) adversely affects patients’
functional status and quality of life (QoL). Disease-specific questionnaires, such
as PANQOL and Mayo VSQOL, provide a more sensitive assessment of disease
progression and treatment outcomes compared with general instruments.
Modern microsurgical techniques aim to preserve facial and cochlear nerve
function, which directly influences postoperative QoL.

Objective: To evaluate the QoL of patients with VS using the Ukrainian
versions of PANQOL and Mayo VSQOL questionnaires and to validate them
according to COSMIN standards.

Materials and methods: The prospective study included 190 patients with
VS, divided into three groups: Group I (n=64) — traditional microsurgery
(2001-2016); Group II (n=57) — modern microsurgical techniques (2017-
2024); Group III (n=69) — observation (“wait-and-scan”). QoL was assessed
using PANQOL, Mayo VSQOL, SF-36, QLQ-C30, and BN20 questionnaires.
Correlation analysis was performed; statistical significance was set at p<0.05.

Results: Mayo VSQOL scores were significantly higher in Group II compared
with Group I in the domains of balance (+33.3%), tinnitus/pain (+36.4%),
emotional well-being (+43.1%), memory (+58.4%), and total score (+32.2%).
Comparison with Group III also confirmed the advantage of surgical treatment,
particularly in emotional well-being and memory (+44.3%). PANQOL
demonstrated the greatest improvement in the “Face” domain (+35.6%),
while changes in other domains were not statistically significant. Significant
correlations were found between PANQOL and Mayo VSQOL results with SF-36,
QLQ-C30, and BN20, confirming their validity. Internal consistency was high
(PANQOL a=0.75-0.93 preoperatively; a=0.81-0.90 postoperatively; Mayo
a=0.763-0.938 preoperatively; a=0.858-0.937 postoperatively). Test-retest
reliability (ICC) ranged from 0.60-0.91 for PANQOL and 0.778-0.953 for Mayo.
Mayo VSQOL demonstrated higher responsiveness to clinical changes (Cohen’s
d=2.11; SRM=1.74) compared with PANQOL (Cohen’s d=0.87; SRM=0.75).

Conclusions: PANQOL and Mayo VSQOL are reliable instruments for assessing
QoL in patients with VS. Mayo VSQOL demonstrated higher sensitivity, while
PANQOL showed stable correlation with general QoL scales. The use of
modern microsurgical techniques substantially improves postoperative QoL
in VS patients.

Keywords: vestibular schwannoma, quality of life; PANQOL, Mayo VSQOL,
treatment outcomes

Background

In VS clinical studies general questionnaires such

Over the past three decades, the diagnosis and
treatment of sporadic vestibular schwannomas (VS) have
changed significantly. Widespread magnetic resonance
imaging (MRI) availability has increased the detection
of incidental tumors, while radiosurgery and the "wait-
and-scan" strategy have been increasingly used for
small, clinically inactive lesions. These changes shifted
the focus from purely morphological and neurosurgical
endpoints (resection completeness, survival)
to broader concepts of "treatment success,"
including functional outcomes and patient-reported
QoL [1-6].

as SF-36, EORTC QLQ-C30 have long been used. They
effectively assess general health but poorly capture
VS-specific problems such as hearing loss, tinnitus,
balance disorders, anxiety, or social/occupational
impacts [5, 7-10]. Over the last 15 years, there has
been growing interest in validating disease-specific
scales: PANQOL (Penn Acoustic Neuroma Qol) and the
newer Mayo VSQOL Index. These scales correlate better
with clinical symptoms and provide sensitive criteria for
comparing treatment strategies [1-3, 7-11].

PANQOL was developed and validated specifically
for patients with acoustic/vestibular schwannomas. It
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has good psychometric properties including internal
consistency, test-retest reliability and demonstrated
correlation with clinical indicators. Translations into
Italian, Spanish, Hindi, and other languages have
confirmed its stability across cultures, making it suitable
for multicenter and long-term cohort studies [3, 9, 12-16].

Mayo VSQOL is a newer 40-item tool designed for a
comprehensive assessment of VS impact and treatment
on QolL, including employment, treatment satisfaction,
and side effects. Initial validation showed excellent
psychometric properties and the ability to detect
differences between treatment groups. However, further
independent validation and comparative studies with
PANQOL and general instruments are needed [2, 4, 7].

Recent studies comparing PANQOL and Mayo VSQOL,
as well as their correlation with general scales (QLQ-C30/
BN20, SF-36), show that disease-specific instruments
are more sensitive to VS-related symptoms including
hearing, balance, face and emotional state. General
scales correlate with overall QoL but may “smooth out”
differences between treatment strategies. Using both
disease-specific and general tools provides the most
complete assessment of the overall and symptom-specific
impact of VS and its treatment [1, 2, 4, 5, 7-11, 17].

Prospective studies using PANQOL have tracked QoL
dynamics in patients undergoing different strategies
including observation, radiosurgery, microsurgery.
Differences in disease-specific QoL between strategies
are often minimal in the long term, while early
postoperative periods show more pronounced differences
[4, 18-22]. Modern microsurgery with intraoperative
neuromonitoring and nerve-sparing techniques can
achieve favorable long-term functional outcomes and
improve certain QoL domains. However, results must
be interpreted in the context of patient age, tumor
size, preoperative hearing status, comorbidities, and
individual expectations [5, 17, 23].

Ukrainian data show later diagnosis with a
predominance of large tumors (Koos grades III-IV),
affecting treatment choice and functional outcomes
[1]. Ukrainian versions of PANQOL and Mayo VSQOL
questionnaires have undergone cross-cultural adaptation,
pilot testing, with most items demonstrating good
comprehensibility (<1% required clarification) [1].
However, multi-center registries and long-term follow-up
(>5 years) are necessary to evaluate outcomes and
treatment impact on QoL patients with VS in Ukraine
[1,2,5,17].

Despite the use of PANQOL and Mayo VSQOL,
several questions remain open: standardized translation
and cross-cultural adaptation and validation, optimal
combination of specific and general instruments in
routine practice, determination of clinically meaningful
minimal changes for each questionnaire, commonly
agreed and accepted criteria of VS surgical removal
radicality as well as the impact of socioeconomic
and professional factors on subjective quality of life.
Therefore, large-scale prospective studies are needed
to determine which strategies provide better long-
term quality of life in different patient subgroups. In
this context, the cross-cultural adaptation, validation
and comparative use of PANQOL and Mayo VSQOL are
particularly important for developing optimal treatment
strategies and enhancing patient-centered care in
Ukraine and wherever [2, 4, 10, 15, 17].

http://theunj.org
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The cross-cultural adaptation and validation PANQOL
and Mayo VSQOL in Ukraine and comparing them with
QLQ-C30/BN20 and SF-36 is not only a methodological
need but also clinically relevant: only localized,
sensitive instruments allow treatment strategies to
be adjusted according to patient priorities such as
hearing preservation, facial nerve function, balance,
return to work, etc.) and justify choices between early
microsurgery, observation, or primary radiosurgery
within a specific social-medical context [1, 2, 5, 17,
18, 23]. The present study combines cross-cultural
adaptation and validation with analysis of clinical
outcomes using contemporary microsurgical techniques
and aims to provide evidence to optimize local treatment
protocols and improve QoL for patients with VS in
Ukraine [1].

Materials and methods

Study participants

A total of 373 patients with VS were under
dynamic observation at the Kolomyichenko Institute
of Otolaryngology, National Academy of Medical
Sciences of Ukraine. The present study was conducted
at the Subtentorial Neuro-oncology Department of the
Romodanov Neurosurgery Institute and included patients
treated or followed between 2001 and 2024.

Quality-of-life (QoL) assessment was completed in
190 patients. Patients were evaluated during inpatient
treatment, outpatient follow-up visits, telephone
interviews, as well as postal or electronic surveys.
Postoperative QoL assessment was performed no earlier
than 6 months after surgery.

Inclusion criteria

Patients were eligible for inclusion if they met all of
the following criteria:

- unilateral sporadic vestibular schwannoma;

- preoperative MRI or contrast-enhanced CT
confirming the diagnosis;

- histopathological verification (for surgically treated
patients);

- age = 18 years;

- written informed consent;

- completed PANQOL and/or Mayo VSQOL
questionnaires.

Exclusion criteria

Patients were excluded from the study if they had:

- neurofibromatosis type II;

- absence of imaging or histopathological confirmation
of vestibular schwannoma;

- incomplete questionnaire data;

- Bell’s palsy during follow-up;

- age < 18 years.

Group characteristics

Based on treatment strategy and time period,
patients were divided into three groups:

Group I - 64 patients who underwent microsurgical
removal of VS using conventional microsurgical
techniques between 2001 and 2016;

Group II - 57 patients treated with updated
contemporary microsurgical techniques between 2017
and 2024;

Group III - 69 patients managed using a “wait-and-
scan” observation strategy without surgical intervention.
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The mean follow-up duration was 159.44 months
(median 136 months) in Group I and 49.52 months
(median 60 months) in Group II.

The follow-up period in Group III ranged from 6
months to 18 years.

Response rates were as follows: Group I - PANQOL
(61 patients), Mayo VSQOL (64 patients), BN20/QLQ-C30/
SF-36 (64 patients); Group II - PANQOL (57 patients),
Mayo VSQOL (56 patients), BN20/QLQ-C30/SF-36 (57
patients); Group III - PANQOL and Mayo VSQOL (69
patients), BN20/QLQ-C30/SF-36 (44 patients).

Comparative analysis of the domains “Hearing,”
“Balance,” “Pain,” and “Face” between PANQOL and
Mayo VSQOL was performed across the three groups,
along with analyses of BN20, QLQ-C30, and SF-36 scores
between Groups I-II and II-III. Comparative analysis
between Groups I and III was not performed because
outdated surgical techniques were associated with
different indications for surgery, levels of functional risk,
and standards for outcome assessment.

Study design

This study employed a retrospective comparative
cohort design and was aimed at assessing quality of
life in patients with VS using both disease-specific and
generic QoL instruments.

The study combined cross-cultural adaptation and
validation of the Ukrainian versions of the PANQOL and
Mayo VSQOL questionnaires with a comparative analysis
of QoL outcomes according to the selected treatment
strategy: conventional microsurgery, contemporary
microsurgical techniques, or active surveillance using a
“wait-and-scan” approach.

In addition, patients completed the EORTC
QLQ-C30, EORTC QLQ-BN20, and SF-36 questionnaires.
Comparative analyses were performed between Groups I
and II and between Groups II and III, with evaluation of
specific functional domains (hearing, balance, pain, facial
nerve function) as well as overall composite QoL scores.

Cross-cultural adaptation and validation of
the PANQOL and Mayo VSQOL [1] questionnaires
were conducted in accordance with international
recommendations and COSMIN guidelines [24, 25].
Official permission for the translation and use of the Mayo
VSQOL questionnaire in Ukraine was obtained from the
developers of the original instrument.

Statistical analysis

Statistical analysis was performed using the Deducer
package (Java GUI for R, GNU license) [26]. Continuous
variables were analyzed using descriptive statistics.
Differences were considered statistically significant at
p < 0.05.

Internal consistency of questionnaire domains was
assessed using Cronbach’s a. Test-retest reliability was
evaluated using the intraclass correlation coefficient
(ICC) based on paired observations with an interval
of 2-14 days. Responsiveness to clinically meaningful
changes was assessed using Effect Size (Cohen’s d) and
Standardized Response Mean (SRM).

Postoperative hearing outcomes were classified
according to the Gardner-Robertson hearing scale
[27]. Facial nerve function was evaluated using the
House-Brackmann grading system. Correlation
and regression analyses were applied to assess the
relationships between disease-specific and general
QoL instruments.
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Results

Adaptation and validation of questionnaires

A standardized multi-step cross-cultural adaptation
and validation of the PANQOL and Mayo VSQOL
questionnaires was conducted in accordance with
international guidelines [24, 25, 28]. Three neurosurgeons
independently translated the scale into Ukrainian. A
professional Ukrainian philologist from Taras Shevchenko
National University of Kyiv compiled three texts into one.
The back translation was performed by two native English
speakers residing in Canada and the United Kingdom.
The reconciled version was subsequently reviewed
by a linguist and a methodology expert from Taras
Shevchenko National University of Kyiv. Pilot testing in 30
patients confirmed high comprehensibility, with less than
1% of items requiring clarification. The back-translated
version demonstrated 96% semantic equivalence with
the originals, meeting the recommended validation
criteria [28]. The final Ukrainian version of the Mayo
VSQOL questionnaire was approved by the original
developers, Carlson ML and Lohse CM, and accepted as
the official localized version [1].

To assess QoL in Ukrainian patients with VS and
validate the PANQOL and Mayo VSQOL scales, a study
was conducted using PANQOL, Mayo VSQOL Index, BN20,
QLQ-C30, and SF-36 questionnaires (Tables 1-7). The
observation period spanned 2001-2024 and included
patients treated at the Subtentorial Neuro-oncology
Department, as well as outpatients followed in the Ear
Microsurgery and Oto-neurosurgery Department of
the Kolomyichenko Institute of Otolaryngology after
diagnosis verification. Patients with tumor progression
(increase in VS size to T3 according to Hannover
classification or higher on follow-up imaging) were
referred for surgical treatment at the Neurosurgery
Institute.

A total of 1,183 statistical cards and 829 medical
records from the Institutes archive was reviewed. For
the survey, 244 patients were possible to reach, and
fully completed questionnaires were received from 190
individuals. Comparative analysis of QoL measures using
validated scales (PANQOL, Mayo VSQOL, BN20, QLQ-C30,
SF-36) revealed significant differences between the three
study groups (see Tables 1-7).

A total of 373 patients were under dynamic
observation at the Kolomyichenko Otolaryngology
Institute of the National Academy of Medical Sciences of
Ukraine, of whom 110 (29.5%) subsequently underwent
surgical removal of VS due to symptom progression or
a progressive disease course, and 24 (6.4%) received
radiotherapy (RT). QoL data were obtained for 10 patients
who remained under “wait-and-scan” management.
Patients who underwent surgery following “wait-and-
scan,” either in our department or at the Kolomyichenko
Institute, were evaluated according to the department
where the surgery was performed.

Comparative analysis of Groups I and II

According to the PANQOL scale, patients in Group
IT showed improvement across all domains compared
to Group I, except for the “Anxiety” domain. The most
pronounced positive changes were observed in the
following domains: Pain, which increased from 42.2 to
50.4 (+19.5%, mean comparison criterion 0.905); Facial
function, from 45.1 to 61.1 (+35.6%, 1.968); Overall
health, from 45.7 to 52.9 (+15.7%, 1.222); and the Total

http://theunj.org
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Table 1. Correlation between Groups I, II, and III according to the PANQOL and Mayo VSQOL scales with the
BN20 and QLQ-C30 scales, as well as correlation between QLQ-C30 and BN20

Correlation of Group I on the PANQOL and Mayo scales with the BN20 and QLQ-C30 scales, and correlation
between QLQ-C30 and BN20

Parameter Parameter Correlation coefficient
1 PANQOL total score QLQ C30 0,635
2 PANQOL total score BN20 0,635
3 Mayo total score QLQ C30 -0,126
4 Mayo total score BN20 -0,133
5 QLQ C30 BN20 0,816
Correlation of Group II scores on the PANQOL and Mayo scales with the BN20 and QLQ-C30 scales
1 PANQOL total score QLQ C30 0,596
2 PANQOL total score BN20 0,629
3 Mayo total score QLQ C30 0,586
4 Mayo total score BN20 0,501

Correlation of Group III scores on the PANQOL and Mayo scales with the BN20 and QLQ-C30 scales

1 PANQOL total score QLQ C30 0,663
2 PANQOL total score BN20 0,743
3 Mayo total score QLQ C30 0,155
4 Mayo total score BN20 0,093
Table 2. Comparison of Groups I and II based on the PANQOL scale
. Mean Mean Increase of Mean - - .
N2 Parameter %::f';igc?;‘:: Value Value Group II over Comparison Di:.:'zc:;zn CI’; ‘S’Isqut
Group I Group II I, % of Mean Criterion P
1 Hearing 0,118 46 49,7 8% 0,582 +
2 Balance 0,089 48,4 50,3 4% 0,259 +
3 Anxiety 0,145 63,2 62,6 -1% -0,085 -
4 Energy 0,161 48,4 49,6 2,3% 0,165 +
5 Pain 0,197 42,2 50,4 19,5% 0,905 +
6 Face 0,292 45,1 61,1 35,6% 1,968 +
7 Overall Health 0,146 45,7 52,9 15,7% 1,222 +
8 Total Score 0,174 48,4 53,8 11,1% 0,964 +
Table 3. Comparison of Groups I and II based on the Mayo VSQOL
Direction
- Mean Mean Increase of Mean N
N2 Parameter Iz:lc:’:fll_‘lgceig:l:: Value Value Group II over I, |Comparison i:strr:;:t
Group I |Group II % of Mean Criterion II vs IP
Domain I (Hearing
1 problems) 0,19 49 57,1 16,5% 1,09 +
Domain II (Dizziness and
2 balance disorders) 0,35 46,7 62,3 33,3% 1,872 +
Domain III (Pain,
3 discomfort, and ear noise) 0,397 46,7 65,8 36,4% 2,191 +
Domain IV (Face or eye
4 problems) 0,128 50,3 55 9,4% 0,668 +
Domain V (Impact on
5 physical, emotional, and 0,35 47,8 68,4 43,1% 2,532 +
social well-being)
Domain VI (Cognitive and
6 memory difficulties) 0,432 43,3 68,5 58,4% 2,858 +
Domain VII (Satisfaction
7 or regret) 0,19 47,9 49 2,2% 0,126 +
8 Domains I-VI (average) 0,652 47,3 62,5 32,2% 2,243 +
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Table 4. Comparison of Group I and II according to the QLQ-C30, BN20 and SF-36

117

. Increase of Mean . . .
Divergence |Mean Value |Mean Value - Direction of Shift
Ne Parameter Coefficient Group I Group II Grgz[:’:id(;vaenr L C%'::{’::i'::" in Group ITvs I
1 QLQ C30 0,19 65,5 72 9,9% 1,252 +
2 BN20 0,208 67 72,5 8,1% 1,027 +
Overall
Physical
3 Health 0,353 31 34,2 10,3% 0,958 +
Score
(SF-36)
Overall
Mental
4 Health 0,261 47,6 49,7 4,4% 0,435 +
Score
(SF-36)
SF-36
5 Total score 0,359 39,3 41,9 6,7% 0,706 +
Table 5. Distribution comparison characteristics of Group II and III based on the PANQOL scale
Direction
. Mean Increase of Group Mean ea
Ne Parameter %2’:#?;2:: Value Mg?:uVallll.le II over III, % of Comparison onrir::ftIIIn
Group III P Mean Criterion vs I';I
1 Hearing 0,224 42,3 49,7 17,4 1,19 +
2 Balance 0,186 48,9 50,3 2,9 0,182 +
3 Anxiety 0,17 56,3 62,6 11,1 0,883 +
4 Energy 0,141 46,9 49,6 5,8 0,388 +
5 Pain 0,114 43,1 50,4 17 0,855 +
6 Face 0,143 66,8 61,1 -8,5 -0,733 -
7 Overall Health 0,158 52,3 52,9 0,6 0,051 +
8 Total Score 0,824 51 53,8 5,6 0,511 +

Table 6. Distribution comparison characteristics of Group II and III based on the MAYO VSQOL scale

Divergence Mean Mean Increase of Mear_l D!ret_:tion of
N2 Parameter Coefficient Value Value Group II over Comparison |Shift in Group
Group III (Group II |III, % of Mean Criterion II vs II1

Domain I (Hearing

1 problems) 0,203 48,2 57,1 18,6 1,06 +
Domain II (Dizziness

2 and balance disorders) 0,276 47,3 62,3 31,5 1,699 +
Domain III (Pain,

3 discomfort, and ear 0,231 46,8 63,8 36,2 2,174 +
noise)
Domain IV (Face or

4 eye problems) 0,175 47,7 55 15,3 0,95 +
Domain V (Impact on

5 physical, emotional, 0,328 46 68,4 48,7 2,743 +
and social well-being)
Domain VI (Cognitive

6 and memory 0,32 46,5 68,5 47,5 2,453 +
difficulties)
Domain VII

7 (Satisfaction or regret) 0,157 43,6 49 12,5 0,608 +
Domains I-VI

8 (average) 0,317 47,2 62,5 32,5 2,142 +
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Table 7. Comparison of Group II and III according to the QLQ-C30, BN20 and SF-36

. Increase of Group Mean Direction of
N? Parameter I(J:wer_gqnce Mean Value | Mean Value II over III, % of | Comparison |Shiftin Group
oefficient Group III Group II Mean Criterion II vs IIT
1 QLQ C30 0,187 67,5 72 6,7 0,901 +
2 BN20 0,126 67,5 72,5 7,4 0,916 +
Overall
Physical
3 Health Score 0,263 30,8 34,2 10,9 1,123 +
(SF-36)
Overall Mental
4 Health Score 0,172 43,8 49,7 13,4 1,495 +
(SF-36)
SF-36 Total
5 score 0,19 37,3 41,9 12,3 1,517 +

score, from 48.4 to 53.8 (+11.1%, 0.964). In contrast,
the "Anxiety” domain showed a minimal decrease (-1%).
Statistically significant improvements (p<0.05) were
noted specifically in the domains of Pain, Facial function,
Overall health, and the Total score (see Table 2).

Assessment using the Mayo VSQOL scale also
demonstrated systematic improvement in Group II
compared to Group I across all domains. The most
notable and statistically significant changes were
observed in: Domain I (“Hearing problems”), from 49
to 57.1 (+16.5%, mean comparison criterion 1.09);
Domain II (“Dizziness and balance disturbances”),
from 46.7 to 62.3 (+33.3%, -1.872); Domain III (“Pain,
discomfort, and tinnitus”), from 46.7 to 65.8 (+36.4%,
2.191); Domain V (*Impact on physical, emotional, and
social well-being”), from 47.8 to 68.4 (+43.1%, 2.532);
Domain VI (“Cognitive difficulties and memory”), from
43.3 to 68.5 (+58.4%, 2.858). Additionally, the mean
total score on the Mayo scale significantly increased from
47.3 to 62.5 (+32.2%, 2.243). For these measures, the
null hypothesis of equal population means was rejected
with p=0.001, confirming the high statistical significance
of the results (see Table 3).

Comparison of BN20, QLQ-C30, and SF-36
scores showed a consistent shift in Group II toward
improvement of QoL relative to Group I. The most
pronounced differences were observed for BN20 (from
67 to 72.5, +8.1%, mean comparison criterion 1.027)
and QLQ-C30 (from 65.5 to 72, +9.9%, 1.252), with
statistically significant results (p<0.05). Regarding
SF-36, improvement in overall physical health in Group II
nearly reached statistical significance (mean comparison
criterion = 0.958, p=0.06), indicating a trend toward a
positive effect of the enhanced microsurgical techniques
on patients’ QoL (see Table 4).

Comparative analysis of Groups II and III

QoL assessment in patients with VS using PANQOL,
Mayo VSQOL, BN20, QLQ-C30, and SF-36 instruments
demonstrated statistically significant improvement in
Group II (operated on from 2017) compared to the
observation group (Group III).

According to the PANQOL scale (see Table 5), Group
IT showed improvement in most domains compared to
the observation group. The mean score for the Hearing

http://theunj.org

domain increased from 42.3 to 49.7 (+17.4%), which was
statistically significant (mean comparison criterion =
1.19, positive shift). Improvements were also observed
in the Balance domain from 48.9 to 50.3 (+2.9%, 0.182),
Anxiety from 56.3 to 62.6 (+11.1%, 0.883), Energy
from 46.9 to 49.6 (+5.8%, 0.388), Pain from 43.1 to
50.4 (+17%, 0.855), and Overall health from 52.3 to
52.9 (+0.6%, 0.051). The only domain showing a slight
decrease was Facial function (from 66.8 to 61.1, -8.5%,
-0.733), reflecting the prolonged recovery of facial nerve
function, which typically requires more than six months
postoperatively. The total PANQOL score increased from
51.0 to 53.8 (+5.6%, 0.511).

Mayo VSQOL analysis (Table 6) also revealed
statistically significant improvement in Group II.
All domains showed increased mean scores, with
significant improvement in six domains: Domain I
(Hearing problems) - from 48.2 to 57.1 (+18.6%, mean
comparison criterion -1.06); Domain II (Dizziness and
balance disturbances) - from 47.3 to 62.3 (+31.5%,
1.699); Domain III (Pain, discomfort, and tinnitus) - from
46.8 to 63.8 (+36.2%, 2.174); Domain V (Impact on
physical, emotional, and social well-being) — from 46.0 to
68.4 (+48.7%, 2.743); Domain VI (Cognitive difficulties
and memory) - from 46.5 to 68.5 (+47.5%, 2.453); Total
Mayo VSQOL score - from 47.2 to 62.5 (+32.5%, 2.142);
Domains IV (Facial or eye problems) and VII (Satisfaction
or regret) also showed positive trends; however, these
changes did not reach statistical significance.

Regarding QLQ-C30, BN20, and SF-36, Group II
demonstrated improvement compared to Group III
(Table 7). Mean QLQ-C30 scores increased from 67.5
to 72 (+6.7%, mean comparison criterion =0.901), and
BN20 scores increased from 67.5 to 72.5 (+7.4%, 0.916).
Overall physical health on SF-36 increased from 30.8 to
34.2 (+10.9%, 1.123), mental health from 43.8 to 49.7
(+13.4%, 1.495), and the total SF-36 score from 37.3 to
41.9 (+12.3%, 1.517).

Clinical status evaluation between groups:
facial and cochlear nerve function

Facial nerve function was assessed using the House-
Brackmann (HB) scale in the early postoperative period,
with distribution as follows: Group 1: HB I was observed
in 24 patients (5%), II - 30 (6.3%), III - 67 (14.1%),
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IV - 102 (21.6%), V - 149 (31.5%), VI - 102 (21.5%);
Group 2: HB I was recorded in 132 patients (37.2%), 11
- 77 (21.7%), III - 95 (26.8%), IV - 37 (10.4%), V - 11
(3.1%), VI - 3 (0.8%) (p<0.001, x2 test).
Intraoperative identification and preservation of
the cochlear nerve were not performed in Group 1. In
Group 2, such attempts were made in patients with
functional hearing preoperatively. Among 93 identified
patients, anatomical preservation of the cochlear nerve
was achieved in 49 (52.7%). Postoperative hearing
outcomes in these patients were classified according to
the Gardner-Robertson (GR) scale as follows: GR-I in 21
patients (42.9%), GR-II - 12 (24.5%), GR-III - 16 (32.6%).

Correlation analysis

Correlation analysis showed a moderate to high
positive relationship between total PANQOL and Mayo
VSQOL scores and QLQ-C30 and BN20 scores in Group
II: PANQOL and QLQ-C30 - r = 0.596, PANQOL and
BN20 - r = 0.629, Mayo and QLQ-C30 - r = 0.586, Mayo
and BN20 - r = 0.501, confirming consistency of QoL
assessment across different scales (see Table 1).

Correlation analysis and multiple correlation
coefficient assessment were used to compare the
consistency of PANQOL and Mayo VSQOL questionnaires
with the validated SF-36 scale across the three groups
of patients with VS.

Group I: Correlation between PANQOL and physical
health - r = 0.651; mental health - r = 0.532; SF-36 total
score - r = 0.611. Mayo VSQOL: physical health - r =
0.188; mental health - r = 0.129; SF-36 total score - r
= 0.163. Multiple regression: PANQOL (physical health
B = 0.623; mental health B = 0.035), Mayo (physical
health B = 0.189).

Group II: Correlation between PANQOL and physical
health - r = 0.495; mental health - r = 0.397; SF-36 total
score - r = 0.503. Mayo VSQOL: physical health - r =
0.477; mental health - r = 0.451; SF-36 total score - r
= 0.532. Multiple regression: PANQOL (physical health
B = 0.527), Mayo (physical health g = 0.539).

Group III: Correlation between PANQOL and physical
health - r = 0.716; mental health - r = 0.613; SF-36 total
score - r = 0.748. Mayo VSQOL: physical health - r =
0.208; mental health - r = -0.182; SF-36 total score - r
= -0.007. Multiple regression: PANQOL (physical health
B = 0.753), Mayo (physical health B = 0.414).

Overall, PANQOL consistently demonstrated
moderate to high concordance with SF-36 across all three
groups, confirming its ability to reflect both physical and
psycho-emotional status of patients. In contrast, Mayo
VSQOL showed weak or minimal correlation with SF-36,
particularly in Group III, indicating limited sensitivity
of this scale for evaluating overall physical and mental
health. Multiple regression confirmed that the main
predictor of total PANQOL score is physical health,
while the contribution of mental health is minimal. For
Mayo, the contribution of physical health in regression
was significantly lower, consistent with the observed
correlation coefficients.

Comparison of corresponding domains between
PANQOL and Mayo VSQOL

Analysis of correlations between corresponding
domains of the PANQOL and Mayo VSQOL questionnaires
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in Group II patients revealed only weak positive
correlations: Hearing - r = 0.395, Balance - r = 0.405,
Pain - r = 0.440, Face - r = 0.470. In Group III, the
strength of correlations was even lower: Hearing - r =
0.262, Balance - r = 0.117, Pain - r = 0.181, Face - r =
0.080. These results indicate that direct comparison of
individual domains between the two questionnaires has
limited clinical significance, as the content and structure
of the respective questions partially differ. It is more
appropriate to use each questionnaire as an independent
tool for assessing the QoL or to compare their total
scores, which demonstrates better concordance between
the scales.

Test-retest reliability, internal consistency,
and responsiveness

The internal consistency of the Ukrainian versions
of PANQOL and Mayo VSQOL questionnaires was
evaluated using Cronbach’s a for each domain in pre-
and postoperative samples. The ICC was interpreted
according to commonly accepted categories: Cronbach’s
a < 0.50 - poor/unacceptable reliability; 0.50-0.59 -
weak; 0.60-0.69 - moderate/acceptable; 0.70-0.79
- acceptable/satisfactory; 0.80-0.89 - high; > 0.90 -
excellent [29].

The preoperative sample for PANQOL included 154
patients. Cronbach’s a values ranged from 0.75 to 0.93
across domains I, II, III, V, and VI, indicating acceptable
to excellent internal consistency. Domain IV consisted of
a single item and was not analyzed. Domain VII showed
low consistency (a = 0.38), typical for two-item scales.
The overall Cronbach’s a for PANQOL in the preoperative
sample was 0.91, confirming high internal consistency for
the entire scale. Postoperatively (199 patients), domain-
specific a values remained stable (0.75-0.90 for domains
I, II, I11, V, and VI), while domain VII improved slightly (a
= 0.48) but remained below the acceptable threshold due
to the limited number of items. The overall Cronbach’s
a after surgery was 0.92, demonstrating stability and
reliability of the scale postoperatively (Table 8).

The preoperative sample for Mayo VSQOL included
105 patients, with a values ranging from 0.763 to 0.938,
indicating high internal consistency. In the postoperative
sample (177 patients), the overall Cronbach’s a for
all 40 items was 0.953, reflecting excellent internal
consistency. Domain-specific a values ranged from 0.858
to 0.937, demonstrating high to very high reliability of
the measured constructs after surgery (Table 9).

Test-retest reliability of the Ukrainian versions of
PANQOL and Mayo VSQOL was evaluated to determine
the temporal stability of the scales. All domains of
PANQOL and Mayo VSQOL are presented as interval
scales; therefore, reliability was assessed using the ICC,
in accordance with COSMIN recommendations [24,26].
ICC interpretation followed widely accepted categories:
<0.50 - poor; 0.50-0.75 - moderate; 0.75-0.90 - good;
>0.90 - excellent reliability. The test-retest interval
ranged from 2 to 14 days, in line with guidelines.

For PANQOL analysis, 33 paired observations were
included. ICC values across domains ranged from 0.60
to 0.91. The highest stability was observed in Domain
VI (ICC = 0.91), indicating excellent reliability. Domains
II, III, IV, and V demonstrated good to high reliability
(ICC = 0.72-0.84). Domains I and VII showed moderate
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reliability (ICC = 0.60-0.65), corresponding to an
acceptable level according to COSMIN [25, 26]. Overall,
all PANQOL domains had ICC > 0.60, indicating sufficient
and clinically acceptable stability of the questionnaire
during repeated administration (Table 10).

For the Mayo VSQOL test-retest analysis, 31 patients
were included. ICC values for all domains ranged from
0.778 to 0.953, corresponding to good or excellent
reliability according to conventional criteria. The highest
stability was observed in Domains II (ICC = 0.942) and
ITI (ICC = 0.953), indicating exceptional reproducibility
during repeated completion. Pearson’s correlation
coefficients were also high (r = 0.872-0.975), further
confirming the reliability of results (Table 11).

The responsiveness of the Ukrainian versions of the
PANQOL and Mayo VSQOL questionnaires was evaluated
to determine their ability to detect clinically meaningful
postoperative changes. Responsiveness was assessed
using two commonly accepted indicators — Effect Size
(Cohen’s d) and Standardized Response Mean (SRM),
calculated based on paired pre- and postoperative
observations. The interpretation followed established
thresholds: <0.20 — negligible; 0.20-0.49 — small;
0.50-0.79 — moderate; >0.80 — large effect.

A total of 30 paired PANQOL patient observations
in Group II were analyzed. All PANQOL domains
demonstrated improvement after surgery. Cohen’s
d ranged from 0.52 to 1.09, indicating moderate to
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large responsiveness. The highest responsiveness was
observed in Domain VI (Energy/Vitality) with Cohen’s
d = 1.09 and SRM = 0.81, reflecting a substantial
improvement in overall well-being and functional
vitality. The total PANQOL score also showed a large
effect (Cohen’s d = 0.87; SRM = 0.75), confirming the
high sensitivity of the scale in detecting overall changes
in quality of life after treatment. Domains I, II, III,
V and VII demonstrated moderate responsiveness,
whereas Domain IV (Headache) showed the lowest
yet still clinically meaningful effect (Cohen’s d = 0.52),
corresponding to a small-moderate effect (Table 12).

For the Mayo VSQOL, 31 paired observations in
Group II were included. All domains demonstrated
clinically meaningful changes, with Cohen’s d values
ranging from 0.31 to 2.11. The greatest responsiveness
was observed in Domain V, where Cohen’sd = 2.11 and
SRM = 1.74, indicating an exceptionally large effect.
High responsiveness was also demonstrated in domains
VI (Cohen’sd = 1.33; SRM = 1.36) and VII (Cohen’sd =
1.12; SRM = 0.94), reflecting substantial improvements
in social functioning, emotional status, and treatment
satisfaction. The total Mayo VSQOL score demonstrated
alarge effect (Cohen’sd = 1.17; SRM = 1.11), confirming
high overall responsiveness of the scale. Domains I-IV
showed small to moderate effects (Cohen’s d = 0.31-
0.63), which is typical for physical or functional aspects
of QoL (Table 13).

Table 8. Internal consistency (Cronbach’s a) of the PANQOL domains before and after surgery

Domain Preopgrative Postopuerative Interpretation

1. Hearing 0.75 0.75 Acceptable internal consistency at both time
points
II. Balance 0.93 0.90 Excellent and consistently high reliability
III. Face 0.79 0.81 Good consistency, no deterioration
IV. Headache — — a not computed (single item domain)
V. Anxiety / Stress 0.81 0.83 Good reliability both pre- and postoperatively
VI. Energy / Vitality 0.87 0.87 Very good and stable reliability
: i Low (expected for a 2-item domain), slight

VII. Isolation / Cognition 0.38 0.48 improvement postoperatively

Table 9. Internal consistency (Cronbach’s a) of the MAYO VSQOL domains before and after surgery

Domain Preoperative a Postoperative a Interpretation
I 0.867 0.858 Very good
II 0.931 0.905 Excellent
III 0.873 0.875 Very good
v 0.763 0.864 Acceptable / good
\ 0.938 0.937 Excellent
VI 0.925 0.913 Excellent
VII 0.886 0.894 Very good

http://theunj.org



Ukrainian Neurosurgical Journal. Vol. 32, N1, 2026

Table 10. Test-retest reliability of PANQOL domains (n = 33 paired observations)

PANQOL Domain ICC Interpretation

I 0.65 Moderate

II 0.84 High

III 0.75 Good

v 0.82 High

Y 0.72 Good

VI 0.91 Excellent

VIIL 0.60 Moderate

Table 11. Test-retest reliability of Mayo VSQOL domains (n = 31 paired observations)
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Domain Pearson r ICC Interpretation
I 0.896 0.889 Good
I 0.961 0.942 Excellent
III 0.975 0.953 Excellent
v 0.884 0.858 Good
Vv 0.872 0.778 Good
VI 0.944 0.860 Good
VII 0.930 0.893 Good

Table 12. Responsiveness of PANQOL domains (n = 30 paired observations)

Domain A (post-pre) | Cohen’sd SRM Interpretation
I. Hearing +16.00 0.60 0.55 Moderate effect
II. Balance +17.17 0.65 0.47 Moderate (d), small-moderate (SRM)
III. Face +14.67 0.54 0.53 Moderate effect
IV. Headache +15.00 0.52 0.49 Small-moderate effect
V. Anxiety/Stress +16.25 0.76 0.59 Moderate-large effect
VI. Energy/Vitality +24.50 1.09 0.81 Large effect
VII. Isolation/Cognition +12.50 0.58 0.53 Moderate effect
Total PANQOL +16.58 0.87 0.75 Large effect

Table 13. Responsiveness of Mayo VSQOL domains (n = 31 paired observations)

Domain A (post-pre) Cohen’s d SRM Interpretation
I +10.17 0.41 0.40 Small-moderate effect
I +16.82 0.63 0.58 Moderate effect
III +11.33 0.45 0.37 Small-moderate effect
v +7.00 0.31 0.37 Small effect
V +29.36 2.11 1.74 Very large effect
VI +22.58 1.33 1.36 Large effect
VII +18.81 1.12 0.94 Large effect
Total Mayo +16.58 1.17 1.11 Large effect
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Both scales demonstrated adequate ability to detect
clinically important postoperative changes; however,
their sensitivity profiles differed: PANQOL provided
more uniform responsiveness across domains and was
particularly sensitive to changes in energy/vitality and
overall quality of life. In contrast, Mayo VSQOL showed
markedly higher responsiveness in social and emotional
domains and in the total score, with Cohen’s d exceeding
1.0 in three domains.

Discriminant Validity

The discriminant validity of the Ukrainian versions of
PANQOL and Mayo VSQOL was assessed based on their
ability to differentiate patients with objectively different
clinical outcomes. Patients were stratified according
to the extent of tumor resection, facial nerve (FN)
function assessed by HB scale in the early postoperative
period, and cochlear nerve preservation and hearing
outcomes. In Group 1 (traditional microsurgery,
2001-2016), FN function was distributed as follows: HB
I -24 (5%), II - 30 (6.3%), III - 67 (14.1%), IV - 102
(21.6%), V - 149 (31.5%), VI - 102 (21.5%). In Group
2 (modern microsurgical techniques, 2017-2024),
significantly better outcomes were observed: HB I -
132 (37.2%), 11 - 77 (21.7%), 111 - 95 (26.8%), IV - 37
(10.4%), V - 11 (3.1%), VI - 3 (0.8%) (p < 0.001).
Cochlear nerve preservation and postoperative hearing
further demonstrated the discriminant ability of the
questionnaires. In Group 2, among 93 patients with
functional preoperative hearing, the cochlear nerve was
anatomically preserved in 49 (52.7%), with postoperative
hearing graded as GR-I in 42.9%, GR-II in 24.5%, and
GR-III in 32.6%. Cochlear nerve preservation was not
performed in Group 1.

Both PANQOL and Mayo VSQOL effectively reflected
these clinical differences, confirming the questionnaires’
ability to discriminate clinically distinct subgroups and
demonstrating adequate discriminant validity.

Discussion

We performed cross-cultural adaptation and
validation of the PANQOL and Mayo VSQOL questionnaires
for Ukrainian-speaking patients. To the best of our
knowledge, for the first time, apart from the authors
of Mayo VSQOL, a comparative analysis of these
questionnaires and cross-cultural adaptation and
validation of the Mayo VSQOL scale was conducted
outside the USA.

The study results confirmed that the Ukrainian
versions of PANQOL and Mayo VSQOL demonstrate high
internal consistency, adequate test-retest reliability,
and sensitivity to clinically meaningful postoperative
changes. Internal consistency of PANQOL was high
across most domains, whereas Domain VII (Isolation/
Cognition) showed lower a values due to the limited
number of items, which is typical for short domains.
Similarly, Mayo VSQOL exhibited high a values in all
domains postoperatively, reflecting the reliability of the
measured constructs.

Test-retest analysis indicated that both questionnaires
were stable upon repeated administration, with ICCs
>0.75 in most domains and exceeding 0.90 in some,
corresponding to high to excellent reliability.
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Responsiveness analysis demonstrated that
PANQOL provides a more uniform detection of clinically
meaningful changes, particularly in domains related to
energy and overall well-being, while Mayo VSQOL showed
exceptionally high responsiveness in social-emotional
domains and in the total score. For more precise
assessment of responsiveness, a larger sample size
than 30 patients and a longer postoperative follow-up
period may be required. These findings support the
practical utility of both scale for evaluating quality of
life in patients after microsurgical removal of vestibular
schwannoma and highlight different sensitivity profiles,
which may inform the choice of tool depending on
research or clinical objectives.

In this study, we assessed and compared patients
with vestibular schwannomas who underwent surgical
treatment or were managed using the “wait-and-scan”
strategy. However, for a comprehensive evaluation of the
quality of life of all VS patients, it would be also necessary
to include groups treated with radiation or combined
(surgical and radiation) modalities. Unfortunately, this
was not possible due to the lack of feedback from these
patient categories, as well as whole amount included
into research (244 from 829) largely as a result of the
people migration during war in Ukraine.

Our study demonstrated that the PANQOL and
Mayo VSQOL questionnaires provide complementary
information on the quality of life of patients with VS.

PANQOL showed a stable moderate-to-high
correlation with total SF-36, QLQ-C30, and BN20
scores across all three groups, confirming its reliability
for comprehensive assessment in both physical and
mental health. For example: In Group I, the correlation
coefficients were r = 0.635 with QLQ-C30 and r =
0.635 with BN20; In Group II, r = 0.596 with QLQ-C30
and r = 0.629 with BN20; In Group III, r = 0.663 with
QLQ-C30 and r = 0.743 with BN20. These data indicate
that PANQOL provides consistent and reliable quality-
of-life assessment across different patient groups.
Mayo VSQOL, on the other hand, showed a moderate
correlation with SF-36, QLQ-C30, and BN20 only in
Group II (r = 0.586 with QLQ-C30 and r = 0.501 with
BN20) but demonstrated higher sensitivity to intergroup
differences, particularly when comparing Group I vs. II
and Group II vs. III. This suggests that Mayo VSQOL
more effectively reflects clinical differences between
patients undergoing different treatment modalities, even
if its correlation with total SF-36 scores is lower.

Therefore, PANQOL can be used for comprehensive
assessment of physical and mental health, whereas
Mayo VSQOL is more suitable for sensitive detection of
clinical differences between treatment groups. Direct
comparisons of corresponding domains showed only
weak correlations, indicating that each questionnaire
should be used as an independent tool or that only
total scores should be compared. Although further
investigation is advisable to spend on more material for
precise comparison.

Comparative analysis of Groups II and III
demonstrated a statistically significant improvement
after surgery in several domains. The "Anxiety” domain
showed a mild decrease only when comparing Groups
I and II, while between Groups II and III it remained
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relatively stable, though without statistical significance.
In our opinion, this trend may be influenced by the
timing of the study in Ukraine during the wartime period
(2022-2024).

When comparing Groups II and III, not all patients
completed the items within the “Satisfaction or Regret”
domain, as some questions were applicable only to
individuals who had undergone active treatment
(surgery or radiation). Additionally, some patients
did not fully understand that the “wait-and-scan”
strategy constitutes an independent management
approach. Therefore, including this domain for patients
managed with the “wait-and-scan” strategy may
be methodologically inappropriate unless
accompanied by additional clarification regarding this
treatment modality.

For comprehensive validation, PANQOL and Mayo
VSQOL should be compared to other scales; however,
the total number of items in all of these questionnaires
including BN20, QLQ-C30, and SF-36 reaches 152.
Continuous completion of all instruments takes 20-60
minutes, requiring many patients to take breaks. Fatigue
and cognitive load may affect the accuracy of responses
and overall perception of questions. Practical experience
showed that PANQOL can be self-administered by
patients, whereas Mayo VSQOL requires explanations,
comfortable conditions, and greater attention to each
question. Despite or due to the greater complexity
and duration, Mayo VSQOL demonstrates increased
sensitivity to intergroup differences compared with
other assessment tools, making it effective for detailed
evaluation of treatment impact on QoL.

The use of the Mayo VSQOL, developed by Carlson et
al. (2022) [2], demonstrates a contemporary approach
to assessing disease-specific quality of life in patients
with VS, taking into account hearing, balance, cognitive
impairments, anxiety, and psychosocial adaptation.
The authors emphasized high internal consistency
(Cronbach’s a > 0.80 for most domains), adequate
test-retest reliability, and confirmed construct validity of
the instrument [2]. In our study, the adapted Ukrainian
version demonstrated similar psychometric properties,
confirming its effectiveness and validity for use in clinical
practice and research in Ukraine. To further enhance the
reliability and generalizability of the results, analysis on a
larger patient cohort is warranted, considering potential
cultural and socio-economic factors that may influence
patients’ perception of QoL.

Conclusion

1. PANQOL demonstrates a stable moderate-to-
high correlation with total SF-36, QLQ-C30, and BN20
scores across all three groups of vestibular schwannoma
patients treated by: Group I - traditional microsurgery
(2001-2016); Group II - contemporary modern
microsurgical techniques (2017-2024); and Group III -
observation (“wait and scan”), confirming its adequacy
for comprehensive assessment of physical and mental
health.

2. Mayo VSQOL shows a moderate correlation
with SF-36, QLQ-C30, and BN20 only in Group II,
but demonstrates higher sensitivity to intergroup
differences, making it effective for detecting clinical
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differences between patients undergoing different
treatment modalities.

3. Direct comparison of corresponding domains
between PANQOL and Mayo VSQOL is of limited clinical
value; it is more appropriate to compare total scores or
treat the questionnaires as independent instruments.

4. PANQOL is convenient for self-administration by
patients, whereas Mayo VSQOL requires explanations
and a comfortable setting but shows higher sensitivity
to differences between treatment groups.

5. Updated microsurgical techniques (2017-2024)
provide a statistically significant improvement in quality
of life for patients with VS compared with traditional
methods and “wait and scan”/observation.

6. The Ukrainian versions of PANQOL and Mayo
VSQOL demonstrated high reliability, stability, and
sensitivity to clinically meaningful postoperative
changes. PANQOL showed more uniform responsiveness
across domains, particularly for energy and overall well-
being, while Mayo VSQOL was especially sensitive in
social-emotional domains and the total score.

7. The Ukrainian versions of PANQOL and Mayo
VSQOL demonstrated adequate discriminant validity,
effectively distinguishing patients with different facial
nerve outcomes, extent of tumor resection, and cochlear
nerve preservation. Higher quality-of-life scores were
reported in patients with better clinical outcomes,
confirming the scale sensitivity to meaningful clinical
differences.

8. The cross-cultural adaptation and validation
of the PANQOL and Mayo VSQOL questionnaires were
successfully completed. However, further statistical
analysis on a larger patient cohort is required to confirm
their reliability and generalizability.
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In the article a rare case of abnormal anatomical structure of the median
nerve in a patient with carpal tunnel syndrome is described: a high bifurcation
of the median nerve.

A 67-year-old woman complained of periodic intense nocturnal pain and
numbness of 1-3 fingers of her left hand. During clinical examination Phalen’s
wrist flexion and wrist extension tests, Hoffmann-Tinel, postural provocation,
median nerve compression, and the “tourniquet” tests were positive. Allen's
test was negative. There was no atrophy of the thenar muscles, the strength
of palmar abduction of the thumb was comparable to that of the right hand.
Sensitivity of the fingers was unchanged. Based on the history and clinical
examination, a diagnosis of idiopathic carpal tunnel syndrome of the left hand
was made. Open carpal tunnel release, mesoepineurolysis of the median
nerve, and tenosynovectomy were performed. Intraoperatively, it was found
that from the proximal edge of the wound, the trunk of the median nerve was
split into two parts, which were reconnected in the area of the exit from the
carpal tunnel, forming a “loop” like structure. An hourglass deformity was
also noted on both branches of the median nerve. The radial branch of the
split nerve was visually thicker than the ulnar branch. Postoperatively, pain
and numbness of 1-3 fingers resolved completely.

The median nerve bifurcation is extremely difficult to detect preoperatively.
In the case of a traumatic complete anatomical injury to the median nerve,
one should make sure that this structural anomaly is absent, and if there is
a bifurcation of the nerve, an extended revision should be performed and a
suture should be placed on both damaged branches.

During surgical treatment of carpal tunnel syndrome, it is advisable to
check whether the bifurcated nerve runs through a single canal rather than
two separate canals. In the latter case, it is necessary to influence both canals
during operative or conservative treatment.

Keywords: abnormal anatomical structure; high bifid median nerve; carpal
tunnel syndrome

Introduction

Case presentation

The anatomical structure of the median nerve in
the forearm and hand has been extensively described
in numerous studies. However, various anomalies in
the structure of the nerve are of particular theoretical
and practical interest. One such anomaly is high
bifurcation—the splitting of the median nerve at the level
of the forearm and carpal tunnel. In foreign literature,
descriptions of this anomaly, especially clinical cases,
are quite rare [1]. Only one publication has been
found in the available Ukrainian-language scientific
literature [2], and none have been found in national
medical publications.

The aim of this study is to familiarize readers of the
journal with a rare anomaly in the anatomical structure
of the median nerve and to describe the features of
diagnosis and treatment of carpal tunnel syndrome in
combination with median nerve bifurcation.

A 67-year-old woman was admitted with complaints
of periodic, predominantly nocturnal, intense pain and
numbness in 1-3 fingers of her left hand. At night, her
condition improved only by lowering the hand, rubbing it,
and shaking it (the "flick" sign). These complaints began
4 years ago, and her condition gradually worsened. She
did not seek treatment. During the clinical examination,
Phalen’s wrist flexion and wrist extension tests,
Hoffmann-Tinel test from the median nerve projection
site on the forearm, the postural provocation test,
median nerve compression, and the “tourniquet” tests
were positive. Allen's test was negative. There was
no atrophy of the thenar muscles, and the strength of
the palmar abduction of the thumb was comparable to
that of the right hand. Sensitivity in the fingers was
unchanged. Based on the medical history and clinical
examination, a diagnosis of idiopathic carpal tunnel
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syndrome of the left hand was made and surgical
treatment was indicated.

Surgery was performed under local anesthesia using
the WALANT technique with a 1% lidocaine solution [3].
A C-shaped skin incision was made, extending to the
lower third of the forearm. The flexor retinaculum was
completely dissected longitudinally over the grooved
probe inserted into the carpal tunnel. Mesoepineurolysis
of the median nerve was subsequently performed. It was
found that, starting from the proximal edge of the wound,
the trunk of the median nerve was split into two parts,
which rejoined in the area of the exit from the carpal
tunnel, forming a so-called “loop” (Fig. 1).

An hourglass deformity was also noted on both
branches of the median nerve. The radial branch of
the split nerve was visually thicker than the ulnar
branch. Due to severe finger flexor tenosynovitis, a
tenosynovectomy was performed. The edges of the
flexor retinaculum were excised. Sutures were applied
to the skin. The postoperative period proceeded without
complications.

Three months after the operation, the patient
reported complete resolution of pain and numbness in
the fingers of the operated hand.

Fig. 1. High bifurcation of the median nerve (arrow
- bifurcated median nerve; triangle - hourglass
deformity of the median nerve; asterisk - “loop” of
the median nerve)
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Discussion

According to normal anatomy, the median nerve
in the lower third of the forearm looks like a single
trunk. In this form, it enters the carpal tunnel distally
together with the flexor tendons of I-V fingers and, in
the area of the distal edge of the flexor retinaculum,
splits into six motor branches to the thenar muscles, two
radial lumbrical muscles, and sensory branches to I-III
fingers and the radial surface of the ring finger [4]. Most
practicing surgeons are guided precisely by this normal
anatomy of the median nerve during operations on the
forearm and hand. However, upon closer examination
of the anatomy of the nerve, many features can be
noted that quite often affect the outcomes of surgical
interventions. The scientific literature describes variants
of the unusual structure and location of the branches
of the median nerve in the area immediately adjacent
to the carpal tunnel and in the area where it exits,
including extraligamentous location of the recurrent
motor branch (standard location), transligamentous,
supraligamentous, and subligamentous locations;
accessory recurrent motor branches; and the origin
of the recurrent motor branch from the volar or volar-
medial surface of the median nerve trunk, etc. [4, 5, 6].
Variants of bifurcation or even trifurcation of the median
nerve at the level of the lower third of the forearm are
also presented [7].

During surgery for carpal tunnel syndrome, we
incidentally encountered a bifurcation of the median
nerve in the lower third of the forearm and hand
corresponding to a high bifurcation of the median
nerve of group 3A according to the Lanz classification.
This variant is characterized by bifurcation of the
median nerve trunk proximal to the carpal tunnel,
with or without a connecting branch, in the absence
of a persistent median artery and lumbrical muscles
originating in the carpal tunnel region [8]. High
bifurcation of the median nerve was first described
in scientific medical literature by I. Kessler [9].

The clinical picture in the patient described above
did not differ from that observed in many other
patients we operated on with carpal tunnel syndrome.
Therefore, it is practically impossible to suspect the
presence of high bifurcation of the median nerve in
advance. In rare cases of persistent median artery
thrombosis, which sometimes occurs with bifurcation
of the median nerve, the clinical picture of carpal
tunnel syndrome may be altered and include sudden
numbness and paresthesia in the fingers innervated
by the median nerve, as well as pain and swelling in
the volar surface of the wrist joint [10, 11].

Another important feature of the abnormal
anatomical structure of the median nerve is that
the two branches of the nerve can run in separate
cylindrical canals formed by the fibers of the flexor
retinaculum [1]. Therefore, during operative or
conservative treatment it is necessary to influence
both canals.

Conclusion

We describe a case of unusual anatomical
structure of the median nerve in the lower third of
the forearm and carpal tunnel, specifically a high
bifurcation of the median nerve. It is necessary to
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be aware of the existence of such an anomaly in order
to avoid negative treatment outcomes. In the case of
traumatic complete anatomical injury to the median
nerve, one should make sure that this structural anomaly
is absent, and if there is a bifurcation of the nerve, an
extended revision should be performed and a suture
should be placed on both damaged branches.

During surgical treatment of carpal tunnel syndrome,
it is advisable to check that the bifurcated nerve runs
through a single canal, rather than two separate canals.
In the latter case, it is necessary to influence both canals
during operative or conservative treatment.
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