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Neuroinflammation is increasingly regarded as a key factor in the progression 
of neurological disorders. At the same time, in clinical practice it is often 
interpreted in an overly simplified manner and reduced to nonspecific activation 
of inflammatory responses.
Objective: to integrate contemporary molecular and cellular evidence in 
order to conceptualize neuroinflammation as a context-dependent and stage-
determined biological program, and to delineate mechanistic determinants 
relevant to biomarker interpretation and therapeutic stratification.
Materials and methods: A narrative analysis of contemporary experimental, 
translational, and clinical studies focusing on innate protective mechanisms 
of the central nervous system was performed. The review emphasizes 
PRR-mediated recognition of pathogen-associated and damage-associated 
molecular patterns, intracellular inflammatory signaling pathways (NF-κB, 
MAPK, JAK/STAT, inflammasome complexes), mechanisms of inflammatory 
termination and resolution, and the regulatory role of the blood–brain barrier 
(BBB). Particular attention was given to data on glial cell biology, neurovascular 
unit signaling, biomarker profiles in cerebrospinal fluid and blood, and disease-
specific neuroinflammatory phenotypes.
Results: The synthesized data indicate that neuroinflammation is not a 
uniform pathological state but represents a dynamic, multicomponent program 
shaped by the balance between initiation, amplification, resolution, and chronic 
persistence of inflammatory responses. Two closely interrelated components 
can be distinguished. The first is a resident innate neuroinflammatory 
program, predominantly mediated by microglia, astrocytes, and endothelial 
cells through PRR-dependent protective signaling mechanisms. The second 
is an adaptive immune component characterized by infiltration of peripheral 
immune cells and the development of antigen-specific responses. Disruption 
of resolution mechanisms, insufficient clearance of damage-associated 
signals, and sustained PRR activation promote the development of chronic 
neuroinflammation and neurodegenerative changes. The functional state of the 
BBB emerges as a critical modifier of neuroinflammatory dynamics, directly 
affecting biomarker interpretation, therapeutic access and clinical response.
Conclusions: Neuroinflammation should be conceptualized as a potentially 
modifiable biological program rather than a fixed pathological entity. Effective 
diagnostic and therapeutic strategies require context- and stage-specific 
stratification that takes into account the dominant inflammatory component, 
disease phase, etiological triggers, and the functional state of the BBB. 
Approaches aimed at limiting inflammatory amplification, restoring resolution 
mechanisms, and stabilizing barrier function are likely to offer greater 
translational potential than nonspecific anti-inflammatory suppression.
Keywords: neuroinflammation; pattern recognition receptors; innate 
protective mechanisms; microglia; blood–brain barrier; inflammasome; 
resolution of inflammation; biomarkers; translational neuroscience

Introduction
Inflammation is an evolutionarily conserved, 

regulated protective–adaptive tissue response to 
injury or threat to homeostasis, aimed at limiting 
damage, eliminating injured structures, and initiating 
repair. Under conditions of effective resolution, the 
inflammatory process culminates in functional tissue 
recovery, whereas dysregulation leads to its persistence 
and transition into a chronic pathological state [1, 2].

Inflammation of the central nervous system 
(neuroinflammation) has several clinically significant 
features determined by the structural isolation of the 
central nervous system (CNS), the presence of the 
blood–brain barrier (BBB), and the relatively limited 
involvement of adaptive immune cells. In contrast to 
peripheral tissues, inflammatory responses within the 
CNS parenchyma are predominantly mediated by glial 
cells—microglia, astrocytes, and oligodendrocytes—

Copyright © 2026 Mykhailo V. Khyzhnyak, Iryna H. Vasilyeva, Yuriy G. Gafiychuk

This work is licensed under a Creative Commons Attribution 4.0 International License 
https://creativecommons.org/licenses/by/4.0/



4

http://theunj.org

Ukrainian Neurosurgical Journal. Vol. 32, N2, 2026

whereas neutrophil–monocyte mechanisms become 
dominant mainly under conditions of substantial 
disruption of barrier integrity [3, 4]. Microglia integrate 
immune, trophic, and synaptic regulatory functions, 
which accounts for the close relationship between 
inflammatory activation and neuronal dysfunction [4].

From a clinical perspective, neuroinflammation is 
associated with a high functional “cost”: even moderate 
or prolonged activation of inflammatory mechanisms 
may be linked to impaired synaptic transmission, 
excitotoxicity, reduced neuroplasticity, and progression 
of neurodegenerative changes. These processes underlie 
cognitive, motor, and neuropsychiatric disturbances 
across a broad spectrum of acute and chronic CNS 
disorders.

At the molecular level, neuroinflammation engages 
universal inflammatory response programs, including 
activation of pattern recognition receptors (PRRs), such 
as Toll-like receptors (TLRs) and NOD-like receptors 
(NLRs), signaling pathways involving NF-κB, MAPK, and 
JAK/STAT, as well as production of key pro-inflammatory 
mediators, including IL-1β (interleukin-1β), TNF-α 
(tumour necrosis factor-α), IL-6, and HMGB1 (High 
Mobility Group Box 1) [5]. Of clinical relevance, these 
signaling cascades and regulatory circuits determine 
the balance between inflammatory resolution with 
tissue recovery and chronic persistence, the latter being 
associated with progressive neurodegeneration and 
poorer prognosis [2].

Thus, neuroinflammation should be regarded as 
a context-dependent manifestation of a universal 
inf lammatory program under CNS condit ions, 
characterized by specific cellular mechanisms, substantial 
influence on disease course, and potential relevance as 
a target for diagnostic and therapeutic interventions.

Given the clinical heterogeneity of neuroinflammation 
and its decisive role in determining the course and 
prognosis of CNS disorders, understanding the molecular 
and cellular mechanisms underlying inflammatory 
activation is of major importance. Analysis of the signaling 
cascades, cellular interactions, and regulatory circuits 
governing the initiation, maintenance, and resolution 
of neuroinflammation is a necessary prerequisite for 
the identification of diagnostic biomarkers and the 
development of targeted therapeutic strategies [6].

The aim of this review was to examine the key 
mechanisms of neuroinflammation with emphasis on 
their clinical and translational significance.

Mechanisms of neuroinflammation
Initiation of neuroinflammation: PAMP/DAMP 

→ PRR
Neuroinflammation is initiated in response to a broad 

spectrum of injurious stimuli, including infectious agents, 
ischemia/reperfusion, oxidative stress, mechanical 
trauma, and accumulation of pathological protein 
aggregates during neurodegeneration [7, 8]. Under 
these conditions, disruption of tissue homeostasis is 
accompanied by the release of two major classes of 
inflammatory inducers: pathogen-associated molecular 
patterns (PAMPs) during infection and damage-
associated molecular patterns (DAMPs) during sterile 
injury [7]. These signals are detected by PRRs.

Of clinical importance, PRR activation may occur 
before the appearance of overt structural abnormalities 
on neuroimaging, making these early molecular triggers 

promising targets for biomarker-based risk stratification 
and early therapeutic intervention [8,9].

Pattern recognition receptors in the CNS 
(PRR-mediated sensing)

A central event in the initiation of neuroinflammation 
is the activation of PRRs, which provide early sensing of 
both infectious agents and sterile tissue injury within the 
central nervous system (CNS). The principal classes of 
PRRs include: (1) TLRs, transmembrane receptors that 
recognize PAMPs and DAMPs in the extracellular space 
and within endosomes; (2) NLRs, cytoplasmic sensors 
whose activation leads to inflammasome assembly and 
subsequent release of pro-inflammatory cytokines; 
(3) RIG-I-like receptors (RLRs), intracellular sensors 
responsible for recognition of viral RNA; and (4) scavenger 
receptors (SRs), involved in the clearance of modified 
lipoproteins, amyloid peptides, and cellular debris [10–13].

Within brain tissue, microglia are the principal   
cellular carriers of PRRs. Astrocytes and oligodendrocytes 
also express a broad spectrum of PRRs and participate 
not only in the initiation of inflammatory responses but 
also in barrier regulation and reparative processes [3, 4]. 
Data obtained in recent years indicate the expression of 
specific PRRs on neurons, enabling them to respond to 
danger signals, modulate intracellular stress responses, 
and influence cell survival and synaptic function [8].

From a functional perspective, PRR-mediated 
sensing in the CNS serves as a mechanism of continuous 
surveillance of cerebral homeostasis. Activation of 
TLRs and RLRs predominantly mediates the initiation 
and amplification of inflammatory signaling, whereas 
NLR-dependent inflammasome pathways convert 
these signals into an effector response. In a clinical 
and translational context, PRR signaling is regarded 
as one of the earliest and potentially modifiable levels 
of the neuroinflammatory response, thereby creating 
opportunities for selective therapeutic strategies 
aimed at modifying disease course rather than merely 
suppressing inflammatory symptoms.

Chronic or dysregulated PRR activation is associated 
with the establishment of persistent inflammatory 
circuits and plays an important role in the pathogenesis 
of multiple sclerosis and other chronic neuroinflammatory 
and neurodegenerative conditions [6, 7]. In this context, 
PRRs and their downstream signaling cascades are 
considered key pathogenetic mechanisms, as well 
as promising therapeutic targets and biomarkers of 
neuroinflammatory activity [6, 7].

Molecular transduction of inflammatory signals 
in the nervous system

The inflammatory response in the nervous system 
is formed through coordinated activation of families of 
innate (sensory) immune receptors, including TLRs, 
NLRs, RLRs, and SRs. These sensors exhibit cell-specific 
expression patterns: the highest levels are characteristic 
of microglia, whereas astrocytes, oligodendrocytes, 
and neurons demonstrate a more limited and context-
dependent profile, reflecting their involvement in 
homeostatic and stress-associated responses.

Toll-like receptors
TLRs are localized on the plasma membrane and 

within endosomes, where they mediate the primary 
recognition of PAMPs and DAMPs. Their activation is 
accompanied by recruitment of the adaptor proteins 
MyD88 or TRIF, which, through the TAK1 signaling 



5Ukrainian Neurosurgical Journal. Vol. 32, N2, 2026

http://theunj.org

node, activate the IKK/NF-κB and MAPK/AP-1 signaling 
axes. As a result, transcription of pro-inflammatory 
mediators (IL-1β, IL-6, TNF-α), inflammatory enzymes 
(cyclooxygenase-2 (COX-2), inducible nitric oxide synthase 
(iNOS)), chemokines, and adhesion molecules is induced. 
Importantly, TLR signaling provides the “priming” phase 
of the inflammatory response by promoting synthesis of 
inactive precursor forms of IL-1β and IL-18, as well as 
upregulation of inflammasome components. A distinct 
role is played by the TRIF-dependent axis (predominantly 
associated with TLR3 and TLR4), which leads to induction 
of type I interferons and secondary activation of JAK/
STAT signaling. The combination of primary NF-κB/
MAPK activation and secondary JAK/STAT amplification 
forms stable autocrine and paracrine feedback loops 
that determine response duration and the potential for 
chronic neuroinflammation [14–16].

NOD-like receptors
NLRs are cytoplasmic sensors that respond to 

intracellular PAMPs and DAMPs and play a key role at the 
post-transcriptional stage of the inflammatory response. 
Activation of inflammasome complexes, particularly 
NLRP3, leads to recruitment and activation of caspase-1, 
which mediates proteolytic maturation of pro-IL-1β 
and pro-IL-18 into their biologically active forms. Thus, 
NLRs integrate danger signals with the mechanisms of 
secretion of key cytokines and determine the intensity 
of the effector phase of inflammation [17, 18].

RIG-I-like receptors
RLRs are intracellular sensors of viral RNA that 

function in the cytosol and mediate the antiviral 
component of innate immunity. Following binding to viral 
RNA, these receptors interact with the adaptor MAVS 
(mitochondrial antiviral signaling protein), localized on 
the outer mitochondrial membrane, thereby initiating 
activation of the transcription factors IRF3/IRF7 and 
NF-κB. This leads to synthesis of type I interferons and 
pro-inflammatory cytokines. Functionally, RLR signaling 
converges with TLR pathways at the level of NF-κB 
and may modulate inflammasome responses through 
mitochondrial mechanisms, thereby linking antiviral 
defense with the broader inflammatory program [19].

Scavenger receptors (SRs)
SRs mediate the clearance of modified lipids, 

amyloid peptides, and cellular debris, thereby playing 
a crucial role in maintaining tissue homeostasis. In the 
nervous system, they are most prominently expressed 
in microglia, where they execute phagocytic functions, 
whereas in other CNS cell types they are primarily 
involved in regulating metabolism and the local 
microenvironment. Functionally, SRs act as co-receptors, 
enhancing the efficiency of TLR and RLR activation 
through ligand delivery, and they also activate the 
NLR inflammasome via the induction of lysosomal and 
mitochondrial stress [20].

Signal integration
Thus, TLRs and RLRs are responsible for the 

initiation and transcriptional priming of the inflammatory 
response; NLRs mediate the maturation and secretion of 
key cytokines; whereas SRs modulate the intensity and 
spatial organization of these processes. The coordinated 
interplay among these receptor systems forms a 
multilayered signaling network that determines the nature 
of neuroinflammation—ranging from an acute protective 
response to chronic degenerative changes [2, 4, 6, 7].

Clearance of PAMPs and DAMPs as a critical 
stage in the resolution of neuroinflammation
Although PRR activation and the production of 

proinflammatory mediators define the initiation and 
amplification of the neuroinflammatory response, its 
resolution critically depends on the efficient cellular 
clearance of PAMPs and DAMPs. In the CNS, this 
process is primarily carried out by microglia through 
phagocytosis, efferocytosis, and receptor-mediated 
clearance, including mechanisms involving SRs, 
complement-dependent pathways, and lysosomal 
degradation [21]. Astrocytes also contribute by 
facilitating metabolic detoxification, spatial containment 
of damaged areas, and maintenance of barrier integrity, 
whereas neurons predominantly serve as passive targets 
rather than active effectors of clearance [22]. With 
effective elimination of molecular danger patterns, PRR 
signaling gradually subsides, promoting a shift of glial 
cells toward homeostatic and reparative programs. 
Conversely, impaired clearance of PAMPs/DAMPs leads 
to their persistence within tissues, sustains chronic 
PRR activation, and establishes self-perpetuating 
inflammatory circuits that drive the transition of 
neuroinflammation into a chronic maladaptive state [23].

Table 1 summarizes the principal PRR platforms 
involved in neuroinflammation, the relationships between 
their dominant signaling pathways and functional 
consequences, and the molecular biomarkers of activation, 
resolution, and chronicization. The presented scheme 
illustrates the organization of innate neuroinflammatory 
signaling (from transcriptional priming to the effector 
cytokine response) and demonstrates how dysregulated 
PRR activation contributes to the establishment of 
persistent inflammatory circuits and neurodegenerative 
progression.

Termination of inflammation and mechanisms 
of neuroinflammatory response chronicity

The inflammatory response is neither a linear nor a 
self-sustaining process. Under physiological conditions, 
it is accompanied by the activation of termination 
and resolution mechanisms aimed at restoring tissue 
homeostasis. Crucially, the same signaling platforms that 
initiate inflammation (TLRs, RLRs, and NLRs) may, under 
specific conditions, trigger negative regulatory circuits 
that limit the duration and intensity of the response.

Mechanisms of inflammatory termination and 
resolution

Termination of inflammation involves the coordinated 
attenuation of PRR signaling, switching of transcriptional 
programs, and activation of specialized anti-inflammatory 
pathways. Key events include the induction of negative 
regulators of TLR signaling (A20, SOCS, IRAK-M), which 
suppress NF-κB and MAPK activation [24]; increased 
production of anti-inflammatory cytokines (primarily 
IL-10 and TGF-β), which shift the phenotype of microglia 
and astrocytes toward reparative programs [25,  26]; 
activation of specialized pro-resolving mediators 
(resolvins, protectins, and maresins), which reduce 
chemotaxis and support debris clearance [27]; inhibition 
of inflammasome activity and reduced secretion of IL-1β 
and IL-18 [28]; and efficient phagocytosis of apoptotic 
cells and damage-associated products (efferocytosis), 
which itself generates anti-inflammatory signals [29].

Within the nervous system, these processes are 
accompanied by the transition of microglia from a 



6

http://theunj.org

Ukrainian Neurosurgical Journal. Vol. 32, N2, 2026

Ta
b

le
 1

. 
In

te
gr

at
io

n 
of

 p
rr

 s
ig

na
lin

g 
w

it
h 

re
so

lu
ti
on

, 
ch

ro
ni

ci
ty

, 
an

d 
bi

om
ar

ke
r 

pr
ofi

le
s 

of
 n

eu
ro

in
fla

m
m

at
io

n

P
R

R
 /

 P
la

tf
o

rm
K

ey
 s

ig
n

al
in

g
 p

at
h

w
ay

Fu
n

ct
io

n
al

 o
u

tc
o

m
e

A
ct

iv
at

io
n

 m
ar

ke
rs

R
e

so
lu

ti
o

n
 m

ar
ke

rs
C

h
ro

n
ic

it
y 

m
ar

ke
rs

TL
R
 (

TL
R

2/
4/

3/
7/

9)
M

yD
88

 /
 T

R
IF

 →
 N

F-
κB

, 
M

A
PK

, 
IR

F
Tr

an
sc

ri
pt

io
na

l i
ni

ti
at

io
n 

of
 

in
fla

m
m

at
io

n 
(S

ig
na

l 1
)

TN
F-

α,
 I

L-
6,

 p
ro

-I
L-

1β
, 

C
XC

L8
, 

IF
N

-β
IL

-1
0,

 T
G

F-
β,

 S
O

C
S1

/3
Pe

rs
is

te
nt

TN
F-

α,
 I

L-
6,

 S
TA

T3
- 

si
gn

at
ur

e

R
LR

 (
R

IG
-I

, 
M

D
A

5)
M

AV
S
 →

 I
R

F3
/7

, 
N

F-
κB

A
nt

iv
ir

al
 s

ta
te

 +
 p

ri
m

in
g

IF
N

-α
/β

, 
IS

G
 (

M
X
1,

 
O

A
S1

)
↓I

FN
-I

, 
no

rm
al

iz
at

io
n 

of
 I

S
G

s
C

hr
on

ic
 I

FN
 

si
gn

at
ur

e,
 I

S
G

 
pe

rs
is

te
nc

e

N
LR

 (
N

LR
P3

)
In

fla
m

m
as

om
e 
→

 c
as

pa
se

-1
M

at
ur

at
io

n 
of

 I
L-

1β
/I

L-
18

 
(S

ig
na

l 2
)

IL
-1

β,
 I

L-
18

, 
A

S
C
-s

pe
ck

s
C

as
pa

se
-1

 in
hi

bi
ti
on

, 
↓I

L-
1β

R
ec

ur
re

nt
 a

ct
iv

at
io

n 
of

 I
L-

1β
/I

L-
18

S
ca

ve
ng

er
 r

ec
ep

to
rs

 (
C

D
36

, 
S
R-

A
1)

Ph
ag

oc
yt

os
is

 →
 ly

so
so

m
al

 /
 

m
it
oc

ho
nd

ri
al

 s
tr

es
s 

C
le

ar
an

ce
 o

r 
m

ai
nt

en
an

ce
 

of
 t

he
 D

A
M

P 
lo

op
 

ox
LD

L,
 β

- 
am

yl
oi

d,
 

H
M

G
B1

Eff
er

oc
yt

os
is

, 
↓D

A
M

Ps
C

el
lu

la
r 

de
br

is
, 

ox
LD

L,
 s

C
D

36

M
ic

ro
gl

ia
PR

R-
 in

te
gr

at
io

n
C

el
lu

la
r 

hu
b 

of
 

ne
ur

oi
nfl

am
m

at
io

n
sT

R
EM

2,
 Y

K
L-

40
N

or
m

al
iz

at
io

n 
of

 
sT

R
EM

2
C

hr
on

ic
al

ly
 ↑

YK
L-

40

A
st

ro
cy

te
s

TL
R

/N
F-

κB
, 

JA
K

/S
TA

T
M

od
ul

at
io

n 
of

 t
he

 
m

ic
ro

en
vi

ro
nm

en
t

G
FA

P 
(C

S
F)

, 
C

C
L2

↓G
FA

P,
 I

L-
10

S
us

ta
in

ed
 ↑

G
FA

P,
 

C
C

L2

Im
pa

ir
ed

 c
le

ar
an

ce
Pe

rs
is

te
nc

e 
of

 P
A
M

Ps
/D

A
M

Ps
 

→
 P

R
R
 r

ea
ct

iv
at

io
n

M
ai

nt
en

an
ce

 o
f 
se

lf-
am

pl
if
yi

ng
 in

fla
m

m
at

or
y 

ci
rc

ui
ts

H
M

G
B1

, 
m

tD
N

A
, 

ox
LD

L
A

bs
en

t 
or

 r
ed

uc
ed

IL
-6

, 
IL

-1
β,

 Y
K

L-
40

, 
G

FA
P,

 s
C

D
36

N
ot

e:
 S

ig
na

l 1
 r

ef
er

s 
to

 t
ra

ns
cr

ip
ti
on

al
 p

ri
m

in
g;

 S
ig

na
l 2

 d
en

ot
es

 in
fla

m
m

as
om

e 
ac

ti
va

ti
on

. 
A

S
C
 s

pe
ck

s 
ar

e 
ag

gr
eg

at
es

 o
f 
A

S
C
 (

ap
op

to
si

s-
as

so
ci

at
ed

 s
pe

ck
-l

ik
e 

pr
ot

ei
n 

co
nt

ai
ni

ng
 a

 C
A
R

D
),

 in
di

ca
ti
ng

 in
fla

m
m

as
om

e 
as

se
m

bl
y.



7Ukrainian Neurosurgical Journal. Vol. 32, N2, 2026

http://theunj.org

pro-inflammatory to a homeostatic or reparative state, 
normalization of astrocytic reactivity, and stabilization 
of neuron–glia interactions [30].

Features and molecular determinants of 
chronicity. Inflammatory chronicity develops when 
resolution mechanisms are insufficient or impaired. The 
principal processes indicating transition to the chronic 
phase include persistent PRR activation in response to 
endogenous DAMPs (mitochondrial DNA, oxidized lipids, 
aggregated proteins) [31]; sustained NF-κB and JAK/
STAT activation, maintaining autocrine and paracrine 
inflammatory loops [14]; stable or recurrent activation 
of the NLRP3 inflammasome with chronic production of 
IL-1β and IL-18 [32]; impaired SR-mediated clearance 
of cellular and myelin debris, which sustains low-grade 
inflammation [30]; and phenotypic fixation of microglia 
and astrocytes in a reactive state accompanied by loss 
of homeostatic functions [33, 34].

Triggers of the neuroinflammatory process: 
etiological and infectious context

Despite the universality of PRR-dependent 
signaling mechanisms, the clinical interpretation of 
neuroinflammation is impossible without consideration 
of the etiological triggers that initiate or sustain 
inflammatory processes within the central nervous 
system. Such triggers include both infectious agents and 
sterile injurious factors capable of activating common 
PRR-mediated inflammatory programs (Table 2).

Of particular clinical importance are persistent or 
latent neurotropic infections, especially herpesviruses, 
which may remain within nervous tissue for prolonged 
periods and undergo periodic reactivation without overt 
manifestations of acute infection. Under such conditions, 
chronic or intermittent activation of RLR-dependent and 
TLR-dependent pathways occurs, sustaining low-grade 
neuroinflammation even in the absence of clinically 
manifest infectious disease [35].

In this context, the neuroinflammatory response 
may be characterized by a persistent interferon 
signature, inflammasome activation, and progressive 
BBB dysfunction, thereby shaping a phenotype of 
chronic neuroinflammation. Detection of viral DNA/RNA 
or specific antibodies in cerebrospinal fluid (CSF) and 
blood enables differentiation between infection-mediated 
neuroinflammatory processes and sterile inflammation, 
which is of fundamental importance for the selection of 
an appropriate therapeutic strategy [35].

Interpretation of PRR-mediated inflammatory 
signatures without etiological verification of infectious 
tr iggers may result in the misclassif ication of 
neuroinflammatory conditions and, consequently, in 
suboptimal therapeutic decisions [35]. Therefore, 
etiological verification of the pathogen or its immunological 
markers should be considered a contextual modifier in 

the interpretation of PRR activation, biomarker profiles, 
and treatment response.

An important, yet often underestimated, component 
in the initiation and maintenance of the neuroinflammatory 
process is inflammatory activation of the CNS vascular 
endothelium. Endothelial cells express PRRs and are 
capable of directly responding to systemic and local 
danger signals, including PAMPs and DAMPs. Their 
activation is accompanied by the induction of NF-κB-
dependent and MAPK-dependent programs, expression 
of adhesion molecules (ICAM-1, VCAM-1), and secretion 
of cytokines and chemokines [36, 37].

Endothelial inflammation leads to BBB dysfunction, 
disruption of tight junctions, and increased permeability. 
Even in the absence of overt structural barrier damage, 
the endothelium may translate systemic inflammation 
into a central immune response by activating microglia 
and modulating neuronal function through paracrine 
mechanisms [36, 37].

The blood–brain barrier as a modifier of the 
neuroinflammatory process

The blood–brain barrier is not merely a physical 
boundary between the systemic circulation and the CNS, 
but also an active modifier of the neuroinflammatory 
process (Table 3), determining the intensity, spatial 
organization, and dynamics of the inflammatory 
response within the CNS. Its functional state changes 
in response to PRR-dependent signaling, as well as to 
the effects of cytokines, interferons, and products of 
tissue injury [38].

During the acute phase of inflammation or CNS 
injury, the BBB is frequently characterized by increased 
permeability, creating a therapeutic “window” while 
simultaneously contributing to secondary injury. In 
subacute and chronic conditions, the BBB may appear 
structurally restored while remaining functionally 
dysregulated, with impaired transport and persistent 
endothelial activation. This reduces the effectiveness of 
systemic therapy and increases the risk of inflammatory 
chronicization [39, 40].

Contex t - dependent  mani fes tat ion o f 
neuroinflammation across different nosologies. 
A l t hough  t he  f undament a l  mec han i sms  o f 
neuroinflammation are universal, their manifestation 
differs substantially depending on the specific nosology 
(Table 4). In neurotrauma and ischemia, acute 
DAMP-mediated responses predominate, whereas 
neurodegenerative diseases are characterized by 
prolonged low-symptom glial activation [41]. In CNS 
tumors, neuroinflammation is integrated with an 
immunosuppressive microenvironment [42], while 
in chronic pain and neuropsychiatric disorders it is 
associated with disrupted neuron–glia communication 
[43, 44].

Table 2. Contextual relationship between etiological triggers and neuroinflammatory profiles

Context What is determined? Purpose

Suspected virus-induced inflammation Viral DNA/RNA in the CSF Confirmation of active or persistent infection

Latent or previous infection IgG, CSF/serum antibody 
index

Identification of a potential trigger of 
chronicization

IFN signature without a clearly defined 
etiology Antibodies + ISGs Differentiation of sterile inflammation from 

infection-associated inflammation

Impaired BBB integrity Antibodies + Q-albumin Accurate interpretation of antibody penetration
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Discussion
This review summar izes current concepts 

of neuroinf lammation as a multilevel biological 
process arising from the interaction between sensing 
mechanisms, intracellular signal transduction, regulation 
of barrier structures, and the tissue-specific vulnerability 
of the CNS. Neuroinflammation is not a homogeneous 
pathological condition. Rather, it should be regarded 
as a dynamic, phase-specific program whose clinical 
consequences are determined by the balance among 
initiation, amplification, resolution, and BBB-mediated 
modulation [1–3].

Conceptually, it is important to distinguish at 
least two interconnected, yet non-identical, levels 

of immune activity within the CNS. The first level is 
the innate neuroinflammatory program, implemented 
predominantly by resident cells (microglia, astrocytes, 
and endothelial cells of the neurovascular unit) 
and initiated through PRR signaling in response to 
infectious and sterile danger signals. The second level 
is the adaptive immune component, characterized 
by the involvement of peripheral T cells and B cells, 
the development of clonally specific responses, and 
tissue-mediated injury, which may coexist with the 
neuroinflammatory program or predominate in certain 
nosologies and phases of the process [1,4]. Such 
stratified differentiation is required not to “divide” a 
single process, but to ensure accurate interpretation 

Table 3. Therapeutic strategies in the context of the functional state of the blood–brain barrier and expected 
biomarkers

Therapeutic approach Functional state of the 
BBB Expected therapeutic effect Expected biomarkers 

(CSF/Blood)

Corticosteroids Acutely disrupted, 
“open”

Reduction of edema and 
suppression of cytokine release

↓IL-6, ↓TNF-α, ↓MMP-
9, ↓ Q-albumin

Anti-IL-1β/anti-TNF 
therapy Partially disrupted Reduction of inflammasome and 

NF-κB activation ↓IL-1β, ↓IL-18, ↓CRP

JAK/STAT inhibitors Dysfunctional, with 
chronic activation

Limitation of autocrine/paracrine 
inflammatory loops

↓STAT3-сигнатура, 
↓IL-6

Antiviral therapy/IFN 
modulation

Acute inflammation 
with RLR activation

Reduction of viral load and 
normalization of IFN

↓IFN-α/β, ↓ISG           
(MX1, OAS1)

Nanoparticles, exosomes Relatively intact Improved drug delivery to the 
CNS

Targeted therapeutic 
markers, stable 
Q-albumin

Intranasal delivery Intact BBB bypass with localized 
therapeutic action

Local changes in 
biomarkers without 
systemic activation

Table 4. Nosology-specific patterns of blood–brain barrier dysfunction and mechanisms of neuroinflammation

Nosology Typical BBB State
Dominant 

Mechanisms of 
Inflammation

Therapeutic 
Implications

Clinically Relevant 
Biomarkers (CSF/

Blood)

Acute traumatic 
brain injury

Severely disrupted, 
transiently “open”

TLR/NLR activation, 
inflammasome 
activation, matrix 
metalloproteinases

Utilization of the 
therapeutic window; 
control of secondary 
injury

↑Q-albumin, ↑IL-
1β, ↑TNF-α, ↑MMP-
9, ↑GFAP

Ischemic stroke
Phase-dependent 
disruption (acute → 
partially restored)

TLR4, NLRP3, 
oxidative stress

Phase-oriented 
therapy; limitation of 
reperfusion injury

↑IL-6, ↑IL-1β, 
↑S100B, ↑CRP

Neuroinfections 
(viral) Disrupted RLR → IFN-I, 

TLR3/7
Antiviral therapy 
adjusted for BBB 
permeability

↑IFN-α/β, ↑ISG 
(MX1), ↑CXCL10

Multiple sclerosis Chronically 
dysfunctional

TLR/NLR signaling, 
adaptive immunity

Immunomodulation 
combined with control 
of barrier function

↑OCB, ↑CXCL13, 
↑GFAP

Alzheimer’s disease Functionally impaired 
(low-grade leakage)

SR (CD36), NLRP3, 
DAMPs

Targeting resolution 
pathways and 
clearance mechanisms

↑Aβ, ↑p-tau, ↑YKL-
40, ↑sTREM2

Parkinsonism Partially disrupted Microglial 
activation, NLRP3

Modulation of 
neuroinflammation

↑IL-6, 
↑α-synuclein, 
↑GFAP

Chronic 
posttraumatic 
encephalopathy

Dysregulated, 
incompletely restored

Persistent NF-κB 
activation, DAMPs

Combined therapy 
(anti-inflammatory + 
pro-resolution)

↑IL-6, ↑GFAP, ↑NfL

Neuro-Oncology 
(perifocal 
inflammation)

Locally disrupted
TLR/SR signaling, 
cytokine 
microenvironment

Local drug delivery 
and edema control

↑VEGF, ↑IL-8, 
↑GFAP
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of biomarkers, prognosis, and therapeutic strategy 
selection.

The principal conclusion is that activation of the 
innate neuroinflammatory program is not inherently 
pathological. PRR-dependent signaling provides a 
surveillance mechanism enabling rapid detection of 
infectious and sterile threats. Short-term activation 
of Toll-like and NOD-like receptors supports anti-
infectious defense, clearance of damaged structures, 
and tissue adaptation. Pathological consequences 
arise predominantly not from activation itself, but 
from impaired termination and resolution, resulting 
in prolonged signaling, fixation of the reactive glial 
phenotype, and progressive tissue dysfunction [2,4]. 
At the same time, under conditions of a substantial 
contribution from the adaptive immune component 
(with clonal specif icity and cellular inf iltration), 
mechanisms of injury and therapeutic targets may shift 
from regulation of resident glia and PRR-associated 
pathways toward control of cellular migration, antigen-
mediated responses, and effector functions of T cells and                                                                           
B cells [1].

The analyzed data emphasize the importance of 
distinguishing between the initiation phase and the 
persistence (chronicization) phase of neuroinflammation. 
At early stages, PRR-mediated activation reflects an 
adaptive response to acute injury, whereas prolonged 
activation maintained by autocrine and paracrine 
cytokine loops drives the transition toward a chronic, 
maladaptive process. This has direct translational 
implications: nonspecific suppression of early stages of 
the innate program may weaken protective mechanisms, 
whereas interventions aimed at controlling amplification, 
persistence, and/or enhancing resolution possess greater 
disease-modifying potential [2,4]. If the adaptive immune 
component predominates in a clinical context, the critical 
factors become the recruitment and retention phases 
of effector cells within the CNS, as well as the barrier 
mechanisms determining the intensity of infiltration. 
In such circumstances, the same “cytokine” signature 
may have different implications depending on whether 
it results from resident glial activation or accompanies 
a clonally mediated immune response [1, 3].

The BBB plays a distinct integrative role in shaping 
the neuroinflammatory process. It should be regarded 
not merely as an obstacle to drug penetration, but also 
as an active regulator of neuroinflammatory dynamics 
and therapeutic responsiveness. Inflammation-induced 
alterations in endothelial tight junctions, transporter 
expression, and neurovascular interactions transform 
the CNS microenvironment, influencing both immune 
communication and the availability of pharmacological 
agents. Accordingly, variability in the functional 
state of the BBB may explain differences in clinical 
responses to identical interventions depending on 
disease stage or individual patient characteristics 
[3,5–7]. Within the proposed stratification framework, 
the BBB has a dual role: it modulates the intensity 
of the innate neuroinflammatory program through 
endothelial activation and neurovascular signaling, 
while simultaneously determining the magnitude of 
the adaptive immune component by controlling the 
migration and penetration of peripheral immune cells 
into the CNS [3, 6].

This approach challenges the simplified use of 
inflammatory biomarkers. Elevated cytokine levels 
in blood or CSF do not invariably reflect active 
neuroinflammation and cannot automatically be 
interpreted as therapeutic targets. Interpretation should 
be integrative, taking into account disease phase, 
etiological context, and BBB status. It should also include 
assessment of which component predominates — the 
resident (innate) neuroinflammatory program or the 
infiltrative (adaptive immune) component. Without such 
differentiation, the risk of erroneous clinical decisions 
and overestimation of “inflammatory activity” as the 
sole basis for therapy substantially increases [1, 7, 8].

The situation is further complicated by the interaction 
between infectious and sterile triggers. Infectious insults 
may leave a prolonged immunological “imprint,” lowering 
the activation threshold of the innate neuroinflammatory 
program during subsequent noninfectious injury. 
Conversely, sterile processes may mimic infectious 
responses through shared PRR-mediated pathways. This 
highlights the limitations of a purely etiological approach 
and substantiates the need for mechanistically grounded 
stratification in diagnosis and treatment [2, 3].

From a therapeutic perspective, the findings of this 
review support a paradigm shift from generalized anti-
inflammatory suppression toward context-dependent and 
resolution-oriented strategies. Targeting key signaling 
nodes, stabilizing barrier functions, and stimulating 
active resolution mechanisms may provide superior 
outcomes compared with nonspecific cytokine blockade. 
At the same time, the timing of intervention is critically 
important: therapies effective during early stages 
may lose efficacy or even exert adverse effects once 
persistence of the neuroinflammatory program has been 
established or when the infiltrative adaptive immune 
component predominates, under which therapeutic 
priorities and biomarker targets may differ [1, 2, 4, 7].

Overall, neuroinflammation should be considered 
a modifiable biological program rather than a fixed 
pathological entity. Its clinical significance arises from the 
interaction of molecular signals, cellular responses, and 
barrier mechanisms that evolve over time. Recognition 
of this dynamic nature and of the stratification between 
the resident (innate) neuroinflammatory program and 
the infiltrative (adaptive immune) component constitutes 
a necessary prerequisite for translating fundamental 
knowledge into effective clinical strategies [1, 3].

Conclusions
Neuroinflammation is a complex, dynamic, and 

context-dependent biological process that extends 
beyond the simplified concept of local or systemic 
overproduction of pro-inflammatory mediators. The 
data summarized in this review indicate that the clinical 
significance of neuroinflammation is determined not 
by immune activation itself, but by the balance among 
initiation, amplification, resolution, and barrier regulation 
of the inflammatory response within the CNS.

A fundamental aspect is the distinction between two 
interconnected components of the neuroinflammatory 
process. The first is the innate neuroinflammatory 
program, implemented predominantly by resident CNS 
cells (microglia, astrocytes, and endothelial cells of the 
neurovascular unit) and initiated through PRR-dependent 
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sensing of infectious and sterile danger signals. Its short-
term activation constitutes an essential component of 
immune surveillance, adaptation to injury, and tissue 
repair. The second is the adaptive immune component, 
characterized by the involvement of peripheral T cells and 
B cells, clonally specific responses, and tissue-mediated 
effects that may coexist with the innate program or 
predominate in certain nosologies and phases of the 
process.

The pathological consequences of neuroinflammation 
arise primarily from impaired mechanisms of termination 
and resolution of the innate program and/or from 
its sustained integration with the adaptive immune 
component. Persistent signaling, fixation of the reactive 
glial phenotype, formation of self-sustaining cytokine 
loops, and barrier dysfunction transform an initially 
protective response into a chronic pathological process 
underlying neurodegeneration, cognitive impairment, 
and reduced functional recovery.

The blood–brain barrier is a key modifier of both 
components of neuroinflammation. On the one hand, it 
regulates the intensity and spatial organization of the 
innate neuroinflammatory program through endothelial 
activation and neurovascular communication; on the 
other hand, it determines the magnitude and nature 
of the adaptive immune component by controlling the 
penetration and retention of peripheral immune cells 
within the CNS. The functional state of the BBB directly 
influences both biomarker interpretation and the 
variability of clinical responses to therapy.

The presented findings highlight the limitations 
of universal anti-inflammatory strategies. Effective 
treatment requires a context-dependent and stage-
specific approach that takes into account: (1) the 
predominance of the innate neuroinflammatory program 
or the adaptive immune component, (2) the phase of 
the process (initiation or persistence), (3) the functional 
state of the BBB, and (4) the biomarker profile in blood 
and CSF. Under such conditions, priority should be given 
to strategies aimed not only at suppressing inflammation, 
but also at controlling amplification, stabilizing barrier 
functions, and stimulating active resolution mechanisms.

Overall, neuroinflammation should be regarded 
as a modifiable and potentially manageable biological 
program rather than a fixed pathological entity. 
A clear distinction between the resident (innate) 
neuroinflammatory program and the infiltrative (adaptive 
immune) component provides the methodological basis 
for accurate biomarker interpretation, personalization 
of therapeutic interventions, and effective translation 
of fundamental mechanisms into clinically meaningful 
solutions.
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Objective: To summarize current international and national evidence regarding 
the mechanisms underlying posttraumatic seizures and posttraumatic epilepsy 
following traumatic brain injury, to identify the main clinically relevant risk 
factors, and to outline approaches to seizure prophylaxis, neurophysiological 
monitoring, and prediction of long-term outcomes.
Materials and methods: Publications from the PubMed, Scopus, and Web 
of Science databases, published predominantly between 2020 and 2025, as 
well as relevant national sources, were analyzed. The review included clinical 
practice guidelines, systematic reviews, meta-analyses, and key original 
studies addressing posttraumatic seizures and epileptogenesis after traumatic 
brain injury.
Results: Early posttraumatic seizures were found to be primarily associated 
with acute metabolic and structural brain disturbances, whereas late 
seizures are usually considered a clinical manifestation of established 
posttraumatic epilepsy resulting from prolonged processes of epileptogenesis, 
neuroinflammation, microglial activation, and synaptic network remodeling. 
Prophylactic use of antiseizure medications is associated with a reduction in the 
incidence of early posttraumatic seizures but does not prevent the development 
of posttraumatic epilepsy. Electroencephalography and continuous EEG 
monitoring play an important role in risk stratification and in the detection of 
subclinical (nonconvulsive) seizures.
Conclusions: Management of patients with traumatic brain injury and 
posttraumatic seizures requires a differentiated multidisciplinary approach 
integrating clinical, neurophysiological, and neuroimaging risk factors. Further 
research should focus on improving prediction of posttraumatic epilepsy and 
identifying validated biomarkers of epileptogenesis.
Keywords: traumatic brain injury; posttraumatic seizures; posttraumatic 
epilepsy; electroencephalography; seizure prophylaxis

Introduction
Traumatic brain injury (TBI) remains one of the 

leading causes of persistent neurological impairment, 
disability, and symptomatic epileptic seizures in the adult 
population. According to contemporary epidemiological 
studies, the prevalence of TBI continues to increase, 
which is associated with road traffic injuries, urbanization, 
occupational trauma, and armed conflicts [1].

According to estimates from the Global Burden of 
Disease study, approximately 20.8 million new cases 
of TBI were registered worldwide in 2021, whereas the 
total number of individuals living with the consequences 
of traumatic head injury reached approximately 37.9 
million. Mild TBI predominates (70–90%), whereas 
moderate and severe injuries are less common but are 
associated with the highest risks of mortality, disability, 
and long-term neurological complications [2–5].

Among the most clinically significant complications 
of TBI are post-traumatic seizures and post-traumatic 
epilepsy. Post-traumatic seizures not only complicate the 

acute phase of injury but also adversely affect recovery 
processes, are associated with an increased risk of 
secondary brain injury, prolonged hospitalization, and 
reduced long-term quality of life [6, 7].

According to various studies, early post-traumatic 
seizures occur in 2–10% of patients, depending on injury 
severity and the clinical population studied [8, 9]. The 
risk of developing delayed post-traumatic epilepsy after 
TBI is substantial and increases with injury severity. 
In some patients with severe TBI, the risk of epilepsy 
may exceed 12–15% during subsequent years of 
follow-up [10, 11]. Several reviews have summarized 
data regarding the incidence and risk factors of post-
traumatic epilepsy across different age groups and 
clinical subpopulations [12, 13].

It has been established that seizure development 
after TBI is associated with poorer functional outcomes 
and an increased risk of long-term neurological 
complications, including cognitive impairment and 
dementia [14, 15]. Studies by leading researchers 
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emphasize the necessity of a differentiated approach 
to the prevention of post-traumatic seizures, timely 
implementation of EEG monitoring, and interdisciplinary 
management of patients with severe TBI [16, 17].

Objective: To summarize current international and 
national evidence regarding the mechanisms underlying 
post-traumatic seizures and post-traumatic epilepsy 
following traumatic brain injury, to identify the principal 
clinically significant risk factors, and to outline current 
approaches to seizure prophylaxis, neurophysiological 
monitoring, and prediction of long-term outcomes.

Materials and methods
A literature search was conducted using the PubMed 

and MEDLINE databases, as well as specialized Ukrainian 
scientific publications. The analysis included clinical 
practice guidelines issued by professional societies, 
systematic reviews, meta-analyses, cohort studies, 
and review articles published predominantly between 
2020 and 2025, together with seminal studies of 
conceptual importance for understanding post-traumatic 
epileptogenesis.

The inclusion criteria comprised publications 
addressing post-traumatic seizures, post-traumatic 
epilepsy, seizure prophylaxis after TBI, the use of 
electroencephalography (EEG) and continuous EEG 
monitoring, as well as prediction of neurological 
outcomes following traumatic brain injury. In total, 31 
sources were analyzed, including both contemporary 
publications and classical studies that established the 
principal approaches to this problem.

In contemporary clinical practice, post-traumatic 
seizures are generally classified as early (within 7 
days after injury) and late (occurring more than 7 days 
after injury) [18]. Several clinical and neurosurgical 
publications describe seizures occurring within the 
first 24 h after TBI as manifestations of acute brain 
injury associated with primary structural and metabolic 
disturbances [7, 18, 19]. In the present review, such 
seizures are considered within the category of early 
post-traumatic seizures.

Early post-traumatic seizures are generally associated 
with acute structural and metabolic alterations, among 
which cerebral edema, intracranial hemorrhage, 
exposure of cortical tissue to blood products, disruption 
of ionic homeostasis, and ischemic injury play central 
roles [19]. These changes occur more frequently in 
patients with severe TBI, penetrating injuries, and 
intracranial hemorrhages and are associated with an 
increased risk of secondary brain injury and potentially 
poorer short-term treatment outcomes [8, 9].

Late post-traumatic seizures are regarded as a 
clinical manifestation of established or evolving post-
traumatic epilepsy caused by prolonged processes 
of epileptogenesis, neuroinflammation, and neuronal 
network remodeling [20–22].

The principal risk factors for the development of 
post-traumatic seizures/post-traumatic epilepsy include 
severe TBI, cortical injuries (contusions), intracranial 
hemorrhages (particularly subdural hemorrhages), 
diffuse or multifocal traumatic brain injury, as well 
as neurosurgical interventions, which may serve 
as markers of injury severity and structural brain 

damage [10, 13, 19, 21, 23]. Particularly high risks 
of post-traumatic epilepsy are observed in patients 
with cortical contusions and other structural cortical 
injuries, especially in the presence of intracranial 
hemorrhage. This association is believed to result 
from prolonged epileptogenic processes and neuronal 
network remodeling within the area of traumatic injury 
[13, 20, 21, 24].

Electroencephalography performed at hospital 
admission after severe TBI may be useful for stratification 
of the risk of post-traumatic epilepsy [25].

According to current international clinical guidelines, 
prophylactic administration of antiseizure medications 
in patients with moderate-to-severe TBI who are at 
high risk of seizures significantly reduces the incidence 
of early post-traumatic seizures. However, convincing 
evidence supporting the effectiveness of such therapy in 
preventing the long-term development of post-traumatic 
epilepsy has not been demonstrated [25–27].

Meta-analyses conducted in recent years have 
demonstrated comparable efficacy of phenytoin and 
levetiracetam for the prevention of early post-traumatic 
seizures. Levetiracetam is characterized by a more 
favorable safety and tolerability profile, which is of 
particular importance in patients with polytrauma and 
concomitant somatic disorders [26–28].

The first post-traumatic seizure occurring during the 
acute phase of TBI is regarded as an acute symptomatic 
seizure and requires a therapeutic approach focused 
on correction of the acute underlying cause and 
seizure control rather than a purely prophylactic                          
strategy [29–31].

Decisions regarding continuation or initiation of 
long-term antiseizure therapy after a seizure occurring 
during the acute phase of TBI should be made on an 
individual basis, taking into account clinical risk factors 
and neuroimaging findings associated with an increased 
risk of post-traumatic epilepsy [13, 21].

Conclusions
1. Post-traumatic seizures are a common and 

clinically significant complication of traumatic brain 
injury (TBI).

2. Prophylactic antiseizure therapy is effective only 
in preventing early post-traumatic seizures and does not 
reduce the risk of developing post-traumatic epilepsy.

3. Electroencephalography and continuous EEG 
monitoring play an important role in the detection 
of subclinical (nonconvulsive) seizures and in risk 
stratification for post-traumatic epilepsy.

4. Management of patients after TBI requires a 
differentiated multidisciplinary approach involving both 
neurologists and neurosurgeons.

Clinical recommendation
Prophylactic antiseizure therapy should be 

administered to patients with moderate-to-severe TBI 
who are at high risk of early post-traumatic seizures, 
including those with cortical injuries, intracranial 
hemorrhages, penetrating trauma, or a history of 
neurosurgical interventions.

Levetiracetam is considered the preferred agent 
at a dosage of 500–1000 mg twice daily, administered 
either intravenously or orally. Phenytoin may be used 
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as an alternative, with a loading dose of 15–20 mg/kg 
followed by maintenance therapy.

The duration of prophylactic therapy should not 
exceed 7 days in the absence of clinical or EEG evidence 
of seizure activity.

For patients with severe TBI admitted to intensive 
care units, the use of EEG and continuous EEG monitoring 
is recommended for early detection of subclinical 
(nonconvulsive) seizures and optimization of treatment 
strategies.
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Restoration of skull vault defects is especially important in the early stages of 
treatment, which minimizes the number of purulent and necrotic complications 
involving both the skull and the underlying deep structures.
Оbjective: To develop the most rational approach and surgical tactics for the 
rehabilitation treatment of patients with defects of the cranial vault after burns 
under conditions of primary reconstruction.
Materials and methods: We observed 16 patients with cranial vault lesions 
aged from 2 months to 46 years (average age, 25.3 years). Three groups of 
patients were identified.
- Lesions of superficial tissues without periosteal involvement (4 patients 
25.0%);
- Soft tissue and periosteum lesions with exposure of the cortical bone layer 
(6 patients, 37.5%).
- Deep soft tissue and bone lesions (6 patients, 37.5%)
Depending of the depth, area of damaged tissue and localization of the defect, 
as well as the presence of unaffected areas, skin grafting, revascularizing 
interventions using complex flaps, bone milling or removal were used.
Results: The engraftment of skin grafts in patients in whom this method 
was used as the primary technique for closing defects was 70%. Complete 
engraftment of local and regional flaps occurred in all cases. Necrosis of up to 
30% of the trapezius muscle flap occurred in one case. The study demonstrated 
the possibility of primary closure of cranial vault defects in patients with various 
lesions of anatomical structures.
Conclusions: The use of a differentiated approach to the treatment of skull 
vault defects ensures favorable therapeutic outcomes for patients.
Keywords: cranial vault defects; post-burn cranial injury; complex flaps; plastic 
surgery; primary reconstruction; cranial defect closure

Introduction
Defects of the cranial vault develop following deep 

flame burns, electrical and thermomechanical injuries, 
mechanical trauma, and infectious lesions of the soft 
tissues. Surgical treatment of this category of patients 
represents a complex clinical challenge because of 
the deficiency of soft tissues. This necessitates a 
nonstandardized approach to the selection of treatment 
strategies and surgical techniques [1].

Surgical management of these patients requires 
meticulous preoperative planning, which significantly 
reduces the risk of postoperative complications and 
improves the long-term quality of life of affected 
individuals [2].

Tissues of the cranial vault from adjacent areas are 
commonly used for defect reconstruction. However, 
the frequent damage to surrounding tissues and the 
presence of degenerative and dystrophic changes often 
necessitate revascularization of the affected area [1]. 
Fasciocutaneous and musculocutaneous flaps are best 
suited to these requirements, providing well-vascularized 
tissue coverage and stable skin reconstruction [3–6]. 

Nevertheless, the high incidence of complications, 
as well as the complexity and prolonged duration of 
microsurgical procedures, limit their widespread use. 
Damage to the aponeurotic layer, periosteum, and cranial 
bones requires the development of new reconstructive 
approaches.

Restoration of cranial vault defects is particularly 
important in the early stages of treatment, as it minimizes 
the risk of purulent and necrotic complications involving 
both the skull and the underlying deep structures.

Objective. To develop the most rational approach 
and surgical tactics for the rehabilitative treatment of 
patients with cranial vault defects after burns under 
conditions of primary reconstruction.

Materials and methods
Study participants
The study included 16 patients with cranial vault 

injuries aged from 2 months to 46 years (mean age, 
25.3 years), five of whom were children under 14 years. 
Among the patients, 11 were male and 5 were female.

Copyright © 2026 Oleksandr A. Zhernov, Oleksandr I. Kovalchuk, Mykhailo P. Komarov
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In 9 (56.2%) patients, the defects developed as a 
result of flame burns; in 4 (25.0%), after high-voltage 
electrical injuries; in 1 (6.2%), after a scald burn; in 1 
(6.2%), after a chemical burn caused by sulfuric acid; 
and in 1 (6.2%), as a result of a contact burn. The total 
body surface area affected ranged from 1% to 60% 
(mean, 21.3%). The defect area ranged from 60 to 280 
cm² (mean, 170.5 cm²).

Inclusion criteria:
- male and female patients aged from 2 months to 

50 years;
- patients with cranial vault defects after burns;
- obtained informed consent for data collection, 

processing, and publication of aggregated results while 
maintaining strict confidentiality.

Exclusion criteria
- age over 50 years;
- cardiovascular, pulmonary, or cerebral dysfunction, 

as well as other diseases in the stage of subcompensation 
or decompensation;

- tuberculosis;
- HIV infection;
- positive Wassermann reaction (RW) test result;
- psychiatric disorders;
- refusal to participate in the study.
Group characteristics
When selecting the surgical strategy and treatment 

methods, the depth and extent of tissue damage, defect 
localization, and the presence of unaffected adjacent 
tissues were taken into account. Accordingly, three 
groups of patients were identified:

- lesions of the covering tissues extending to the 
periosteum of the cranial bones (4 patients, 25.0%);

- lesions of the soft tissues and periosteum with 
exposure of the cortical bone layer (6 patients, 37.5%);

- deep lesions involving both soft tissues and cranial 
bones (6 patients, 37.5%).

Surgical treatment was generally performed 2–4 
days after hospital admission. During the preoperative 
period, intensive infusion and transfusion therapy was 
administered, including blood products when indicated, 
agents aimed at improving hemomicrocirculation, and 
antibiotics. Locally, wet-to-dry dressings or hydrophilic 
ointments were applied. In 8 (50.0%) patients, 
preoperative preparation lasted more than 6 days 
because of the need to correct cardiovascular function 
and carbohydrate metabolism parameters.

Study design
A retrospective, single-center, cross-sectional 

interventional clinical study was conducted.
The treatment outcomes of patients with cranial 

vault defects who underwent treatment at the 
Department of Reconstructive and Restorative Surgery 
of the Municipal Non-Commercial Enterprise Kyiv City 
Clinical Hospital No. 2 (renamed in March 2025 as the 
“Kyiv City Medical Center,” Clinical Unit No. 8) between 
2019 and 2024 were analyzed.

Written informed consent for participation in the 
study and publication of the data was obtained from 
all patients or their relatives. The study protocol 
was approved by the Ethics and Academic Integrity 
Commit tee of the Shupyk National Healthcare 
University of Ukraine (Minutes No. 4/38 dated                                              
April 30, 2024).

Statistical analysis
Descriptive statistical methods were used to process 

the obtained data. The results are presented as absolute 
and relative values. Descriptive statistics were applied 
to summarize the studied parameters.

Results
In the early postoperative period, treatment 

outcomes were assessed according to the following 
criteria: flap engraftment, occurrence of necrosis, and 
purulent complications.

The engraftment rate of free skin autografts in 
patients for whom this method served as the primary 
technique for defect closure was 70%. Incomplete graft 
engraftment was observed during reconstruction of 
granulating wounds in cases of superficial lesions. Better 
engraftment was achieved in the reconstruction of donor 
sites after the formation of local or regional flaps, as 
well as on granulation tissue formed following tissue 
ingrowth through a polypropylene mesh. After wound 
bed preparation, the exposed areas were re-covered 
with free skin grafts.

Complete engraftment of local and regional flaps 
was observed in all cases. Necrosis involving up to 30% 
of a vertical musculocutaneous flap was recorded in one 
case. After debridement of the necrotic tissue, the defect 
was closed using a temporal flap based on the occipital 
branch of the superficial temporal artery. Flap viability 
monitoring was performed only during the inpatient 
treatment period.

Suppuration associated with the use of a free flap 
was observed in one case.

The methods used for reconstruction of cranial vault 
defects are presented in Table 1.

Discussion
The key criteria for selecting a method for primary 

reconstruction of calvarial defects following burns 
include the size and depth of the defect, preservation of 
the skin and deeper structures, as well as the presence 
and length of the soft-tissue vascular pedicle [7].

For reconstruction of scalp soft-tissue defects, 
local flaps advanced by direct advancement, rotation, 
or transposition, latissimus dorsi muscle flaps, omental 
flaps, and free flaps are used [8].

Scalp reconstruction differs depending on the 
anatomical region in which the defect is located and on 
its size. In our series, a single reconstructive technique 
was rarely used in isolation. In most cases, a combination 
of different plastic reconstructive methods was applied. 
For extensive defects, split-thickness skin grafting was 
used most frequently both for closure of the primary 
defect and for coverage of the donor site (Figs. 1–3). 
This approach enabled wound closure within a shorter 
period and with fewer complications [9].

Patients with periosteal involvement required 
revascularization procedures to preserve the cranial 
vault bones. Closure of intact bone or deep defects after 
necrotic tissue removal down to the inner cortical plate 
was performed using cutaneous-aponeurotic flaps from 
adjacent regions or complex composite flaps with axial 
blood supply (Fig. 4). In cases involving the periosteum 
or cortical layer of the cranial bones, bone milling was 
performed to improve flap fixation. This procedure also 
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Fig. 1. Female, 28 years old: (A) second-degree superficial partial-thickness and third-degree chemical burn 
caused by sulfuric acid involving the frontal and temporal regions of the scalp without injury to the periosteum, 
as well as the upper extremities (12% TBSA); (B) wound appearance after staged debridements; (C) wound 
closure using a thick split-thickness autograft

promoted ingrowth of granulation tissue through the 
burr holes. The cortical layer subsequently became 
covered with granulation tissue, allowing defect closure 
with free grafts and thereby accelerating recovery (see 
Figs. 2 and 3).

Temporal flaps based on the superficial temporal 
artery were used as revascularizing flaps. To increase the 
area of coverage, a double flap supplied by the parietal 
and occipital branches of the superficial temporal artery 
was created (Fig. 5).

 The temporal region represents a favorable donor 
site due to its rich vascular network and the availability 
of different tissue types, including skin, fascia, muscle, 
and bone [10]. Consequently, multiple flap variants can 
be designed in this region using one or more tissue 
components based on the superficial temporal artery 
and its branches, depending on the location and origin 
of the defect [11, 12]. In our study, temporal flaps were 
used for reconstruction of parietal defects. In cases 
involving the frontal region, a temporal fascial flap was 
used to cover the affected bone, followed by free skin 
grafting (see Fig. 5).

The trapezius muscle flap is considered the first-
choice option for some patients with defects in the 
posterior regions of the cranial vault because of its 
proximity to the wound, reliable blood supply, and 
increased resistance of flap tissues to infection [4,13]. 
The location and orientation of the dominant vascular 
pedicles of the trapezius muscle allow the formation 
of two flap variants: a horizontal flap including the 
horizontal portion of the muscle based on the descending 
superficial branch of the transverse cervical artery, and 
a vertical flap including the vertical portion of the muscle 
based on the deep nourishing branch of the transverse 
cervical artery [5].

The use of regional musculocutaneous flaps based on 
the trapezius muscle offers the advantage of providing 
an adequate volume of well-vascularized reconstructive 

tissue, while transfer of tissue on a vascular-muscular 
pedicle substantially reduces the risk of thrombosis of 
the supplying vessel [13, 14].

In selected cases, the horizontal and vertical 
trapezius musculocutaneous flaps may be considered the 
only reconstructive option capable of achieving closure 
of occipital and temporal defects and enabling delayed 
corrective procedures [13, 14] (Fig. 6).

During flap formation, in one case of vertical flap 
dissection, the cutaneous component extended 5 cm 
caudally beyond the inferior border of the trapezius 
muscle, which subsequently resulted in impaired blood 
circulation within the skin fragment and partial necrosis. 
In the horizontal flap, the muscular component was 
located only in the superomedial portion, whereas the 
remaining part contained fascia alone.

The horizontal trapezius musculocutaneous flap is 
indicated for reconstruction of temporoparietal defects, 
whereas the vertical trapezius musculocutaneous flap is 
preferable for closure of occipitoparietal defects.

Pedicle correction is required after 4–6 months to 
achieve a satisfactory cosmetic outcome.

An impor tant aspec t of pr imary calvar ial 
reconstruction is the closure of bone defects in cases of 
total bone necrosis, including selection of an appropriate 
method for protection of the intracranial contents and 
prevention of cerebral prolapse [15].

For closure of cranial vault defects with exposure 
of the dura mater or brain structures, polysynthetic 
materials such as protacryl, biocomposite materials, 
corundum implants, carbon-based materials, as well 
as bone grafts, are used [16, 17]. The disadvantages 
of these methods include the inability to use plates 
during the acute phase of injury, limited applicability 
for extensive bone defects, absence or deficiency of 
adequate skin coverage for soft-tissue reconstruction, 
and restricted use in pediatric patients.
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Fig. 3. Female infant, 2 months old. Second-degree superficial partial-thickness and third-degree flame burn of 
the scalp and right upper extremity (18% TBSA): (A) full-thickness necrosis of the temporal and parietal bones 
measuring 6 × 8 cm, with surrounding soft-tissue necrosis measuring 10 × 15 cm; (B) resection of the affected 
areas of the parietal and temporal bones with exposure of the dura mater; (C) polypropylene mesh sutured 
to the aponeurosis along the margin of the bone defect to protect the intracranial contents; (D) formation of 
granulating tissue through the mesh openings with development of a stable framework; (E) coverage of the 
granulation surface with a thick split-thickness dermatome graft

Fig. 2. Boy, 12 years old (case shown in Fig. 6): (A) formation of a parietal cutaneous-aponeurotic flap; (B) 
burring of the exposed parietal region; (C) reconstruction of the exposed burred parietal bone with a flap. The 
donor wound was covered with a split-thickness dermatome graft
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Fig. 4. Male, 24 years old: (A) second-degree deep partial-thickness and third-degree contact burn with a 
soft-tissue defect in the occipital region involving the periosteum and outer cortical layer of the occipital bone;       
(B) condition after wound debridement and removal of the damaged cortical plate to the level of punctate bone 
bleeding; (C) wound closure using a local occipital rotational flap incorporating the occipital artery. An additional 
parietal flap was used to cover the donor site

Fig. 5. Girl, 9 years old. Second-degree superficial partial-thickness and 
third-degree flame burn of the parietal and occipital regions of the scalp 
and upper extremities (15% TBSA): (A) delayed double flap based on 
the parietal and occipital branches of the superficial temporal artery; (B) 
reconstruction of the parietal defect with a flap following burring of the 
parietal bone; (C) appearance two weeks after reconstruction

Fig. 6. Boy, 12 years old, high-voltage electrical injury with second-degree 
superficial partial-thickness and third-degree burns involving the parietal 
and temporal regions of the scalp, lower extremities, and trunk (40% TBSA):             
(A) marking of the horizontal trapezius musculocutaneous flap; (B) reconstruction 
of the temporal defect using the flap; (C) appearance 2 weeks after reconstruction; 
(D) appearance 3 months after reconstruction
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To reduce the number of complications associated 
with closure of cranial vault bone defects, we used 
polypropylene mesh, which allowed granulation tissue to 
grow through the mesh openings and ensured coverage 
of the superior mesh surface with granulation tissue. 
Such wounds were subsequently covered with free grafts 
(see Fig. 3).

Conclusions
Injuries limited to the soft tissues of the cranial vault 

with preservation of periosteal viability allow defect 
closure by autologous skin grafting. In cases involving 
tissue damage extending deeper than the periosteum, 
revascularization procedures using complex flaps, bone 
burring, or bone resection are required.

The use of a differentiated approach in the treatment 
of cranial vault defects made it possible to achieve 
positive outcomes in 14 (87.5%) patients.
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Generally accepted factors that may affect a patient's quality of life after 
surgery include excess body weight and heavy physical activity before surgery. 
However, randomized controlled clinical trials (RCTs) evaluating the quality of life 
of patients with these factors after tubular microdiscectomies remain limited.
Objective: to assess the quality of life of patients after tubular microdiscectomy 
and to establish prognostic factors that affect this indicator.
Materials and methods: The study included 160 consecutive patients who 
underwent tubular microdiscectomy for herniated intervertebral discs; selected 
according to the predefined inclusion and exclusion criteria and assessed using 
the Oswestry Disability Index (ODI). The operations were performed in one 
institution (Diamed Medical Center, Uzhhorod) by the same surgical team. To 
identify the most significant variables, backward stepwise regression analysis 
was applied. The initial model included all potentially relevant variables, after 
which predictors that did not show a statistically significant association with the 
dependent variable were sequentially removed. In addition, pairwise correlations 
among all studied variables were assessed.
Results: It was found that women who had performed heavy physical labor 
before the operation demonstrated greater variability of ODI indicators 
compared with women who had not performed heavy physical labor and men 
from both groups. Prognostic factors for deterioration in quality of life after 
tubular microscopic discectomy include the combination of heavy physical labor 
before the operation and a high Body Mass Index (BMI). This pattern became 
more with increasing patient age.
Conclusions: The quality of life of patients after tubular microscopic discectomy 
does not depend significantly on individual factors such as gender, age, 
and physical labor before the operation. Tubular microdiscectomy does not 
reduce individual factors that potentially affect well-being after the operation; 
however, it minimizes negative factors during the operation itself and the early 
postoperative period. To establish the effectiveness of tubular microdiscectomy, 
further studies are needed to compare pre- and postoperative indicators of 
different discectomy techniques.
Keywords: low back pain; herniated disc; spinal surgery; tubular 
microdiscectomy

Introduction
Low back pain is one of the most common 

pathological symptoms among the adult population 
worldwide. In recent years, patients have increasingly 
reported back pain regardless of social status, standard 
of living, occupation, age, or sex [1]. Low back pain 
represents one of the most serious public health 
problems, with a lifetime prevalence of 84%. The 
prevalence of chronic low back pain is approximately 
23%, whereas the rate of disability reaches 11–12% [2]. 
Individuals engaged in heavy physical labor, those with 
concomitant physical and mental disorders, smokers, 
and individuals with obesity are at the highest risk of 
developing low back pain.

In 1986, R.A. Deyo classified low back pain into three 
categories: mechanical pain, non-mechanical pain, and 
pain associated with visceral diseases. Intervertebral 

disc herniation is a component of mechanical low 
back pain and significantly reduces patients’ quality of                                                                                     
life [3].

Intervertebral disc herniation is defined as a 
localized displacement of a degeneratively altered 
portion of the intervertebral disc beyond its anatomical 
boundaries, resulting in compression of the spinal cord 
and spinal nerve roots [4].

Low back pain caused by intervertebral disc 
herniation may lead to persistent neurological deficits 
in some patients, including paresis, decreased 
proprioceptive reflexes, sensory disturbances, and 
pelvic organ dysfunction. In patients without neurological 
deficits, pain decreases within the first 6 weeks after 
symptom onset in 70% of cases under pharmacological 
treatment. Most authors recommend considering 
surgical intervention for the remaining patients [5, 6].
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According to the results of a 2019 meta-analysis, 
surgical treatment of patients with intervertebral disc 
herniation refractory to pharmacological therapy for 6 
weeks is more effective than continued conservative 
medical management [7].

In the twenty-first century, numerous surgical 
techniques for the treatment of intervertebral disc 
herniation have been proposed, ranging from conventional 
open discectomy to minimally invasive procedures. 
The popularity of minimally invasive approaches has 
increased substantially in recent years [8].

The tubular discectomy technique was first described 
in 1997 by K.T. Foley and M.M. Smith as microendoscopic 
discectomy involving endoscopic assistance [9]. 
However, there remains a lack of RCTs evaluating the 
effectiveness of tubular discectomy performed using a 
surgical microscope [10–12].

Objective: to assess the quality of life of patients 
after tubular microdiscectomy and to identify prognostic 
factors influencing this outcome.

Materials and methods
Study participants
A total of 160 consecutive cases of surgical 

treatment for intervertebral disc herniation using tubular 
microdiscectomy performed at the Medical Center 
“Diamed” (Uzhhorod, Ukraine) between 2021 and 2024 
were selected for the study.

The study protocol was approved by the Ethics and 
Bioethics Committee of the Limited Liability Company 
Medical Center “Diamed” (Minutes No. 45/1 dated 
September 10, 2025).

Inclusion criteria:
Patients with clinically significant neurological 

symptoms (low back pain, lower extremity paresis, 
decreased proprioceptive reflexes, sensory disturbances, 
and cauda equina syndrome), radiological evidence of 
lumbar disc herniation confirmed by magnetic resonance 
imaging, and resistance to conservative treatment were 
included in the study.

Exclusion criteria:
The exclusion criteria were a history of lumbar spine 

surgery, involvement of more than one spinal segment, 
diseases of other organs and systems precluding surgery, 
satisfactory response to pharmacological treatment, and 
foot plegia without pain syndrome.

Group characteristics
The study included 160 patients whose data were 

anonymized. A retrospective assessment was performed 
using the following variables: sex, age, body mass index 
(BMI), duration of analgesic use before surgery, duration 
of symptoms before surgery, engagement in heavy 
physical labor, duration of analgesic use after surgery, 
and the Oswestry Disability Index (ODI).

Study design
A case–control study was conducted to evaluate the 

correlation between factors influencing the quality of life 
of patients after tubular microdiscectomy.

Tubular microdiscectomy technique
All surgical procedures were performed by a single 

neurosurgical team using the same surgical equipment 
and operative technique.

The surgical intervention was performed under 
general anesthesia with tracheal intubation. The affected 
spinal level was verified intraoperatively using a C-arm 
fluoroscopy system Arcadis (Siemens, Germany) based 
on preoperative magnetic resonance imaging findings. 
A 2-cm skin incision was made parallel to the projection 
of the spinous processes. An EasyGo 2 tubular retractor 
system (Karl Storz, Germany) was installed. The position 
of the tubular retractor was confirmed using fluoroscopic 
control in two projections. Under the Hi-R 1000 operating 
microscope (HAAG-STREIT, Germany), microdiscectomy 
was performed using microsurgical instruments (Karl 
Storz, Germany) and a Primado 2 high-speed drill (NSK, 
Japan). The aponeurosis and dermis were sutured using 
Vicryl 3-0 suture material (Johnson & Johnson, USA). 
An aseptic dressing was applied using Steri-Strip and 
Tegaderm (3M, USA).

The use of the EasyGo 2 tubular retractor system 
(Karl Storz) reduces surgical trauma, enabling the 
procedure to be performed through a skin incision of 
up to 2 cm. Minimal injury to the osteoligamentous 
structures allows patient mobilization within several 
hours after surgery, thereby improving postoperative 
rehabilitation. During exposure of the neural elements, 
the need for coagulation is substantially reduced 
because muscular bleeding is absent. This technique 
also shortens the duration of hospital stay to one day.

The assessment of factors influencing the quality 
of life of patients after tubular microdiscectomy was 
performed with consideration of sex, height, body 
weight, engagement in heavy physical labor before 
surgery, use of nonsteroidal anti-inflammatory drugs 
before and after surgery, and postoperative ODI scores 
obtained through anonymous questionnaires.

Statistical analysis
Stepwise regression with backward elimination was 

used to identify the most significant variables. Records 
of patients who had undergone surgery within the last 
month before data processing were excluded because of 
changes in quality of life during the early postoperative 
period. Data from 127 patients were ultimately analyzed.

Results
Sex. Men predominated among the patients (Fig. 1).
Age. Most respondents were aged 30–45 years 

(Fig. 2).
Body Mass Index. The most common BMI range was 

25.0–30.0 kg/m², indicating an excess body weight in 
the study population (Fig. 3).

Preoperative pharmacological therapy.
Analysis of the distribution demonstrated that the 

largest proportion of patients had been taking analgesic 
medications for 8 weeks or longer before surgery, which 
may indicate prolonged persistence of pain syndrome 
before surgical intervention (Fig. 4).

Duration of symptoms before surgery. The largest 
number of observations belonged to the “≥8 weeks” 
category, indicating prolonged symptom duration before 
surgery (Fig. 5).

Physical work before surgery. Most patients 
performed heavy physical labor before surgery (Fig. 6).

Postoperative pharmacological treatment. In most 
respondents, the duration of treatment did not exceed 1 
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week; however, a tendency toward prolonged medication 
use was observed in some patients, which may be 
associated with individual physiological characteristics 
(Fig. 7).

Correlation analysis of variables. The correlation 
heatmap demonstrates the degree of association 

between variables: orange indicates a negative 
correlation, yellow indicates a positive correlation, 
and white indicates the absence of correlation. 
Darker shading ref lects a stronger association                                                                                         
(Fig. 8).

Fig. 1. Distribution of patients by sex

Fig. 2. Distribution of patients by age

Fig. 3. Distribution of patients by BMI
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Fig. 4. Distribution of patients according to duration of 
medication use before surgery

Fig. 5. Distribution of patients according to duration of 
symptoms before surgery

Fig. 6. Distribution of patients according to the type of physical 
work before surgery
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For example, a complete negative correlation (−1.00) 
was observed between the variables “physical work: 
yes” and “physical work: no,” which is expected because 
these are opposite categories of the same variable. 
Similarly, a strong negative correlation was identified 
between male and female sex, as these categories are 
mutually exclusive.

Other correlation coefficients on the heatmap were 
relatively low, which may indicate the absence of strong 
associations between variables in this dataset.

Backward stepwise regression analysis was used 
to identify the most significant variables, enabling 
sequential elimination of nonsignificant factors while 
focusing on those exerting the greatest effect on the 
dependent variable.

Statistical analysis revealed that the most significant 
factor influencing patients’ postoperative health status 
assessment (ODI) was the variable “postoperative 
analgesic use.” This finding is expected because patients 
with poorer postoperative well-being tend to require a 
greater amount of analgesic medication (Table 1).

Relationship between ODI and age. In Fig. 9, yellow 
dots represent the well-being of individuals of the 
corresponding age, whereas the yellow line indicates the 
trend line, which appears nearly horizontal, suggesting 
either a weak trend or the absence of an overall tendency 
for changes in well-being with increasing age.

The wide dispersion of data points reflects substantial 
variability in well-being among individuals of the same 
age. The absence of a clear clustering of points along the 

Fig. 7. Distribution of patients according to duration of 
postoperative pharmacological therapy

Fig. 8. Correlation between variables
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trend line and its nearly horizontal slope indicate that 
the relationship between age and well-being is weak.

Relationship between ODI, age, and physical work. 
In Fig. 10, yellow triangles indicate individuals who 
performed heavy physical work before surgery (“Yes”), 
whereas orange dots represent those who did not 
perform heavy physical work (“No”). The yellow line 
demonstrates the trend for individuals engaged in heavy 
physical work before surgery, while the orange line 
represents those who did not perform such work. The 
trend lines indicate that with increasing age, the level of 
well-being among individuals who did not perform heavy 
physical work before surgery appears stable or slightly 
improved. In contrast, among individuals who performed 
heavy physical work before surgery, the relationship 
between age and well-being worsens, which may indicate 
poorer recovery in these patients or resumption of heavy 
physical labor after surgery.

Relationship between ODI and physical work. 
Figure  11 compares the level of well-being (ODI) 
between individuals engaged in physical labor (“Yes”) 
and those who were not (“No”). Median values were 
identical in both groups, indicating no substantial 
difference in overall well-being depending on whether 
an individual performed heavy physical work.

However, other characteristics of the graph provide 
additional information:

- for the group that did not perform physical work 
(“No”), the interquartile range was narrower, indicating 
lower ODI variability in this group;

- for the group engaged in physical work (“Yes”), 
the box was wider, indicating greater ODI variability;

- outliers were present in both groups, represented 
by individual points located at a considerable distance 
beyond the main data distribution. This finding indicates 
the presence of individuals with poor well-being markedly 
different from that observed in the majority of subjects 
within each group.

Relationship between ODI, physical work, and sex. 
Several conclusions can be drawn from Fig. 12:

- greater variability in well-being was observed 
among women who performed physical work. This finding 
may indicate that physical labor substantially affects 
well-being, although the effect is heterogeneous and may 

vary depending on individual working conditions, health 
status, physical fitness, and other personal factors;

- ODI scores differed minimally between men and 
women who did not perform physical work, whereas 
among individuals engaged in physical work, the 
variability of ODI values was greater. Differences in 
well-being between men and women engaged in physical 
work may be explained by several factors:

1. Physiological differences: men and women 
have different physiological characteristics and adaptive 
mechanisms in response to physical нагрузка. This may 
influence tolerance to physical work and pain perception.

2. Psychological factors: men engaged in 
physical labor may have different expectations and 
attitudes toward well-being and pain perception. 
Greater habituation to physical exertion may contribute 
to less pronounced pain perception or a higher                                       
pain threshold.

3. Social norms and stereotypes: men may 
experience societal pressure to be less likely to complain 
of pain or discomfort, particularly in the context of 
physical labor traditionally associated with “male” work.

4. Working conditions and job type: men and 
women may perform different types of physical work 
that exert varying effects on well-being.

Relationship between ODI, BMI, and physical work. 
In Fig. 13, yellow indicates individuals who performed 
heavy physical work before surgery, whereas orange 
indicates those who did not. The trend line for individuals 
engaged in heavy physical work demonstrates an upward 
trajectory, which may indicate an increase in ODI with 
increasing BMI. Individuals who did not perform physical 
work exhibited a flatter trend, suggesting a weaker 
relationship between ODI and BMI. In both groups, 
variability in well-being scores was observed; however, 
increasing BMI was associated with a tendency toward 
poorer well-being, particularly among individuals who 
performed heavy physical work before surgery.

Conclusions
The quality of life of patients af ter tubular 

microdiscectomy showed only a weak association with 
factors such as sex, age, and engagement in physical 
work before surgery.

Table 1. Model results

Variable Estimate Standard 
Error t-statistic p-value Statistical 

significance

Postoperative analgesics. L 10,863 2,533 4,289 3,59e-05 *

Postoperative analgesics. Q 2,744 2,677 1,025 0,307

Postoperative analgesics. C 3,333 2,813 1,185 0,238

Note. * Significant linear association between the duration of postoperative analgesic use and ODI.
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Fig. 9. Relationship between ODI and patients’ age

Fig. 10. Relationship between ODI, age, and physical work

Fig. 11. Relationship between ODI and physical work
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Women who performed heavy physical work before 
surgery demonstrated greater variability in ODI scores 
compared with women who did not perform such work 
and with men in both groups.

The prognostic factors associated with deterioration 
in quality of life after tubular microdiscectomy were the 
combination of heavy physical work before surgery and 
elevated BMI. This relationship became more pronounced 
with increasing patient age.

Tubular microdiscectomy does not eliminate 
individual factors that may potentially influence 
postoperative well-being; however, it minimizes adverse 
factors during surgery and in the early postoperative 
period.

Further studies comparing preoperative and 
postoperative outcomes using different discectomy 
techniques are required to determine the effectiveness 
of tubular microdiscectomy.
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Background: Neurodegenerative diseases, in particular Parkinson’s disease, 
remain difficult to diagnose due to the late manifestation of classical motor 
symptoms, when significant neuronal degeneration has already occurred. A 
growing body of evidence suggests that subtle non-motor prodromal symptoms 
— so-called phenotypic microsignals (PMS) may precede the clinical manifestation 
of neurodegenerative diseases by several years. These symptoms reflect early 
neurochemical disturbances and disruptions of neural networks, especially in 
evolutionarily ancient brain structures vulnerable to α-synuclein pathology.
Objective: To identify and systematize early clinical phenotypic microsignals 
observed during initial outpatient visits and potentially associated with 
neurodegenerative processes, as well as to develop a clinical risk stratification 
tool for the prodromal stage based on retrospective analysis and prospective 
observation.
Materials and methods: A combined retrospective-prospective observational 
study conducted at Kharkiv National Medical University during the period from 
January 2020 to August 2025. The study involved 112 patients aged 48 to 76 
years, who were divided into three groups: group 1 (n=28, prodromal/non-
manifest pathology), group 2 (n=56, manifest pathology (Alzheimer’s disease 
(n=16), Parkinson’s disease (n=28), dementia with Lewy bodies (n=9), progressive 
supranuclear palsy (n=3)), group 3 (control, n=28, individuals without clinical 
signs of neurodegenerative pathology, matched by age and sex). A 48-point 
PMS scale was developed and validated, assessing 30 clinical markers across 
cognitive, motor, autonomic, sensory and affective domains. Patients underwent 
comprehensive neurological examination, cognitive testing (MMSE — Mini-Mental 
State Examination, MoCA — Montreal Cognitive Assessment, FAB — Frontal 
Assessment Battery), magnetic resonance imaging and standardized assessment 
of non-motor symptoms. ROC analysis was used to evaluate the predictive accuracy 
of the scale.
Results: Patients with manifest neurodegenerative diseases had significantly higher 
PMS scale scores (mean value ‒ 27.8±6.3 points) compared with the prodromal 
group (11.4±3.8, p<0.001) and control (2.8±2.1). ROC analysis demonstrated 
excellent diagnostic accuracy for comparison of manifest pathology with control 
(area under the curve (AUC) ‒ 0.982, sensitivity ‒ 96.4%, specificity ‒ 92.9% at 
a threshold value ≥13 points), good accuracy for prodromal pathology compared 
with control (AUC ‒ 0.956, sensitivity ‒ 89.3%, specificity ‒ 89.3% at a threshold 
value ≥7 points) and for differentiation of manifest and prodromal pathology (AUC 
‒ 0.891, sensitivity ‒ 78.6%, specificity ‒ 85.7% at a threshold value ≥21 points). 
Risk stratification identified three categories: low risk (0–12 points, <5% probability 
of conversion within 24 months), moderate risk (13–24 points, 20–30% conversion) 
and high risk (≥25 points, >50% conversion). In the prodromal group, the most 
frequent microsignals were REM sleep behavior disorder (67.9%), hyposmia (71.4%), 
chronic constipation (78.6%), subjective cognitive decline (82.1%), reduced arm 
swing during walking (46.4%) and hypomimia (42.9%).
Conclusions: The PMS scale is a clinically effective and low-cost tool for identifying 
individuals at risk of developing neurodegenerative diseases years before the 
manifestation of classical symptoms. Its use does not require specialized equipment 
and is feasible at the level of primary medical care through history taking, 
observation and basic neurological examination. The scale demonstrates high 
psychometric properties and provides risk stratification, enabling individualized 
monitoring and early intervention strategies. This approach marks a transition to 
proactive diagnostic models in neurology. It has significant value for screening 
programs among middle-aged and older individuals with subclinical neurobehavioral 
complaints. Early detection using PMS assessment allows timely application of 
neuroprotective and preventive interventions, potentially altering the course of 
the disease before irreversible neuronal loss.
Keywords: prodromal symptoms; early diagnosis; risk stratification; α-synuclein; 
REM sleep behavior disorder; Parkinson’s disease; Alzheimer’s disease; dementia 
with Lewy bodies; progressive supranuclear palsy; phenotypic microsignals
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Introduction
Neurodegenerat ive diseases, in par t icular 

Alzheimer’s disease (AD), Parkinson’s disease (PD), 
dementia with Lewy bodies (DLB), multiple system 
atrophy (MSA), progressive supranuclear palsy (PSP), 
and corticobasal degeneration (CBD), represent one 
of the key problems of modern neurology due to 
their progressive course, irreversibility of neuronal 
damage, and limited possibilities for etiopathogenetic 
treatment [1,  2]. Despite significant progress in 
studying the molecular and neuroimaging mechanisms 
of neurodegeneration, clinical diagnosis is still based 
mainly on established syndromes, when the pathological 
process has already led to a substantial loss of 
neuronal networks [3,  4]. Current concepts consider 
neurodegeneration as a long, multiphase process with 
preclinical and prodromal stages that may precede 
the manifestation of motor or cognitive syndromes by 
years or decades [5, 6]. At early stages, pathological 
changes predominantly involve evolutionarily ancient 
and functionally vulnerable structures of the nervous 
system—the olfactory pathways, brainstem nuclei, 
autonomic nervous system, limbic and fronto-subcortical 
networks—leading to the appearance of nonspecific, 
mildly expressed clinical manifestations [7,  8]. The 
prodromal period of neurodegenerative diseases is 
characterized by the predominance of non-motor 
symptoms, in particular sleep disturbances, autonomic 
dysregulation, emotional–affective disorders, cognitive 
flexibility impairment, and sensorimotor integration 
deficits [9]. Although subsequent clinical evolution 
differs among amyloidopathies, synucleinopathies, 
and tauopathies, early phenotypic manifestations 
demonstrate substantial overlap, which complicates 
early nosological differentiation while simultaneously 
reflecting shared mechanisms of initial neuronal network 
destabilization.

The present study is based on the hypothesis 
that a structured clinical assessment of the totality of 
prodromal non-motor signs identified during routine 
outpatient visits makes it possible to stratify individuals 
according to their risk of developing clinically manifest 
disease. Such manifestations are not specific biomarkers 
of individual diseases; however, their cumulative 
presence and dynamics may serve as clinical indicators of 
an active neurodegenerative process at the preclinical or 
prodromal stage, forming a basis for further multicenter 
studies and the development of strategies for the early 
detection of neurodegeneration.

Objective of the study: To identify and systematize 
early clinical phenotypic microsignals observed during 
initial outpatient visits and potentially associated with the 
development of a neurodegenerative process in diseases 
such as Alzheimer’s disease, Parkinson’s disease, 
dementia with Lewy bodies, multiple system atrophy, 
progressive supranuclear palsy, and corticobasal 
degeneration, as well as to develop a tool for clinical 
risk stratification of a neurodegenerative process at 
the prodromal stage based on a retrospective analysis 
of medical documentation and prospective observation.

Materials and methods
Study participants
The initial sample consisted of 140 individuals aged 

48 to 76 years (mean age 64±7.2 years) who presented 
with suspected prodromal or early manifestations of 
neurodegenerative diseases, or were included as a 
control group. Of these, 28 individuals were excluded 
from the primary analysis due to clinically significant 
alcohol exposure (consumption >14 alcohol units per 
week for men and >7 for women). The final cohort 
comprised 112 participants (64 men and 48 women).

Inclusion criteria
Patients were eligible if they met the following 

criteria: age 45–80 years; presence of at least three 
non-motor symptoms from different domains (cognitive, 
autonomic, sleep-related, sensory) lasting at least 12 
months, or a combination of two non-motor symptoms 
with one subtle motor phenomenon; ability to provide 
informed consent and compliance with long-term 
follow-up.

Exclusion criteria
Drug-induced parkinsonism (use of neuroleptics, 

metoclopramide, cinnarizine during the last 6 months); 
significant cerebrovascular pathology on MRI (≥2 points 
on the Fazekas scale for white matter or >2 lacunar 
infarcts); severe depression (HADS-depression >15 
points or major depression according to DSM-5); history 
of schizophrenia or other psychotic disorders in history; 
traumatic brain injury with loss of consciousness >30 
minutes; active oncological pathology or terminal stage 
of somatic diseases; alcohol or psychoactive substance 
abuse; inability to complete neuropsychological testing 
due to language barrier or pronounced sensory deficit 
(blindness, deafness).

Group characteristics
The cohort was divided into three groups. Group 

1 (prodromal/non-manifest pathology, n=28) included 
individuals with prodromal conditions without final 
nosological determination at the time of inclusion. These 
participants were characterized by a combination of 
multiple non-motor symptoms from different domains, 
absence of full diagnostic criteria for manifest disease, 
and no alternative explanation for the observed 
symptomatology. Group 2 (manifest pathology, 
n=56) included patients with a clinically established 
diagnosis: amyloidopathies (Alzheimer's disease, n=16), 
synucleinopathies (Parkinson's disease n=28, dementia 
with Lewy bodies n=9), and tauopathies (progressive 
supranuclear palsy n=3). Group 3 (control group, n=28) 
included individuals without clinical manifestations of 
neurodegenerative pathology.

Study design
The study was conducted as a single-center clinical 

observational study with a prospective phase, which 
included the development and prognostic validation of 
a clinical tool for detecting phenotypic microsignals of 
neurodegeneration. The study was carried out at the 
University Hospital of Kharkiv National Medical University 
in the period from January 1, 2020 to August 1, 2025 
in accordance with the principles of the Declaration of 
Helsinki (2013 revision). All participants provided written 
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informed consent; the study protocol was approved 
by the local bioethics committee. Diagnosis was 
established by two independent neurologists specializing 
in movement disorders and cognitive neurology (work 
experience 8 and 14 years, respectively), who did 
not participate in the development of PMS. In case of 
diagnostic discrepancies (11 cases, 13.1%), an expert 
discussion was conducted involving a third neurologist 
with 22 years of experience followed by repeated blinded 
review of clinical data, including video materials. The 
final diagnosis was established according to international 
disease-specific criteria: NIA-AA for Alzheimer's disease 
(McKhann et al., 2011) [10], MDS Clinical Diagnostic 
Criteria for Parkinson's disease (Postuma et al., 2015) 
[11], consensus criteria for dementia with Lewy bodies 
(McKeith et al., 2017) [12], NINDS-PSP criteria for 
progressive supranuclear palsy (Höglinger et al., 2017) 
[13]. To minimize incorporation bias, the diagnosing 
neurologists did not have access to PMS scale scores at 
the time of diagnosis; PMS assessment was performed 
by a separate investigator, a clinical psychologist with 
experience in neuropsychological diagnostics, who did 
not participate in the diagnostic process and was blinded 
to the neurologists' clinical hypotheses.

Each patient underwent a standardized protocolized 
examination procedure. Non-motor symptoms were 
recorded using structured validated instruments: the 
RBD Single-Question Screen questionnaire (RBD1Q: 
“Have you ever been told, or suspected yourself, 
that you seem to ‘act out your dreams’, for example, 
punching, flailing your arms, running?”) for screening 
REM sleep behavior disorder, ROME IV criteria for 
functional constipation (≥2 criteria: straining, hard/
fragmented stool, feeling of incomplete evacuation, 
manual maneuvers for defecation, <3 defecations per 
week); Hospital Anxiety and Depression Scale (HADS; 
separate anxiety and depression subscales), Apathy 
Evaluation Scale clinical version (AES-C, 18 items, cutoff 
≥37 points for clinically significant apathy) and Fatigue 
Severity Scale (FSS, 9 items, cutoff ≥4 mean score for 
pathological fatigue).

Olfactory functions were assessed using a simplified 
odor recognition test adapted for the Ukrainian-
speaking population: the patient was presented with 12 
standardized odors (coffee, lemon, mint, onion, garlic, 
vanilla, cinnamon, fir tree, rose, vinegar, camphor, 
chocolate) in opaque bottles; four response options 
were offered for each; hyposmia was diagnosed when 
fewer than 9 out of 12 odors were correctly recognized 
(sensitivity 78±3.2%, specificity 81±2.8% according to 
validation data for the Eastern European population). 
Autonomic disturbances were determined using an 
active orthostatic test with measurement of blood 
pressure and heart rate in the supine position after 
5 minutes of rest, then at the 1st and 3rd minutes 
of standing; orthostatic hypotension was diagnosed 
according to consensus criteria as a decrease of 
systolic pressure ≥20 mmHg or diastolic pressure ≥10 
mmHg. In patients with a positive orthostatic test or 
clinical complaints of dizziness upon standing (n=27), 
the presence of compensatory tachycardia (increase 
in heart rate >15 bpm) was additionally recorded 
to dif ferentiate neurogenic and non-neurogenic                                                            
orthostatic hypotension.

Cognitive profile was determined using a standardized 
battery: Mini-Mental State Examination (MMSE) with 
correction for educational level (<9 years of education: 
+1 point to cutoff 24), Montreal Cognitive Assessment 
(MoCA) Ukrainian version 7.1 with education correction 
(≤12 years: +1 point to cutoff 26), Frontal Assessment 
Battery (FAB) to assess executive functions (cutoff 
<16 points for frontal dysfunction). In all patients 
with MoCA <26 or FAB <15 points (n=38, 33.9%), an 
extended neuropsychological battery was applied: 
Clock Drawing Test (CDT) for visuospatial and executive 
functions, 10-word learning test to assess verbal 
memory with immediate and delayed recall (after 20 
minutes), phonemic (within 60 seconds words beginning 
with the letter “S”) and categorical (naming animals) 
verbal fluency, Trail Making Test part A (information 
processing speed, norm <78±12 seconds for age 60–69 
years) and part B (cognitive flexibility, norm <273±38 
seconds), Luria’s hand movement sequencing test for 
dynamic praxis. Signs of dysfunction of limbic-frontal 
networks were separately and structurally assessed. 
These included apathy not associated with depression 
(AES-C ≥37 points with HADS-depression <8), anhedonia 
according to the SHAPS subscale (Snaith-Hamilton 
Pleasure Scale, ≥3 points), reduction of spontaneous 
speech production (counting the number of words 
during 2 minutes of free conversation on a neutral 
topic “describe your typical day”, norm >120 words), 
changes in personality traits or behavior according 
to a standardized questionnaire for a close relative or 
cohabitant addressing changes in character, interests, 
social activity during the last year).

Subtle motor phenomena were assessed according 
to a standardized protocol with obligatory video recording 
(Sony HDR-CX405 camera, 1920×1080, 50 fps). The 
following parameters were evaluated: asymmetry of 
arm swing while walking (assessment over a distance 
of 10 meters at a normal pace with three repetitions, 
binary assessment: symmetric/asymmetric with 
indication of the side of reduction), hypomimia according 
to a 4-point scale (0 — normal facial expression, 1 — 
mild reduction of facial movements noticeable only 
on targeted assessment, 2 — noticeable reduction 
of spontaneous facial expression with reduction of 
forehead wrinkles and infrequent blinking, 3 — mask-
like face with almost complete absence of spontaneous 
facial movements); micrographia (writing the standard 
phrase “Today the weather is good” three times in a 
row on an unlined A4 sheet, measuring the height of 
five middle letters in each phrase and calculating the 
coefficient of progressive reduction: (h1  −  h3)  /  h1; 
a coefficient >0.10 was considered pathological); 
hypophonia (subjective assessment during conversation 
+ objective measurement using a mobile decibel meter 
at a distance of 1 meter while reading a standard 
text loudly in a normal voice, normal value >55 dB), 
decrement during repetitive finger movements (finger 
tapping test: maximal rapid tapping of the index finger 
with the thumb for 10 seconds, separately for each hand, 
counting the number of taps and visual assessment of 
decrease in amplitude and/or speed during the test; <40 
taps in 10 seconds or obvious decrement was considered 
pathological). All video recordings (duration 6–10 
minutes per patient) were stored in anonymized form and 
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reviewed by two independent expert neurologists blinded 
to diagnosis, clinical data, and initial assessment results. 
Inter-expert agreement was assessed using Cohen’s 
kappa for binary variables (arm swing asymmetry, 
presence of decrement) and weighted kappa for ordinal 
variables (degree of hypomimia).

Instrumental verif ication included brain MRI 
scanning in sagittal, axial, and coronal planes. Visual 
assessment was performed including medial temporal 
lobe atrophy according to the Scheltens scale (0–4 
points, assessed separately for the hippocampus and 
entorhinal cortex, ≥2 points — moderate atrophy, 
≥3 points — severe atrophy), global cortical atrophy 
according to the GCA scale (global cortical atrophy, 
0–3 points), white matter lesions according to the 
Fazekas scale (0–3 points assessed separately for 
periventricular and deep lesions), presence of lacunar 
infarcts (>3 mm and <15 mm in diameter in deep 
regions), ventricular enlargement. All MRI studies were 
evaluated by a radiologist specializing in neuroimaging 
(16 years of experience) who was blinded to the clinical 
diagnosis. Patients with cognitive impairment (MoCA 
<26, n=38) underwent mandatory laboratory testing to 
exclude secondary causes of cognitive decline including 
complete blood count, determination of vitamin B12 
levels (norm >200 pg/mL), folic acid (norm >3 ng/mL), 
thyroid-stimulating hormone (norm 0.4–4.0 mIU/L), 
fasting glucose, creatinine with calculation of glomerular 
filtration rate, serological test for syphilis (RPR or TPHA).

Development of the Phenotypic MicroSignals Scale 
(PMS) was carried out in several consecutive stages 
during 2023 and was based on the fundamental principles 
of network neuroscience and the clinical phenomenology 
of early neurodegeneration. The conceptual foundation 
of PMS was the hypothesis that early neurodegeneration 
manifests not so much as loss of function, but as loss 
of network plasticity, flexibility, and synchronization of 
neuronal systems. In contrast to classical diagnostic 
instruments focused on deficit and disability, PMS 
captures subtle disturbances of coordination between 
neuronal networks at the preclinical level, reflected 
in behavioral, autonomic, cognitive, and submotor 
phenomena long before the formation of classical 
clinical syndromes. The theoretical model of PMS is 
based on five neurobiological principles [14–20]. First, 
the evolutionary–anatomical principle of Braak proposes 
that pathological protein aggregates (α-synuclein, tau, 
amyloid-β) initially appear not in the cerebral cortex, 
but in phylogenetically older structures—the olfactory 
nuclei, the dorsal motor nucleus of the vagus nerve, 
the locus coeruleus, the raphe nuclei. This explains why 
the first clinical manifestations of neurodegeneration 
are hyposmia, constipation, REM sleep disorders, and 
depression, rather than dementia or parkinsonism. 
Second, the principle of network brain organization 
suggests that the pathological process spreads not 
randomly but along functionally and structurally 
connected neuronal networks (default mode network, 
salience network, fronto-striatal circuits), which leads to 
impaired synchronization between networks and reduced 
cognitive flexibility earlier than the loss of specific 
functions. Third, the principle of neurotransmitter 
cascade proposes that prodromal neurodegeneration 
initially affects monoaminergic systems (serotonin, 

noradrenaline) and the cholinergic system, which 
clinically manifests as disturbances of sleep, mood, 
autonomic regulation, and attention, and only at later 
stages affects the dopaminergic system with the 
development of motor symptoms. Fourth, the principle 
of the neuro-glio-vascular unit: the first to respond 
to the neurodegenerative process are not neurons 
but astrocytes and microglia leading to disruption 
of metabolic support of neurons, dysfunction of the 
blood–brain barrier, and microcirculatory changes. 
Clinically these alterations manifest as fatigue, symptom 
fluctuations, and “mental fog” earlier than structural 
changes on MRI. Fifth, the clinical–epidemiological 
principle of synergy indicates that according to 
prospective studies (Postuma et al., 2012; Berg et 
al., 2015) [21,  22], a single prodromal symptom has 
low prognostic value (hazard ratio 2–4), whereas a 
combination of symptoms from different domains 
increases the risk of conversion exponentially (hazard 
ratio >20 for 4–5 symptoms), which substantiates the 
cumulative principle of scale construction.

Based on a systematic analysis of the literature on 
prodromal neurodegeneration (systematic search in 
PubMed using the keywords “prodromal,” “premotor,” 
“preclinical” in combination with “Parkinson,” “Alzheimer,” 
“Lewy body,” “neurodegeneration”), a review of 
international consensus criteria for prodromal states 
(MDS Research Criteria for Prodromal Parkinson’s Disease 
2015 [22], NIA-AA Preclinical Alzheimer’s Disease 2011 
[10]), and a retrospective analysis of 84 medical histories 
of patients with established neurodegenerative diagnoses 
with reconstruction of the prodromal period based on 
active interviews with patients and their relatives, an 
initial list of 42 potential phenotypic microsignals was 
formed. Phenotypic microsignals were included in the list 
provided that four criteria were simultaneously met: (1) 
documented temporal association in the literature with 
the subsequent manifestation of a neurodegenerative 
disease—the symptom must occur statistically 
significantly more often in individuals who later develop 
a neurodegenerative disease compared with the control 
group, and precede the clinical diagnosis by at least 6–12 
months; (2) pathophysiological validity—the presence of 
evidence of involvement of specific neuronal networks, 
structures, or neurotransmitter systems according to 
neuroimaging, neurophysiological, or pathomorphological 
studies; (3) clinical measurability—the possibility of 
objective or semi-objective assessment of the symptom 
using validated instruments available in routine clinical 
practice, without the need for complex equipment; 
(4) inter-expert reproducibility—demonstrated in 
validation studies as agreement of assessment between 
independent researchers at the level of Cohen’s kappa 
or ICC >0.60. A three-stage modified Delphi procedure 
(March–May 2023) was conducted with the participation 
of five independent expert neurologists. In the first 
round, experts assessed the clinical significance of 42 
microsignals on a 9-point scale; 10 items were excluded 
due to low ratings or lack of consensus. In the second 
round, 32 microsignals were reassessed taking into 
account the summarized results, and consensus was 
achieved for all items (median ≥7, IQR ≤2). In the 
third round, experts determined the prognostic weight 
of microsignals; however, an unweighted system was 
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applied in the final scale to simplify clinical use and 
increase reliability.

Statistical analysis
The sample size calculation was based on the 

assumption that the conversion rate of prodromal 
conditions into manifest forms would be 35–45% over 
24 months of follow-up (based on literature data for 
prodromal Parkinson’s disease and mild cognitive 
impairment), the expected area under the ROC curve 
for the PMS scale would be at least 0.75, and the 
minimally acceptable width of the 95% confidence 
interval for AUC would be 0.15. Under these parameters, 
with α=0.05 and a power of 80%, the required sample 
size was 76–82 patients; the actual sample of 112 
individuals (84 patients with pathology and 28 controls) 
provided sufficient statistical power considering possible                 
attrition (10–15%).

To empirically verify the domain structure of PMS and 
reduce the number of items, an exploratory factor analysis 
(principal component method with varimax rotation to 
maximize interpretability of factors) was conducted on 
the baseline dataset of 84 patients from groups 1 and 
2 (period January–June 2023). Before performing factor 
analysis, data adequacy was confirmed. The Kaiser–
Meyer–Olkin criterion showed a value of 0.71±0.04 
(>0.60 acceptable, >0.70 good), indicating sufficient 
correlation between variables for factorization. Bartlett’s 
test of sphericity showed a statistically significant result 
(χ²=394.7±18.3, df=496, p<0.001), rejecting the null 
hypothesis of non-correlated variables. The number of 
factors for extraction was determined based on three 
criteria: (1) Kaiser criterion—eigenvalue >1.0 (9 factors 
extracted), (2) scree plot analysis with identification 
of the “elbow” (visually at the 7th–8th factor), (3) 
criterion of interpretability and clinical meaningfulness 
of factors. The optimal solution was found to include 7 
factors, which explained 68.4±3.2% of the total variance 
(factor 1: 18.2±2.1%, factor 2: 12.7±1.8%, factor 3: 
10.1±1.5%, factor 4: 9.3±1.4%, factor 5: 7.8±1.2%, 
factor 6: 5.6±0.9%, factor 7: 4.7±0.8%). Microsignals 
were included in a domain provided that the factor loading 
was >0.50 on the corresponding factor (high loading) and 
<0.35 on all other factors (low cross-loading), thereby 
ensuring a clear domain structure. ROC analysis was 
performed for three comparisons (manifest vs. control, 
prodromal vs. control, manifest vs. prodromal) to assess 
the diagnostic accuracy of the PMS scale. Correlation 
and multiple regression analyses were used to identify 
predictors of the total PMS score.

Results
The clinical cohort that was empirically analyzed 

consisted of 112 patients. The age range of the sample 
was from 48 to 76 years, with a mean age of 64.0 
± 7.2 years, indicating a predominant concentration 
of participants in the period of late middle age and 
early old age. Gender distribution showed a moderate 
predominance of men—57.1% (n=64), whereas 
women accounted for 42.9% (n=48). Although this 
distribution does not reach ideal symmetry, it is not 
methodologically critical and is consistent with typical 
epidemiological patterns observed in population studies 
of chronic neurodegenerative processes [23, 24]. The 
observation period lasted from January 1, 2020 to 

August 1, 2025, with prospective monitoring designed to 
track the conversion of prodromal states into manifest 
neurodegenerative diseases over 24 months. This 
protocol monitoring ensured consistency of dynamic 
observation without excessive burden on participants. 
During the full cycle of prospective monitoring, the 
cohort demonstrated high retention rates, providing a 
reliable basis for further analytical interpretations.

Frequency and spectrum of detected phenotypic 
microsignals at the baseline visit. During the initial clinical 
examination of individuals included in the study, a wide 
spectrum of phenotypic microsignals was identified, 
showing a high degree of variability both in clinical profile 
and in severity. The main domains with phenotypic 
microsignals are presented in Table 1. For analysis, 
participants were divided into three groups: Group 1 
(prodromal/non-manifest pathology, n=28), comprising 
individuals with prodromal states without definitive 
nosological determination; Group 2 (manifest pathology, 
n=56), including patients with clinically established 
diagnoses of neurodegenerative diseases: Alzheimer’s 
disease (n=16), Parkinson’s disease (n=28), dementia with 
Lewy bodies (n=9), progressive supranuclear palsy (n=3). 
Group 3 (control group, n=28), consisting of individuals 
without clinical manifestations of neurodegenerative 
pathology. Prodromal cases were characterized by a 
combination of multiple non-motor symptoms from 
different domains without full correspondence to the 
criteria of manifest disease and in the absence of 
alternative explanations for the symptomatology. In 
most cases, these symptoms did not reach the threshold 
necessary for a formal diagnosis, however, their pattern 
and sequence suggested latent neurovegetative 
dysfunction with potential prognostic significance. Risk 
assessment and comparisons were performed using the 
newly introduced Phenotypic MicroSignals Scale (PMS).

Characteristics of Group 1 (prodromal/
non-manifest pathology (NM pathology), n=28). 
In the first group, which included 28 individuals with 
prodromal conditions without definitive nosological 
determination at the time of inclusion, phenotypic 
microsignals according to the developed PMS scale were 
detected in 92.9% (n=26) of patients with a total score 
≥1. This cohort was characterized by a combination of 
multiple non-motor symptoms from different domains 
without full correspondence to the criteria of manifest 
disease and in the absence of alternative explanations 
for the symptomatology. The mean age of participants 
was 63.2±6.8 years (range 51–74 years) with a gender 
distribution of 57.1% (n=16) men and 42.9% (n=12) 
women. The mean duration of symptoms from the onset 
of the first complaints to inclusion in the study was 
4.7±2.3 years (range 1.2–9.5 years).

The most common findings were disturbances of 
sleep architecture with a predominance of behavioral 
disorders during rapid eye movement (REM) sleep. 
According to the RBD1Q questionnaire [25], positive 
responses regarding episodes of nocturnal motor 
activity associated with dreaming (shouting, arm flailing, 
striking movements) were recorded in 67.9% (n=19) 
of the examined individuals, which represented the 
highest rate among all domains. At the same time, in 
42.1% (n=8 of 19) of cases relatives reported injuries 
during sleep (bruises on the partner’s limbs, falling 
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out of bed), and in 31.6% (n=6 of 19) — vocalizations 
of varying intensity. The mean frequency of episodes 
was 2.8±1.4 per week (range 1–6). Excessive daytime 
sleepiness with an Epworth Sleepiness Scale score >10 
was noted in 53.6% (n=15) of patients, with a mean score 
of 12.4±2.6 (range 11–18), accompanied by complaints 
of an overwhelming need for daytime rest regardless 
of the duration of nighttime sleep. Disturbances of 
the circadian sleep–wake rhythm in the form of phase 
inversion or fragmentation of nighttime sleep with 
multiple awakenings (>3 per night) were recorded in 
60.7% (n=17) of individuals, with the mean number of 
awakenings per night being 4.6±1.8 (range 3–9).

Olfactory dysfunction was found to be the second 
most frequent phenotypic microsignal. According to the 
results of the simplified 12-odour identification test, 
hyposmia (correct identification of <9 odours) was 
diagnosed in 71.4% (n=20) of the group participants. 
The mean number of correctly recognized odours was 
6.8±1.9 (range 3–11), which was significantly below the 
threshold value of 9 points. At the same time, 35.0% 
(n=7 of 20) patients with hyposmia were unaware of the 
presence of this disorder before testing, emphasizing the 
latent nature of the symptom. Anosmia (recognition of ≤3 
odours) was recorded in 14.3% (n=4) of the examined 
individuals, with a mean value of 2.3±0.5 odours. The 
most frequently unrecognized were subtle odours 
including rose (82.4% errors), camphor (76.5%) and fir 
tree (71.8%), whereas intense odours were recognized 
better, including vinegar (31.2% errors), onion (35.3%) 
and garlic (38.8%).

Visual-perceptual phenomena in the form of 
episodic visual illusions (misperception of objects in the 
peripheral visual field, especially at dusk) were noted in 
17.9% (n=5) of participants, with a frequency of 1.8±0.9 
episodes per month, while formed visual hallucinations 
were absent. Central pain syndromes of unclear etiology 
(chronic pain in the limbs or trunk without a structural 
substrate on MRI) were observed in 21.4% (n=6) of 
patients, with an intensity of 4.3±1.2 points on the visual 
analogue scale (range 3–6).

Gastrointestinal manifestations were dominated 
by chronic constipation meeting the ROME IV criteria 
in 78.6% (n=22) of individuals. The mean frequency 
of defecation was 2.4±0.8 per week (range 1–4), with 
constipation duration exceeding 5 years in 68.2% (n=15 
of 22), median 6.8 years (range 5.2–14.3 years), and 
exceeding 10 years in 31.8% (n=7 of 22), median 11.9 
years (range 10.1–18.2 years). Accompanying symptoms 
included morning nausea in 39.3% (n=11), with a 
frequency of 3.4±1.6 episodes per week, and episodes 
of aerophagia in 28.6% (n=8) of cases.

Dysuric disorders were recorded in 60.7% (n=17) 
of patients: nocturia (≥2 episodes per night) in 50.0% 
(n=14), with a mean frequency of 2.8±0.9 episodes per 
night (range 2–5); imperative urges in 35.7% (n=10), 
with a frequency of 4.2±2.1 episodes per day; episodes 
of urgent urinary incontinence in 17.9% (n=5), with a 
frequency of 1.4±0.7 episodes per week. Orthostatic 
hypotension according to the active orthostatic test was 
found in 28.6% (n=8) of the examined participants, with 
mean systolic pressure decrease of 26.3±8.4 mmHg 
(range 20–44) and diastolic decrease of 13.7±4.2 mmHg 
(range 10–22). In 75.0% (n=6 of 8) of cases adequate 

compensatory tachycardia (increase in heart rate >15 
bpm) was observed, with a mean increase of 21.8±5.3 
bpm, indicating a non-neurogenic pattern, whereas in 
25.0% (n=2) an insufficient tachycardic response with 
an increase of 8.5±2.1 bpm was characteristic of the 
neurogenic form.

Persistent hyperhidrosis without thermal or 
endocrine substrate was recorded in 46.4% (n=13) of 
individuals, predominantly localized in the head and 
upper trunk region (92.3%, n=12 of 13), less often in 
the palms (30.8%, n=4 of 13).

Psychoemotional disturbances were characterized 
by polymorphism of manifestations. Anxiety according 
to the HADS-anxiety subscale ≥8 points (subclinical or 
clinical level) was detected in 64.3% (n=18) of patients, 
with a mean score of 9.2±3.1 (range 8–16). Of these, a 
subclinical level (8–10 points) was observed in 55.6% 
(n=10 of 18), whereas clinical (≥11 points) in 44.4% 
(n=8 of 18). Depressive symptoms (HADS-depression ≥8 
points) were recorded in 53.6% (n=15) of individuals, with 
a mean score of 8.7±2.8 (range 8–15), but no case reached 
the criteria of major depressive disorder according to 
DSM-5. Apathy not associated with depression (AES-C 
≥37 points with HADS-depression <8) was found in 
39.3% (n=11) of the examined individuals, with a mean 
score of 41.3±4.8 (range 37–52). Anhedonia according 
to the SHAPS scale ≥3 points was noted in 42.9% (n=12) 
of patients, with a mean score of 4.7±1.9 (range 3–9). 
Resistance to standard antidepressant therapy (lack of 
response to ≥2 drugs from different classes for >8 weeks) 
in the history was present in 28.6% (n=8) of individuals; 
the mean number of ineffective treatment attempts was 
2.6±0.7 (range 2–4). Pathological fatigue with FSS ≥4 of 
the mean score was found in 57.1% (n=16) of participants, 
with a mean value of 5.2±1.1 points (range 4.1–7.3), 
accompanied by complaints of asthenia disproportionate 
to physical exertion for 5.3±1.8 hours per day.

Subjective cognitive complaints with preserved 
daily functioning were reported by 82.1% (n=23) 
of patients, most often in the form of forgetfulness 
for recent events (78.3%, n=18 of 23), difficulty 
concentrating (69.6%, n=16 of 23), and slowing of 
thought processes (60.9%, n=14 of 23). Objective 
episodic memory impairment with rapid forgetting 
according to the 10-word recall test (delayed recall after 
20 minutes <5 words) was detected in 25.0% (n=7) of the 
examined individuals, with a mean value of 3.9±0.8 words 
(range 2–5), whereas immediate recall was 6.4±1.3 words 
(range 4–9), indicating impaired memory consolidation. 
Fluctuations of attention and reduced mental endurance 
were recorded in 46.4% (n=13) of individuals, manifested 
by episodes of cognitive instability during the day with 
deterioration under stress or fatigue; the mean duration 
of episodes was 32.7±14.2 minutes (range 15–65).

Visuospatial disorientation according to the 
clock-drawing test (<7 points on the 10-point Shulman 
scale) was noted in 17.9% (n=5) of patients, with a mean 
score of 5.8±0.9 (range 4–7). Language dysfunction in 
the form of anomia (word-finding difficulty) and reduced 
fluency was found in 32.1% (n=9): the mean letter 
fluency score (words beginning with “S” in 60 seconds) 
was 11.3±3.2 (range 6–17, normative value >15), and 
category fluency (animals) was 13.8±2.9 (range 9–19, 
normative value >18).
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Table 1. Phenotypic Microsignal Scoring Scale for Neurodegenerative Risk Assessment

Domain Phenotypic microsignal
Dominant 

neurodegenerative 
association*

Score

COGNITIVE / MEMORY

Subjective cognitive decline with preserved 
daily functioning AD, prodromal AD, DLB 1

Episodic memory impairment with rapid 
forgetting AD (amyloidopathy) 3

Attention fluctuations, reduced mental 
endurance DLB, PD 2

Visuospatial disorientation, constructional 
apraxia AD, DLB 2

Language dysfunction (anomia, reduced 
fluency) AD, CBD 3

EXECUTIVE / FRONTAL

Slowed information processing PD, PSP 1

Impaired planning and task switching PD, PSP, CBD 2

Behavioral disinhibition or apathy PSP, CBD, AD 3

SUBMOTOR / MOTOR

Reduced arm swing, unilateral motor subtlety Prodromal PD, DLB 1

Bradykinesia with axial predominance PD, PSP 2

Early postural instability or falls PSP, MSA 3

Limb apraxia, alien limb phenomena CBD 3

OCULOMOTOR / SPEECH

Slowed saccades PSP 2

Vertical gaze palsy (early or incomplete) PSP 3

Hypophonia, dysarthria PD, MSA 2

AUTONOMIC

Chronic constipation PD, MSA 1

Urinary urgency or retention PD, MSA 2

Orthostatic hypotension MSA > PD 3

SLEEP
REM sleep behavior disorder PD, DLB, MSA 3

Excessive daytime sleepiness PD, DLB 1

SENSORY / PERCEPTUAL

Hyposmia or anosmia PD, AD 1

Visual hallucinations or illusions DLB 3

Central pain syndromes PSP, CBD 2

AFFECTIVE / LIMBIC

Anxiety, emotional lability PD, AD 1

Depression resistant to treatment PD, AD 2

Apathy, loss of initiative PSP, CBD, AD 3

PERSONALITY / SOCIAL
Social withdrawal, reduced empathy AD, FTD spectrum 2

Loss of insight, anosognosia AD 3

TOTAL PMS SCORE Maximum possible score 48

Notes: * Dominant neurodegenerative association indicates the most commonly associated condition. 
Abbreviations: AD — Alzheimer’s disease; PD — Parkinson’s disease; DLB — dementia with Lewy bodies;            
PSP — progressive supranuclear palsy; MSA — multiple system atrophy; CBD — corticobasal degeneration.
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Slowing of information processing on the Trail 
Making Test Part A was found in 39.3% (n=11) of patients. 
The mean completion time was 84.3±16.7 seconds 
(range 79–128, norm <78 seconds for age 60–69 years). 
Impairment of planning and task switching on the Trail 
Making Test Part B was recorded in 35.7% (n=10) of the 
examined individuals: mean time 312.5±52.3 seconds 
(range 278–432, norm <273 seconds). The B/A ratio, 
reflecting the specificity of executive dysfunction, was 
3.8±0.9 (norm <3.0). Frontal dysfunction with FAB <16 
points was identified in 28.6% (n=8) of individuals, 
with a mean score of 14.2±1.8 (range 11–16); the most 
affected subtests were conceptualization (mean 1.8±0.6 
of 3 possible) and motor programming (1.6±0.7 of 3). 
Reduction of spontaneous speech production (<120 
words in 2 minutes of free conversation on the topic 
“describe your typical day”) was noted in 42.9% (n=12) 
of patients with a mean value of 98.7±18.4 words (range 
68–119), which is 21.3% below the normative threshold.

Behavioral disinhibition or apathy of clinically 
significant degree was observed in 25.0% (n=7) of cases, 
with a mean score on the corresponding Frontal Systems 
Behavior Scale subscale of 24.3±6.2 (range 18–36, 
norm <15). Reduction of arm swing on one side while 
walking, according to video analysis, was found in 46.4% 
(n=13) of the examined individuals; in 76.9% (n=10 of 
13) left-sided asymmetry was observed, whereas right-
sided asymetry was present in 23.1% (n=3 of 13). The 
mean decrease in swing amplitude on the affected side 
was 38.6±12.4% compared to the contralateral side 
(range 20–65%). Inter-rater agreement for asymmetry 
assessment, according to Cohen’s kappa was 0.82±0.07. 
Hypomimia ≥1 point on the 4-point scale was recorded in 
42.9% (n=12) of patients: 1 point — in 28.6% (n=18 of 28 
examined, which is 28.6% of the whole group or 66.7% 
among those who had hypomimia), 2 points — in 14.3% 
(n=4), 3 points were not observed in any case. Inter-
rater agreement for hypomimia assessment according 
to weighted kappa was 0.78±0.06. Micrographia with 
a pathological progressive reduction coefficient >0.10 
was detected in 32.1% (n=9) of individuals with a mean 
coefficient of 0.14±0.03 (range 0.11–0.22), while the 
mean letter height in the first sentence was 4.8±0.7 mm 
and in the third 4.1±0.6 mm, corresponding to a 14.6% 
reduction. Hypophonia <55 dB during standardized text 
reading at a distance of 1 meter was recorded in 28.6% 
(n=8) of the examined individuals with a mean value of 
51.8±3.2 dB (range 46–55), which is 5.8% below the 
normative threshold. A decrement on the finger tapping 
test was found in 35.7% (n=10) of patients: the mean 
number of taps in 10 seconds was 36.4±5.1 (range 28–39, 
norm ≥40), with a decrease in frequency during the test 
of 18.3±6.7%. Inter-rater agreement for decrement 
assessment according to Cohen’s kappa was 0.74±0.08. 
Bradykinesia with axial predominance (slowing when 
turning in bed, rising from a chair, turning while walking) 
was noted in 21.4% (n=6) of cases, with a score of 1–2 
points according to item 3.14 of the MDS-UPDRS Part 
III. Early postural instability or falls were recorded in 
10.7% (n=3) of individuals: in 2 cases (7.1%) — episodes 
of instability without falls, in 1 case (3.6%) — falls with 
a frequency of 2 episodes over 6 months. Limb apraxia 
and “alien hand” phenomena were absent in all examined 
participants. Slowing of saccades on clinical testing (slow 

eye movements when shifting gaze between two targets 
at a distance of 30 cm with an interval of 90 degrees) 
was detected in 17.9% (n=5) of patients; the mean 
saccade duration was 0.28±0.04 seconds (norm <0.20 
seconds), which exceeds normative values by 40%. Early 
or incomplete vertical ophthalmoplegia was not recorded 
in any case. Hypophonia and dysarthria, in addition 
to the previously described cases of reduced voice 
loudness, included elements of monotony of intonation 
in 25.0% (n=7), with a perceptual analysis score of 
2.3±0.6 points on a 5-point scale, and difficulty in phrase 
initiation in 21.4% (n=6) of the examined participants, 
with a latency of 2.8±0.9 seconds (norm <1.5 seconds). 
Social withdrawal and reduced empathy according to 
a standardized questionnaire for close relatives were 
identified in 35.7% (n=10) of patients, manifested by a 
42.3±18.7% decrease in the frequency of social contacts 
compared with the previous year, loss of interest in 
former hobbies in 60.0% (n=6 of 10) of cases, and a 
reduced emotional response to the problems of others 
according to relatives’ assessment by 3.8±1.2 points on 
a 10-point scale. Loss of insight and anosognosia were 
not recorded in any case.

According to brain MRI, moderate atrophy of the 
medial temporal structures (≥2 points on the Scheltens 
scale) was found in 32.1% (n=9) of patients. The mean 
score for the hippocampus was 1.8±0.9 (range 0–3), 
for the entorhinal cortex 1.6±0.8 (range 0–3). Global 
cortical atrophy according to GCA ≥1 point was noted 
in 39.3% (n=11), with a mean score of 1.4±0.6 (range 
1–2). White matter lesions according to Fazekas were 
found in 50.0% (n=14): periventricular lesions of 1 
point — in 28.6% (n=4 of 14), 2 points — in 21.4% (n=3 
of 14); deep lesions of 1 point — in 35.7% (n=5 of 14), 
whereas no case reached the exclusion criterion of ≥2 
points. Lacunar infarcts were detected in 7.1% (n=2) of 
patients (one infarct in each case, 4–5 mm in diameter 
in the basal ganglia).

Laboratory parameters in patients with cognitive 
impairment (n=10, 35.7% of the group) were within 
normal limits. The mean vitamin B12 level was 
342.7±118.3 pg/mL (range 210–598, norm >200), 
folic acid 6.8±2.4 ng/mL (range 3.2–12.1, norm >3), 
TSH 2.1±0.9 mIU/L (range 0.6–3.8, norm 0.4–4.0), 
fasting glucose 5.3±0.6 mmol/L (range 4.4–6.2), eGFR 
78.4±12.7 mL/min/1.73m² (range 62–98). Serological 
tests for syphilis were negative in all cases.

The mean total score on the Phenotypic Microsignal 
Scale in Group 1 was 11.4±3.8 (range 2–19 points, 
median 11 points) with a maximum possible score of 
48 points. Based on the obtained data, we developed 
a risk stratification system for the development of 
neurodegenerative diseases, which was based on three 
categories: low risk (0–12 points), moderate risk (13–24 
points), and high risk (≥25 points). According to this 
stratification, Group 1 was distributed as follows: the 
low-risk category included 67.9% (n=19) of patients with 
a mean score of 8.2±3.1 (range 2–12), which constituted 
17.1% of the maximum possible score; the moderate-
risk category — 32.1% (n=9), with a mean score of 
16.8±2.4 (range 13–19), corresponding to 35.0% of the 
maximum; no patient entered the high-risk category 
(0%, n=0), since the maximum score in Group 1 was 19 
points. Thus, 32.1% (n=9) of patients in the prodromal 
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group had a moderate level of risk of developing manifest 
neurodegenerative disease according to the developed 
stratification system. This finding emphasizes the clinical 
significance of the identified phenotypic microsignals 
and their potential for early identification of individuals 
at increased risk of neurodegenerative progression. 
Correlation analysis revealed statistically significant 
associations between the total PMS score and key clinical 
parameters including duration of symptoms (r=0.52, 
p=0.004), age of patients (r=0.38, p=0.042), and the 
number of affected domains (r=0.76, p<0.001). Multiple 
regression analysis showed that the greatest contribution 
to the total PMS score was made by sleep disorders 
(β=0.34, p=0.002), olfactory dysfunction (β=0.28, 
p=0.008), and autonomic disorders (β=0.26, p=0.012), 
which explained 68.4% of the variance of the total 
score (R²=0.684, p<0.001). These results confirm the 
construct validity of the PMS scale and demonstrate that 
non-motor symptoms, in particular sleep disturbances, 
olfactory and autonomic dysfunctions, are the most 
significant predictors of neurodegenerative risk at the 
prodromal stage.

Stratification of patients by risk level for 
developing neurodegenerative diseases based on 
the Phenotypic Microsignals Scale (PMS). One of 
the key results of this study was the implementation of a 
multilevel system for stratifying patients according to the 
risk of developing neurodegenerative diseases (NDDs). 
Stratification was based on the total score obtained 
using the PMS, which made it possible to quantitatively 
assess the current phenotypic status of the patient and 
qualitatively predict the likelihood of transformation 
of the prodromal state into a clinically manifest form 
of the disease. Based on the obtained results, three 
clinically significant risk categories were identified: low 
(0–12 points), moderate (13–24 points), and high (≥25 
points). This approach opens new opportunities for 
proactive clinical intervention, targeted monitoring, and 
personalized patient management. Summary data are 
presented in Table 2.

Low-risk category (0–12 points). Patients 
classified in the low-risk category according to the 
total score on the Phenotypic Micro-Signals (PMS) 
Scale constituted the largest proportion of the 
prodromal cohort (67.9%, n=19 from Group 1). These 
individuals demonstrated isolated or multiple phenotypic 
manifestations, with a mean total PMS score of 8.2±3.1 
(range 2–12), which accounted for 17.1% of the maximum 
possible score. The clinical profile was characterized by 
mild or moderate expression of non-motor symptoms 
across various domains, without sufficient accumulation 
to reach the moderate-risk threshold. Such symptoms 
included episodic sleep disturbances (REM sleep behavior 

disorder in some cases), olfactory dysfunction, autonomic 
manifestations (constipation, urinary symptoms), mild 
cognitive complaints with preserved daily functioning, 
and subtle motor phenomena. From a clinical and 
prognostic perspective, this phenotypic configuration 
was associated with a conversion rate to manifest 
neurodegenerative disease of less than 5% during the 
observation period, indicating a relatively low short-term 
prognostic risk. However, the presence of documented 
prodromal markers, even at a low cumulative level, 
requires further clinical attention. From a practical 
standpoint, this clinico-phenotypic configuration does not 
require immediate engagement in intensive diagnostic 
algorithms—specifically, extended neuroimaging, 
biomarker analysis, or extensive neuropsychological 
batteries. Management of patients in this category 
can be carried out within the framework of standard 
outpatient follow-up with periodic reassessment 
(annually or semiannually), focusing on basic evaluation 
of functional status, monitoring symptom progression, 
and educational interventions regarding risk factors for 
neurodegeneration and lifestyle modification. However, 
considering the potential impact of certain anamnesis 
risk factors (family history of neurodegenerative 
diseases, presence of vascular comorbidities, exposure 
to chronic stress or circadian rhythm disturbances), it is 
recommended to form an individualized clinical profile, 
including monitoring of possible triggers and periodic 
reassessment using PMS. This will allow timely detection 
of early signs of shift to a higher risk category and 
adaptation of patient management strategies to evolving 
clinical realities.

Moderate-risk category (13–24 points). The 
moderate-risk category, which included patients with 
a total PMS score of 13-24, encompassed 32.1% (n=9) 
of the prodromal cohort (Group 1) with a mean score 
of 16.8±2.4 (range 13–19), which accounted for 35.0% 
of the maximum possible score. This category was 
characterized by a polysymptomatic clinical profile with 
clear accumulation of phenotypic micro-signals across 
multiple domains, indicating initial signs of multi-network 
neurophysiological dysregulation. In most cases, a 
combination of affective, autonomic, cognitive, sensory, 
and subtle motor manifestations was observed, forming 
a clinically significant prodromal phenotype with internal 
structure and domain diversity. The affective domain in 
this cohort was characterized by predominance of anxiety 
states (HADS-anxiety ≥8 in 64.3%), depressed mood 
(HADS-depression ≥8 in 53.6%), apathy not associated 
with depression (AES-C ≥37 in 39.3%), and anhedonia 
(SHAPS ≥3 in 42.9%). Patients reported persistent 
subjective feelings of tension, loss of motivation, 
reduced behavioral initiative, and treatment-resistant 

Table 2. Risk Stratification Based on Phenotypic Micro-Signal Scale (PMS Scale)

Risk Category PMS Score Range Estimated Risk of NDD 
Progression Clinical Implication

Low 0-12 <5% Routine dynamic observation

Moderate 13–24 ~20–30% Enhanced clinical monitoring

High ≥25 >50% Comprehensive diagnostic evaluation
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mood disorders (28.6% with a history of unsuccessful 
antidepressant therapy), indicating early signs of limbic 
system dysregulation. Autonomic symptoms included 
chronic constipation meeting ROME IV criteria (78.6%), 
orthostatic hypotension (28.6%), urinary dysfunction 
including nocturia and urgency (60.7%), and excessive 
sweating (46.4%). These autonomic disturbances 
indicated impaired sympathetic-parasympathetic balance 
and initial disorganization of autonomic regulation, 
typical of early stages of neurodegenerative processes, 
especially in synucleinopathies. Sleep architecture 
disturbances were pronounced, particularly REM sleep 
behavior disorder (67.9% positive responses on RBD1Q), 
excessive daytime sleepiness (53.6% with Epworth >10), 
and sleep fragmentation (60.7% with >3 awakenings 
per night). Cognitive symptoms in this group had not 
yet reached the threshold for dementia but manifested 
as subjective cognitive decline (82.1%), episodic 
memory impairment with rapid forgetting (25.0%), 
attention fluctuations (46.4%), slowed information 
processing (39.3%), and executive dysfunction (35.7%). 
These phenomena were detected during targeted 
neuropsychological testing (MoCA, FAB, Trail Making 
Test), even when routine screening remained within 
normal limits. Sensory changes were particularly 
frequent, including hyposmia (71.4% with correct 
identification of <9 out of 12 odors), with 35% of patients 
being unaware of their olfactory deficit prior to testing—a 
recognized non-motor biomarker that often precedes 
manifest motor symptoms in Parkinson’s disease. Subtle 
motor phenomena included asymmetry of arm swing 
(46.4%), hypomimia (42.9%), micrographia (32.1%), 
and decrement on the finger-tapping test (35.7%). 
Concomitant complaints of pathological fatigue (FSS ≥4 
in 57.1%) and reduced spontaneous speech production 
(42.9% with <120 words in a 2-minute discourse) were 
also characteristic of this category. The conversion 
rate from prodromal state to clinically manifest 
neurodegenerative disease in the moderate-risk category 
was estimated at approximately 20–30% over a 24-month 
observation period, significantly exceeding population 
baseline rates. This finding necessitates intensified 
dynamic monitoring with careful tracking of cognitive, 
emotional, autonomic, and motor parameters. Within the 
framework of clinical tactics, it is advisable to conduct 
evaluations at least twice a year with reassessment using 
PMS, cognitive screening (MoCA, FAB), standardized 
assessment of sleep architecture, autonomic function 
testing, and evaluation of olfactory function. In the 
case of detection of negative dynamics—specifically, 
the appearance of new symptoms, worsening of existing 
ones, or an increase in PMS score crossing into the high-
risk territory—it is strongly recommended to implement 
modern instrumental diagnostic methods, including 
brain MRI with a focus on midbrain structures and 
medial temporal regions, comprehensive multidomain 
neuropsychological testing, and autonomic profiling. 
Timely stratification of patients in this risk category 
allows identification of individuals with an increased 
likelihood of neurodegenerative progression at the 
preclinical stage, opening opportunities for proactive 
clinical intervention, intensified monitoring protocols, 
and potential implementation of disease-modifying or 
neuroprotective therapeutic strategies.

High-risk category (≥25 points). Patients with 
a total PMS score ≥25 were classified into the high-risk 
category. Notably, in the prodromal cohort (Group 1), no 
patient reached this threshold, as the maximum observed 
score was 19. Therefore, this category is defined 
theoretically and based on extrapolation from patients 
with established manifest neurodegenerative diseases 
(Group 2), where such scores would be expected. 
This group would be characterized by the presence of 
multiple, persistent, recurrent, and mutually reinforcing 
phenotypic micro-signals across virtually all evaluated 
domains, demonstrating high chronological stability, 
clear progression over time, and morphofunctional 
interdependence. In the clinical spectrum of such 
patients, a predominance of a wide range of non-motor 
symptoms would be expected, including pronounced REM 
sleep behavior disorder with frequent traumatic episodes, 
marked hyposmia or anosmia, significant autonomic 
insufficiency (neurogenic orthostatic hypotension, 
severe constipation, urinary dysfunction), alongside clear 
motor phenomena such as hypomimia, bradykinesia, 
reduced arm swing, and possibly early postural 
instability. Additionally, patients in this category would 
be expected to exhibit clear signs of reduced cognitive 
flexibility, executive function and behavioral initiative 
impairment, visuospatial dysfunction, episodic memory 
deficits, and involvement of fronto-limbic structures 
in the pathological process, manifesting as apathy, 
reduced spontaneous activity, and social withdrawal. 
The frequency of developing neurodegenerative disease 
in this group would be expected to exceed 50% over 
24 months, representing patients at the threshold or 
already meeting criteria for manifest disease. This would 
be confirmed by both clinical dynamic observation and 
instrumental methods, including MRI detecting medial 
temporal atrophy or midbrain changes, multi-domain 
neuropsychological testing demonstrating deficits in 
multiple cognitive domains, and pathological autonomic 
function tests. Given the high prognostic probability, 
immediate referral of patients for comprehensive 
diagnostic evaluation is clinically necessary, including 
detailed neuroimaging (MRI with volumetric analysis, 
potentially DaTscan if synucleinopathy is suspected), 
extensive neuropsychological assessment, autonomic 
function testing, polysomnography for suspected REM 
sleep disorder (RBD), and, if clinically indicated, genetic 
counseling, CSF biomarker analysis, or advanced 
imaging methods. In a high-risk situation, clinicians 
should consider initiating disease-specific therapeutic 
interventions, including neuroprotective strategies, 
symptomatic treatment of non-motor symptoms 
(RBD, autonomic dysfunction, neuropsychiatric 
symptoms), and comprehensive multidisciplinary care 
involving neurology, neuropsychology, psychiatry, and 
rehabilitation services.

Characteristics of Group 2 (manifest pathology, 
n=56). The second group included 56 patients with 
clinically established diagnoses of neurodegenerative 
diseases, verified by two independent neurologists 
according to international disease-specific criteria. The 
mean age of participants was 68.4±6.9 years (range 
52–77 years), which was 5.2 years older than the 
mean age of the prodromal group (p=0.003). Gender 
distribution showed a predominance of men — 60.7% 
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(n=34) versus 39.3% (n=22) women. The mean disease 
duration from the onset of initial motor or pronounced 
cognitive symptoms to study inclusion, was 3.8±2.6 
years (range 0.5–11.2 years). According to nosological 
structure, the group was distributed as follows: 
amyloidopathies (Alzheimer’s disease) — 28.6% (n=16), 
synucleinopathies (Parkinson’s disease — 50.0%, n=28; 
Lewy body dementia — 16.1%, n=9), and tauopathies 
(progressive supranuclear palsy) — 5.4% (n=3). All 
patients underwent comprehensive clinical-instrumental 
evaluation with mandatory MRI verification of diagnosis.

Alzheimer’s disease (n=16, 28.6% of Group 2). 
The subgroup of patients with Alzheimer’s disease 
included 16 individuals, representing 28.6% of Group 
2. The mean age of the examined patients was 
approximately 70 years, with a slight predominance of 
women. The average disease duration did not exceed 
three years, with mild and moderate stages of dementia 
predominating. The clinical picture was characterized 
by universal impairment of episodic memory with 
pronounced consolidation deficits, reduction in global 
cognitive scores, and significant executive dysfunction. 
Visuospatial, language, and attention deficits, as well 
as affective and behavioral symptoms, were common. 
Social functioning and insight into condition were 
substantially reduced in a significant portion of patients. 
Neuroimaging data showed predominant atrophy of the 
medial temporal structures combined with generalized 
cortical atrophy and vascular changes in the white 
matter. Key clinical-demographic, neuropsychological, 
and MRI parameters are presented in Table 3.

The mean total PMS score in the subgroup of 
patients with Alzheimer’s disease was 28.6±5.4 points 
(range 19–38 points, median — 29 points). Analysis of 
the distribution by risk categories showed no patients 
with low risk (0–12 points). Moderate risk (13–24 points) 
was found in 18.8% of patients (n=3) with a mean 
score of 21.3±2.1 points, whereas the vast majority of 
examined patients — 81.3% (n=13) — belonged to the 
high-risk category (≥25 points) with a mean score of                    
31.2±4.8 points.

Parkinson’s disease (n=28, 50.0% of Group 2). 
The subgroup of patients with Parkinson’s disease was 
the largest in Group 2 and included 28 individuals with 
a mean disease duration of over four years. The clinical 
profile corresponded to the typical idiopathic form of 
Parkinson’s disease, with predominance of the akinetic-
rigid phenotype and stages III–IV according to Hoehn–
Yahr. Motor symptoms were characterized by universal 
presence of bradykinesia, a high frequency of rigidity and 
resting tremor, and a significant prevalence of postural 
instability. Non-motor symptoms were observed in all 
patients and demonstrated marked heterogeneity with 
early onset. The most common manifestations were 
sleep disturbances with REM sleep behavior disorder, 
olfactory dysfunction, autonomic disturbances, and 
affective disorders. Cognitive impairments were 
recorded in most patients; however, in the vast majority 
of cases, they did not reach the level of dementia and 
displayed a fronto-striatal profile. Key demographic, 
clinical, cognitive, and neuroimaging parameters are 
presented in Table 4.

Table 3. Key clinical-neuropsychological and neuroimaging parameters of patients with Alzheimer’s disease (n = 16)

Parameter Value Parameter Value

Demographics and Global Cognitive Scales

Age, years 70.2 ± 4.8 MMSE, points 20.3 ± 4.2

Female, n (%) 9 (56.3) MoCA, points 16.8 ± 5.1

Disease duration, years 2.9 ± 1.8

Cognitive Profile and Executive Functions

Episodic memory impairment, % 100 TMT-A, s 126.7 ± 34.2

Immediate recall (10- word test) 4.2 ± 1.3 TMT-B, s 418.3 ± 98.6

Delayed recall 1.8 ± 1.1 B/A ratio 5.8 ± 2.1

Forgetting rate, % 57.1 ± 18.4 Unable to complete TMT-B, % 31.3

Language, Visuospatial Functions, and Affective-Behavioral Disturbances

Visuospatial impairment, % 81.3 Apathy (AES-C ≥37), % 62.5

Clock Drawing Test, points 4.6 ± 2.1 Anxiety (HADS-A ≥8), % 68.8

Letter fluency, words/min 8.4 ± 3.6 Depression (HADS-D ≥8), % 62.5

Neuroimaging (MRI)

Medial temporal atrophy, % 81.3 Hyposmia/anosmia, % 100

Hippocampal atrophy score 3.2 ± 0.8 Sleep disturbances, % 75.0

Total cortical atrophy, % 75.0 Orthostatic hypotension, % 25.0

Fazekas ≥1, % 68.8
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Table 4. Key clinical and neuropsychological characteristics of patients with Parkinson’s disease (n = 28)

Parameter Value Parameter Value

Demographics, Disease Course and Motor Symptoms

Age, years 67,8 ± 6,3 Bradykinesia, % 100
Male, n (%) 17 (60,7) MDS-UPDRS III (rigidity) 2,4 ± 0,8

Disease duration, years 4,2 ± 2,8 Resting tremor, % 78,6

Akinetic-rigid form, % 60,7 Postural instability,% 42,9

Hoehn–Yahr III–IV, stage % 75,0 Freezing of gait, % 35,7

Speech-Motor Manifestations and Non-Motor Symptoms

Hypomimia ≥2 points, % 75 REM sleep behavior disorder, % 82,1

Micrographia, % 71,4 Excessive daytime sleepiness (ESS >10), % 71,4

Hypophonia <55 dB, % 67,9 Anosmia, % 67,9
Dysarthria, % 64,3 Chronic constipation, % 85,7

Cognitive Functions and Autonomic Disorders

Cognitive impairment, % 85,7 Orthostatic hypotension, % 60,7

MoCA, points 22,4 ± 4,3 Nocturia≥2 episodes/night, % 78,6

MMSE, points 25,8 ± 3,2 Urgency, % 67,9

FAB <16, % 50 Hyperhidrosis, % 75,0

Affective Disorders

Depression (HADS-D ≥8), % 67,9

Anxiety (HADS-A ≥8), % 75,0

Apathy (AES-C ≥37), % 57,1

The mean total PMS score in the subgroup of 
patients with Parkinson’s disease was 26.4±6.2 points 
(range 14–39 points, median — 27 points). Analysis of the 
distribution by risk categories did not reveal any patients 
with low risk (0–12 points). Moderate risk (13–24 points) 
was recorded in 35.7% of examined patients (n=10) with 
a mean score of 18.6±3.4 points, whereas 64.3% of 
patients (n=18) belonged to the high-risk category (≥25 
points) with a mean score of 31.8±5.1 points.

Lewy body dementia (n=9, 16.1% of Group 2). 
The subgroup of patients with Lewy body dementia 
included nine individuals and was characterized by the 
typical clinical phenotype according to the consensus 
criteria of McKeith et al [12]. The clinical picture was 
defined by the universal presence of cognitive fluctuations 
and visual hallucinations, frequently combined with REM 
sleep behavior disorder and moderately expressed 
parkinsonism, which appeared simultaneously with 
or after the cognitive onset. Cognitive impairments 
were multi-domain, with predominance of visuospatial, 
executive, and attentional deficits and relatively 
less pronounced memory impairment compared to 
Alzheimer’s disease. Non-motor symptoms, including 
sleep disturbances, autonomic dysfunction, and 
affective disorders, were common and significantly 
affected patients’ functional status. MRI data showed 

relative preservation of medial temporal structures with 
moderate generalized cortical atrophy, corresponding 
to the characteristic neuroimaging profile of Lewy 
body dementia. Key clinical, cognitive, and autonomic 
parameters are presented in Table 5.

The mean total PMS score in the subgroup of 
patients with Lewy body dementia was 32.8±5.7 points 
(range 23–42 points, median — 33 points). Analysis of 
the distribution by risk categories did not reveal any 
patients with low risk. Moderate risk (13–24 points) was 
recorded in only 11.1% of examined patients (n=1; 23 
points), whereas the vast majority of patients — 88.9% 
(n=8) — belonged to the high-risk category (≥25 points) 
with a mean score of 34.6±4.2 points.

Progressive supranuclear palsy (n=3, 5.4% of 
Group 2). The subgroup of patients with progressive 
supranuclear palsy (PSP) was the smallest in the 
study. The diagnosis was established according to the 
NINDS-PSP criteria [13] based on the combination 
of progressive parkinsonism with early falls, vertical 
oculomotor disturbances, and axial r igidity. In 
all patients, MRI revealed characteristic signs of 
midbrain atrophy with the “hummingbird” sign, third 
ventricle dilation, and atrophy of the midbrain 
tegmentum. The clinical picture was characterized 
by early postural instability with retropulsion, 
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pronounced bradykinesia with axial predominance, and 
absence of resting tremor. Oculomotor disturbances 
included complete or incomplete vertical supranuclear 
ophthalmoplegia with significant slowing of vertical 
saccades, whereas horizontal saccades remained 
relatively preserved. Dystonic hand postures, severe 
hypomimia, dysarthria with hypophonia, and dysphagia 
were frequently observed. Non-motor manifestations 
included pronounced apathy, behavioral disinhibition, 
executive cognitive dysfunction with slowed information 
processing, and relatively preserved episodic memory. 
Autonomic disturbances were less pronounced, 
manifesting mainly as urinary disorders, constipation, 
and isolated cases of orthostatic hypotension. REM 
sleep behavior disorder was not observed. Key 
demographic and clinical characteristics of the subgroup 
are presented in Table 6.

The mean total PMS score in patients with 
progressive supranuclear palsy was 31.3 ± 4.5 points 
(range 27–36 points, median — 31 points). Analysis of 
the distribution by risk categories did not reveal any 
patients with low or moderate risk. All examined patients 
(100%, n = 3) belonged to the high-risk category (≥25 
points), with a mean PMS score of 31.3 ± 4.5 points.

Overall characteristics of Group 2 (manifest 
pathology, n=56). Analysis of Group 2 (Table 7) 
revealed a high burden of phenotypic microsignals 
across all assessed domains. The mean total PMS score 
for the entire group was 27.8 ± 6.3 points (range: 
14–42; median: 28), representing a 143.9% increase 

compared with the prodromal group (11.4 ± 3.8 points; 
p < 0.001). Risk stratification based on PMS thresholds 
demonstrated the absence of low-risk individuals (0–12 
points). A moderate-risk profile (13–24 points) was 
identified in 25.0% of patients (n = 14), with a mean PMS 
score of 19.6 ± 3.2 points (range: 14–24). The majority 
of patients (75.0%, n = 42) were classified as high risk 
(≥25 points), exhibiting a mean PMS score of 31.4 ± 5.1 
points (range: 25–42), consistent with clinically manifest 
neurodegenerative disease. Nosological subgroups 
analysis showed, that the highest mean PMS scores were 
observed in dementia with Lewy bodies (32.8 ± 5.7), 
followed by progressive supranuclear palsy (31.3 ± 4.5), 
Alzheimer’s disease (28.6 ± 5.4), and Parkinson’s disease 
(26.4 ± 6.2). These differences reflect disease-specific 
patterns of multisystem involvement and heterogeneity 
of clinical manifestations.

Characteristics of Group 3 (control group, 
n=28). The control group included 28 individuals 
without clinical signs of neurodegenerative pathology 
and was used to determine normative threshold values 
for phenotypic microsignals. (Table 8) The mean age 
was 62.8 ± 7.2 years (50–75 years); men constituted 
53.6% (n=15), women 46.4% (n=13). The group was 
comparable to the prodromal group in demographic 
characteristics (p>0.05). Phenotypic microsignals were 
rarely recorded, were of mild severity, and mostly 
reflected age-related or non-neurogenic changes. All 
participants belonged to the low-risk category according 
to the PMS scale.

Table 5. Key clinical and neuropsychological characteristics of patients with Lewy body dementia (n = 9)

Parameter Value Parameter Value

Demographics, Disease Course and Key Diagnostic Features

Age, years 69,8 ± 3,9 Cognitive fluctuations, % 100

Male, n (%) 6 (66,7) Visual hallucinations, % 100

Disease duration, years 3,2 ± 1,9 REM sleep behavior disorder, % 88,9

Cognitive Functions and Parkinsonism

MoCA, points 15,8 ± 5,6 Parkinsonism, % 77,8

MMSE, points 19,4 ± 4,8 Bradykinesia, % 66,7

Visuospatial impairment, % 88,9 Rigidity, % 55,6

FAB <16, % 66,7 Resting tremor, % 22,2

Executive Functions and Non-Motor Symptoms

Trail Making Test A, s 118,4 ± 38,6 Excessive daytime sleepiness 
(ESS >10), % 88,9

Trail Making Test B, s 396,7 ± 112,3 Chronic constipation, % 77,8

Unable to complete TMT-B, % — Orthostatic hypotension, % 55,6

Other Clinical Manifestations and Affective Disorders

Postural instability, % 44,4 Depression (HADS-D ≥8), % 77,8

Anosmia, % 66,7 Anxiety (HADS-A ≥8), % 88,9

Apathy (AES-C ≥37), % 66,7
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Table 6. Key characteristics of the subgroup of patients with progressive supranuclear palsy (n = 3)

Demographic data Motor symptoms Non-motor 
symptoms

Cognitive 
indicators MRI

Age: 71,3 ± 3,1 years Early falls: 100% Apathy: 100% MoCA: 18,7 ± 4,9 Atrophy of midbrain: 
100%

Male: 66,7% Postural instability  
(MDS-UPDRS): 3,3 ± 0,6

Behavioral disinhibition: 
66,7% MMSE: 22,3 ± 3,8 «Hummingbird sign»: 

100%

Disease duration:  
2,8 ± 1,3 years

Vertical oculomotor 
disturbances: 100% Dysphagia: 66,7% FAB: 9,3 ± 2,1 Dilation of III 

ventricle 100%

Bradykinesia (MDS-UPDRS): 3.0 ± 0.8 
Axial rigidity: 100%

Dysarthric disorders: 100% 
Depression: (HADS ≥ 8): 66,7%

Table 7. Nosology-specific phenotypic microsignals and structural markers in Group 2
Domain / Marker PD AD DLB PSP

REM sleep behavior disorder, % 82.1 18.8 88.9 0

Anosmia, % 67.9 25.0 66.7 33.3

Visual hallucinations, % Rare Rare 100 Rare

Vertical supranuclear gaze palsy / 
slow saccades, % 0 0 0 100

Dominant cognitive profile
Executive 

dysfunction, 
bradyphrenia

Episodic memory 
deficit

Attention 
fluctuations, 
multidomain 
impairment

Frontal dysfunction, 
psychomotor slowing

Constipation, % 85.7 62.5 77.8 66.7

Orthostatic hypotension, % 60.7 25.0 55.6 33.3

Medial temporal lobe atrophy 
(Scheltens ≥3), % Minimal 81.3 Moderate Minimal

Midbrain atrophy  
(“hummingbird sign”), % 0 0 0 100

Table 8. Nosology-specific phenotypic microsignals and structural markers in Group 3

Domain Parameter 1 Value Parameter 2 Value Parameter 3 Value

Demographics Age, mean ± SD 
(years) 62.8 ± 7.2 Age range (years) 50–75 Sex (M/F) 53.6% (15) / 

46.4% (13)

Sleep RBD-positive episodes 3.6% Excessive daytime 
sleepiness 0% — —

Olfactory Hyposmia 10.7% Anosmia 0% — —

Visual / Pain Visual phenomena 0% Central pain 
syndromes 0% — —

GI & Autonomic Chronic constipation 17.9% Dysuric disorders 21.4% Orthostatic 
hypotension 7.1%

Cognitive Subjective complaints 21.4% Objective memory 
impairment 3.6% Attention 

fluctuations 7.1%

Executive TMT-A impairment 14.3% TMT-B impairment 10.7% — —

Neuropsychiatric
Anxiety ≥8 points 17.9% Depression 10.7% Apathy 7.1%

Pathological fatigue 10.7% — — — —

Motor

Reduced arm swing 7.1% Hypomimia 10.7% Micrographia 0%

Hypophonia 0% Bradykinesia 0% Postural instability 0%

Oculomotor 
disturbances 0% — — — —

Social Social withdrawal 10.7% — — — —

MRI

Medial temporal 
atrophy 10.7% Global cortical 

atrophy 14.3% White matter 
lesions 28.6%

Lacunar infarcts 3.6% — — — —
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The mean total score on the Phenotypic 
Microsignals Scale in Group 3 was 2.8±2.1 (range 0–7 
points, median 2 points), which was significantly lower 
compared with Group 1 (11.4±3.8, t=10.8, p<0.001). 
Detection of phenotypic microsignals with a total score 
≥1 was observed in 78.6% (n=22) of participants; 
however, this reflected normal age-related changes. 
All participants in the control group (100%, n=28) fell 
into the low-risk category (0–12 points) with a mean 
score of 2.8±2.1, representing 5.8% of the maximum 
possible score. No participant reached the moderate- or 
high-risk category.

Comparative analysis between groups. Patients 
with manifest disease were significantly older than 
prodromal individuals (68.4 ± 6.9 vs 63.2 ± 6.8 years; 
p=0.003). (Table 9) The sex distribution across groups 
was balanced, with a slight predominance of men. 

Table 9. Summary comparison of key parameters between groups

Indicator Prodromal (n=28) Manifest (n=56) Control (n=28)

Age, years (Mean±SD) 63.2±6.8 68.4±6.9 62.8±7.2

PMS, score (Mean±SD) 11.4±3.8 27.8±6.3 2.8±2.1

High risk (≥25), % 0 75.0 0
REM Sleep Behavior Disorder, % 67.9 >80 3.6

Hyposmia, % 71.4 25–68 10.7

Constipation, % 78.6 62–86 17.9

MRI-atrophy (≥2), % 32–39 Up to 81 10.7

Fig. 1. ROC curve analysis of the Phenotypic Microsignals Scale

The overall PMS score demonstrated a consistent 
gradient: control → prodromal → manifest stage. 
In the manifest group, PMS was 2.4 times higher 
compared with the prodromal group (p<0.001). The 
absence of overlap between risk categories indicates 
high discriminative ability of the scale. The prodromal 
stage was characterized by a high frequency of RBD 
(67.9%), hyposmia (71.4%), constipation (78.6%), 
neuropsychiatric symptoms (>50%), and subclinical 
motor signs. In the manifest phase, there was marked 
exacerbation of cognitive, motor, and neuroimaging 
changes with nosology-specific patterns.

ROC Analysis. To evaluate the diagnostic accuracy 
of the Phenotypic Microsignal Scale (PMS), receiver 
operating characteristic (ROC) curve analysis was 
performed for three key comparisons (Fig. 1). The 
PMS demonstrated excellent discriminative ability for 
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differentiating manifest neurodegenerative disease from 
controls (AUC = 0.982, 95% CI: 0.932–1.000), with an 
optimal cutoff of 13 points yielding 96.4% sensitivity 
and 92.9% specificity. For the prodromal versus control 
comparison, the scale showed very good discrimination 
(AUC = 0.956, 95% CI: 0.906–0.989), with a cutoff of 7 
points providing 89.3% sensitivity and 89.3% specificity. 
The manifest versus prodromal comparison revealed 
good discriminative capacity (AUC = 0.891, 95% CI: 
0.841–0.931), with an optimal threshold of 21 points 
achieving 78.6% sensitivity and 85.7% specificity. 
These findings confirm that the PMS scale possesses 
robust discriminative properties across the continuum of 
neurodegenerative disease progression, from prodromal 
states to clinically manifest disorders, supporting its 
utility as a risk stratification tool in clinical practice.

Discussion 
The results of this study confirm the appropriateness 

of using PMS as a clinical tool for early identification of 

Fig. 2. Neurodegeneration Pathogenesis Schema

patients at high risk of developing neurodegenerative 
diseases, primarily Parkinson’s disease. The application 
of a systematic analysis of subtle clinical phenomena 
that arise long before manifestation of classical motor 
symptoms allows moving beyond the traditional 
diagnostic paradigm, which is mainly focused on 
late-stage disease manifestations. The proposed 
approach is based on the concept that preclinical and 
prodromal phenomena are not random but strictly 
pathogenetically determined, ref lecting gradual 
destabilization of key neurofunctional systems, as 
depicted in Fig. 2.

One of the central biological substrates likely 
involved in the formation of such microsymptoms 
is the neuro-glio-capillary interface (NGCI) — an 
integral structural-functional unit that connects 
neurons, astrocytes, and endothelial capillary cells 
within a unif ied microenvironment [18, 19] The 
pathogenesis of disturbances leading to the development 
of microphenomena is a fundamentally complex and 
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multistage process. Based on the results of Bondarenko 
YaD, Kauk OI. (2025) [20], Kauk OI, Bondarenko YaD, 
Kulyk DYe. (2025) [26], McConnell, H. L., Li, Z., Woltjer, 
R. L., & Mishra, A. (2019) [27], Mayer, M. G., & Fischer, 
T. (2024) [28], Fakorede, S., Lateef, O. M., Garuba, W. 
A., Akosile, P. O., Okon, D. A., & Aborode, A. T. (2025) 
[29], Zlokovic B. V. (2011) [30]. We propose a stepwise 
pathogenesis in which (neurogliocapillary interface) NGCI 
dysfunction [18-20, 26] precedes neuronal degeneration. 
Astrocyte impairment disrupts neurovascular coupling 
and BBB integrity, activating microglia and sustaining 
chronic neuroinflammation [18-20, 26] This process 
impairs neurogenesis, synaptic transmission, and 
cognition, manifesting as linked microsymptoms including 
hyposmia, REM sleep disturbances, constipation, 
cognitive inertia, monotone speech, hypomimia, and 
behavioral passivity [18-20,26] Early detection of 
frontal-lobe cognitive deficits is particularly predictive 
of Parkinson’s disease, distinguishing it from Alzheimer’s 
disease, as confirmed by the works of Owen A. M. (2004) 
[31], Lewis, S. J., Dove, A., Robbins, T. W., Barker, R. A., 
& Owen, A. M. (2003) [32], and Kim, S., Kang, Y., Yu, K. 
H., & Lee, B. C. (2016) [33]. Overall, the pathogenesis 
of neurodegenerative processes (including AD and PD) 
involves a complex interaction between neuroimmune, 
metabolic, and vascular dysfunctions. Damage to 
the NGCI is considered the entry point for systemic 
inflammation into the CNS. At the same time, decreased 
clearance of Aβ due to impaired glymphatic drainage, 
oxidative stress, tau-protein hyperphosphorylation, 
synaptic dysfunction, and atrophy are late consequences 
of the chronic pathophysiological process. This is 
confirmed by modern neuroimaging and biomarker 
data including decreased Aβ1-42 in cerebrospinal fluid, 
increased p-tau, specific zones of atrophy (entorhinal 
cortex, hippocampus), decreased glucose metabolism 
on FDG-PET, as well as inflammatory cascade activity 
from micro- and astrocytes, as evidenced in studies 
by Blennow K. (2017) [34], Lewczuk, P., Łukaszewicz-
Zając, M., Mroczko, P., & Kornhuber, J. (2020) [35], 
Deng, Q., Wu, C., Parker, E., Liu, T. C., Duan, R., & 
Yang, L. (2024) [36]. In this context, the importance 
of considering microphenomena at early stages cannot 
be overstated. Their objectification via validation of the 
PMS scale allows a shift from fixation on late structural 
changes to detection of functional neurocirculatory 
shifts. Such a proactive approach opens new horizons for 
screening, risk stratification, individualized monitoring 
of progression, and even preventive interventions. 
The development and implementation of a clinical tool 
based on systemic analysis of phenotypic microsignals 
at the primary outpatient care level has the potential to 
become a new standard in neuroprophylaxis, particularly 
in geriatrics, neurology, and psychiatry.

Directions for further research. Future studies 
should focus on multicenter validation of the PMS in 
various clinical settings and population groups, which 
is planned to be undertaken in the near future. It is 
important to include biomarker monitoring (cytokines, 
α-synuclein, BDNF), as well as neuroimaging support 
(fMRI, DTI) to confirm the relationship between 
clinical microsignals and neural network changes. 
The development of digital tools (mobile applications, 
neurobehavioral trackers) for automated detection 

of microsymptoms represents a promising direction. 
Special attention should be paid to studying the influence 
of modified risk factors (alcohol, metabolic disorders, 
stress) on the formation of PMS. Integration of the scale 
into primary healthcare protocols, geriatric screening 
programs, and personalized treatment profiles also 
requires further investigation of effectiveness and 
implementation.

Conclusion 
The developed PMS allows identification of individuals 

at high risk of developing neurodegenerative diseases 
several years before the appearance of classical 
clinical, laboratory, or instrumental signs. Its use in 
primary outpatient care settings opens opportunities 
for proactive diagnosis and early clinical intervention, 
which is fundamentally important for the development 
of personalized preventive neurology.
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It is well known that over 800,000 microdiscectomies are performed worldwide 
each year. A significant number of patients undergo surgical treatment only 
after a sufficiently long period of progression of neurological symptoms lasting 
months or even years. Consequently, patients with paresis, including plegia of 
the distal lower extremities, are frequently encountered. In many cases, these 
neurological deficits persist for several years, resulting in a poor prognosis 
for postoperative recovery of motor function, despite complete or substantial 
relief of pain syndrome after surgery. Standard treatment for such patients 
includes drug therapy, physiotherapy methods (electrostimulation, magnetic 
stimulation), exercise therapy, massage, etc.
One of the modern neurorehabilitation techniques is Redcord Neurac therapy - 
an innovative technology of neuromuscular activation. Neurac (Neuromuscular 
Activation) is a physical therapy technique that uses specific exercises and 
techniques to activate the nervous and muscular systems. This method is 
based on the interaction between the nervous and muscular systems, as well 
as the principles of functional training.
Objective: To study the immediate and long-term treatment outcomes in 
patients with paresis after lumbar microdiscectomy using the Redcord Neurac 
therapy technique.
Materials and methods: A study was conducted to evaluate the effectiveness 
of treatment in 38 patients with moderate or profound paresis after lumbar 
microdiscectomy in the period from 2022 to the first half of 2025, who 
underwent treatment at the Lamed Rehabilitation Clinic, Dnipro, Kyiv.
Results: There were 15 men and 23 women, the age of the patients ranged 
from 35 to 50 years (average 39.9 years), the duration of the disease was from 
4 to 10 years. At the beginning of neurorehabilitation, all 38 (100%) patients 
had movement disorders and foot dysfunction during the Neurac test, whereas 
there were no movement disorders in the knee joint or thigh muscles. After 
a month of treatment, 76% (29 patients) demonstrated significant recovery 
of foot flexion or extension function, while 24% (9 patients) had no positive 
effect. After 6 months of neurorehabilitation, good outcomes were observed 
in (84%) 32 patients, whereas unsatisfactory results were reported in (16%) 
6 patients.
Conclusions: Redcord Neurac therapy is a modern highly effective method of 
neurorehabilitation for patients with moderate and deep paresis after lumbar 
microdiscectomy. In combination with traditional rehabilitation methods, 
Redcord Neurac therapy allows to achieve 84% of positive results.
Keywords: Redсord; Neurac; kinesiotherapy; neurorehabilitation; 
microdiscectomy

Introduction
With over 800,000 procedures executed annually on 

a global scale, microdiscectomy represents one of the 
most prevalent spinal interventions [1,2]. According to 
various authors, the rate of favorable outcomes reaches 
85–90% when patients are appropriately selected 
for surgical treatment [1–8]. However, a considerable 
proportion of patients agree to surgical intervention 
only after a prolonged progression of neurological 
symptoms [2]. Consequently, patients with paresis, 
including distal plegia persisting for several years, are 

frequently encountered, leaving little expectation for 
postoperative recovery of motor function, although pain 
syndrome usually resolves or markedly decreases. Such 
patients often consider surgery insufficiently effective, 
despite receiving preoperative explanations regarding 
the potential for recovery of motor and sensory deficits 
after the intervention [2]. Standard treatment for these 
patients includes pharmacotherapy, physiotherapeutic 
modalities (electrostimulation, magnetic stimulation), 
therapeutic exercise, massage, and related approaches. 
The search for novel restorative neurosurgical and 

Copyright © 2026 Oleh M. Tarasenko, Dmytro V. Kucher, Tetiana M. Tarasenko

This work is licensed under a Creative Commons Attribution 4.0 International License 
https://creativecommons.org/licenses/by/4.0/



52

http://theunj.org

Ukrainian Neurosurgical Journal. Vol. 32, N2, 2026

neurorehabilitation methods capable of maximizing the 
reduction of paresis, even after its prolonged persistence, 
remains ongoing [1–8]. One such neurorehabilitation 
approach is Redcord Neurac therapy, an innovative 
neuromuscular activation technology with high therapeutic 
efficacy developed by Norwegian physicians [9–16]. 
Neurac (Neuromuscular Activation) is a physical therapy 
method that employs specific exercises and techniques to 
activate the nervous and muscular systems. It is based on 
the understanding of the interaction between the nervous 
and muscular systems, as well as on the principles 
of functional training [9–11]. The principal concept of 
Neurac is the creation of conditions for muscle activation 
through the formation of an unstable environment in 
which muscles must function to maintain balance and 
body stability. The Neurac concept involves influencing 
the body through slings connecting body segments by 
means of elastic ropes. These ropes generate additional 
resistance during movement, thereby increasing 
muscular load and activating the nervous system, which 
contributes to improved motor coordination, enhanced 
muscle strength and flexibility, and reduced pain. The 
use of suspension systems enables patients to perform 
exercises in a safe and controlled environment. The 
devices are connected to the upper ends of special 
elastic suspensions fixed to the ceiling, thereby creating 
an “anti-gravity” effect. This allows patients to perform 
movements that might otherwise be excessively painful 
or impossible under conventional conditions [12–15]. 
Intensification of neuromuscular interaction promotes 
activation of the nervous system and improves muscular 
function, thereby reducing pain and enhancing motor 
capacity. The treatment system includes both assessment 
and therapeutic intervention [9–16]. Rehabilitation 
according to the Neurac system engages hypoactive 
deep muscles through the combination of sustained 
tension and intensive stimulation of mechanoreceptors 
[11–14]. The primary objective of the Neurac method 
is restoration of proper musculoskeletal function. This 
is achieved through specialized exercises with body-
weight unloading combined with intensive stimulation 
of the nervous system. Such a restores the connection 
between the body musculature and the central nervous 
system, thereby creating conditions for the recovery of 
lost function [9–16].

Neurac therapy is indicated for patients after 
stroke, trauma, and surgical interventions. An important 
requirement during Neurac therapy is continuous 
supervision by a specialist in physical and rehabilitation 
medicine throughout each exercise session. When 
necessary, the physician corrects the initial body position 
and monitors the accuracy of movement execution 
[13]. With regular training, Redcord therapy restores 
normal interaction between local and global muscle 
groups through the sequential formation of appropriate 
neuromuscular connections. Stable positive outcomes 
are often observed after as few as 10 sessions performed 
at intervals of 2–3 days [13].

According to various authors, indications for Neurac 
therapy include:

- osteochondrosis, scoliosis, flatfoot deformity, and 
intervertebral disc herniation;

- scapulohumeral periarthritis, myositis, myalgia, 
and muscle spasms;

- instability of the cervical and lumbosacral spine;

- postoperative rehabilitation after spinal surgery;
- rehabilitation after hip and knee arthroplasty;
- post-competition rehabilitation in athletes;
- rehabilitation after injuries and trauma.
The exercises are particularly effective in patients 

with motor and sensory disorders of vertebrogenic 
and neurogenic origin, including paresthesia, paresis, 
radicular and myofascial syndromes, and post-stroke 
motor impairments [13–15].

According to the protocol, both therapy and 
diagnostics are based on the kinetic chain principle. 
Prior to training and development of the rehabilitation 
program, mandatory testing is performed. Functional 
assessments using Neurac suspension systems identify 
weak links requiring targeted training. Exercises are 
selected individually, taking into account the patient’s 
complaints, diagnosis, and individual characteristics, 
including age, body weight, and comorbidities [13–15].

Contraindications to Redcord therapy include acute 
infections, septic processes, exacerbations of chronic 
diseases, and recent injuries accompanied by ligament 
or tendon rupture. Suspension therapy is contraindicated 
in osteoporosis, spinal ankylosis, severe cardiac 
and respiratory failure, coagulation disorders, and 
oncological diseases. Relative contraindications include 
pregnancy, breastfeeding, and menstruation [13–15].

Objective: To investigate the short- and long-term 
treatment outcomes of patients with paresis after lumbar 
microdiscectomy using Redcord Neurac therapy.

Materials and methods
Study design
The effectiveness of treatment was evaluated in 38 

patients with moderate or severe paresis after lumbar 
microdiscectomy who underwent treatment between 
2022 and the first half of 2025.

The study protocol was approved by the Biomedical 
Ethics Committee of Kherson State University (Minutes 
No. 11 dated December 18, 2025).

Study participants
The study included patients with moderate or severe 

paresis after lumbar microdiscectomy in the lumbar spine 
who underwent treatment at “Lamed” Rehabilitation 
Clinic (Cities of Dnipro and Kyiv).

Inclusion criteria
Moderate or severe pares is af ter lumbar 

microdiscectomy in the lumbar spine.
Exclusion criteria
The following conditions were predefined as 

limitations of the method: acute infections, septic 
processes, exacerbat ion of chronic diseases, 
osteoporosis, severe cardiac and respiratory failure, 
coagulation disorders, and oncological diseases.

Parameters analyzed
The following parameters were analyzed: sex, age, 

disease duration, herniation level, Neurac test results.
Therapeutic intervention technique
The Redcord device is a treatment table equipped 

with a system of straps and slings (Fig. 1) designed 
for exercises performed in a suspended position. The 
unstable support surface generates vibrations that 
require activation of stabilizing muscles to maintain 
balance. The risk of injury is minimal, as the “Redcord” 
suspension system stabilizes the limbs and trunk, 
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thereby reducing gravitational load on damaged 
structures. Redcord therapy does not cause discomfort 
and has no restrictions related to age or level of 
physical fitness. Pain elimination is considered an 
essential prerequisite for the formation of appropriate 
neuromuscular connections and restoration of motor 
function. At the beginning of treatment, each patient 
undergoes a Neurac test assessing myofascial chains, 
which determines the scope of subsequent treatment 
(Table 1). The test is performed over 120 s.

Statistical analysis
Statistical analysis of the study data was performed 

using Python v3.9.5 (https://www.python.org/downloads) 
in the JupyterLab development environment (https://
jupyter.org/install). Fisher’s exact test was applied 
for comparisons between independent groups. The 
significance threshold was set at 0.0001. A value of p 
< 0.0001 was considered statistically significant for all 
types of analyses.

Results and discussion
Patient characteristics. Patients were evaluated 

before the initiation of neurorehabilitation and at 1 and 
6 months thereafter. Outcomes were assessed using the 
Neurac test. This method is routinely used at “Lamed” 
Rehabilitation Clinic for the treatment and rehabilitation 
of patients with a wide range of pathologies according 
to the aforementioned indications.

The study cohort included 15 men and 23 women. 
Patient age ranged from 35 to 50 years (mean age, 39.9 
years). Disease duration ranged from 4 to 10 years.

In all cases, Redcord Neurac therapy was 
combined with conventional treatment. During 
neurorehabilitation, patients received Neuromidin, 
1 tablet twice daily for 1 month, together with 
a course of electroneuromyostimulation  (Fig.  2). 
Electroneuromyostimulation was performed using the 
“BTL-4000 Premium” device (United Kingdom).

The neurorehabilitation program was conducted 
over 1 month. Treatment sessions were performed 6 
days per week (excluding Sundays). Pharmacological 
treatment was administered daily, whereas Redcord 
Neurac therapy and electroneuromyostimulation were 
performed on alternating days (Monday, Wednesday, 
Friday – Redcord therapy; Tuesday, Thursday, Saturday 
– electroneuromyostimulation). Thus, each patient 
underwent 12 sessions using the “Redcord” system.

Four exercises were selected for rehabilitation: 
flexion and extension of the knee joint, as well as 
dorsiflexion and plantar flexion of the ankle joint. In 
cases of severe paresis, the straps were positioned more 
proximally to the joint, whereas with improvement in 
motor activity (moderate paresis) and increased muscle 
strength, the straps were positioned more distally.

Rehabilitation using the “Redcord” system is aimed 
at restoration of the muscular corset, activation of deep 
muscles, and correction of motor stereotypes. The 
method reduces spinal load, activates weakened muscles 
without pain, and gradually improves coordination 
and stability. Even in cases of severe paresis, it 
enables activation of agonist muscles, improvement 
of motor function through compensation by other 

Table 1. Neurac test of myofascial chains

Test
Side

Left Right 

Selected exercise 0 1 2 3 P D F 0 1 2 3 P D F

Depending on the obtained results (0 – reduced or absent function; 1 – normal function; 2 – above average; 
3 – “athlete” level; P – pain; D – discomfort; F – normal), the exercise program, session duration, number of 
sets, and repetitions are selected individually.

Fig. 1. The Redcord suspension system
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muscle groups, and formation of new neuromuscular 
patterns. Therefore, rehabilitation included not only 
ankle flexion and extension exercises. As is known, 
the L5 nerve root innervates the extensor hallucis 
longus and extensor digitorum brevis muscles, and its 
impairment leads to difficulty with ankle dorsiflexion. 
The S1 nerve root innervates the peroneal muscles 
and the triceps surae muscle, and its impairment leads 
to difficulty with plantar flexion. Consequently, knee 
joint exercises were also incorporated to engage all 
muscles of the lower limb, increase their strength and 
endurance, and facilitate the formation of new motor 
patterns. Each exercise was initially performed in 2 
sets of 3 repetitions, with gradual progression to 4 
sets of 6 repetitions by increasing the load and adding 
vibration stimulation to accelerate the formation of new 
neuromuscular patterns.

Microdiscectomy for L4–L5 disc herniation was 
performed in 16% of patients, whereas L5–S1 disc 
herniation surgery was performed in 84% (p < 0.0001). 
Thus, the majority of patients had S1 nerve root 
involvement.

Immediate outcomes. Before ini t iat ion of 
neurorehabilitation, all patients demonstrated motor 
impairment and foot dysfunction according to the Neurac 
test results, whereas no movement disorders in the knee 
joint (thigh muscles) were observed (Table 2).

After 1 month, significant recovery of ankle flexion 
or extension function was observed in 29 (76%) patients, 
whereas no positive effect was noted in 9 (24%) patients 
(Table 3).

Six months after neurorehabilitation, 32 (84%) 
patients demonstrated good outcomes, whereas the 
remaining patients had unsatisfactory results (Table 4).

Fig. 2. “BTL-4000 Premium” electrical stimulation device

Table 2. Results of the Neurac test before neurorehabilitation

Exercise
Parameter

0 1 2 3 P D F

Knee flexion 0 38 0 0 0 0 38

Knee extension 0 38 0 0 0 0 38

Ankle flexion 6 0 0 0 0 6 0

Ankle extension 32 0 0 0 0 32 0
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Clinical case
Patient K., 38 years old, had suffered from low 

back pain radiating to the right lower extremity along 
the posterior surface to the great toe for 8 years. The 
disease course was progressive, with frequent relapses. 
Conservative treatment had previously produced positive 
effects.

In March 2022, the patient was forced to relocate 
to another region of Ukraine. She subsequently noted a 
marked deterioration in her condition, with intensification 
of pain and the development of foot weakness. Over the 
following 3 years, her condition progressively worsened; 
however, the patient refused surgical intervention until 
her condition became “critical.” On June 27, 2025, she 
was urgently admitted to the hospital with a diagnosis 
of “right-sided posterolateral L5–S1 intervertebral 
disc herniation, right S1 radiculopathy, severe pain 
and muscle-tonic syndromes, and moderate paresis 
of the right foot.” On the same day, surgical treatment 
consisting of right-sided L5–S1 microdiscectomy was 
performed. After surgery, the pain syndrome decreased, 
although motor deficits persisted. After returning to her 
permanent place of residence, the patient sought further 
treatment at “Lamed” Rehabilitation Clinic.

At the beginning of neurorehabilitation, the patient 
complained of mild pain in the lumbar spine, difficulty 
with extension, and numbness of the right foot.

The patient was prescribed daily pharmacological 
treatment combined with alternating Redcord Neurac 
therapy and electroneurostimulation every other day 
for 1 month.

Neurorehabilitation using the “Redcord” platform is 
illustrated by the example of knee extension exercises 
(Fig. 3).

During the month of neurorehabilitation, the 
patient demonstrated positive clinical dynamics: mild 
pain completely resolved, muscle strength in the 
foot improved, and the patient regained independent 
ambulation without additional support, with restoration 
of weight-bearing on the foot. A home exercise program 
for daily training was recommended. At the 6-month 
follow-up examination, a stable positive effect without 
deterioration over time was documented.

Comparison with the results of other researchers. B. 
D. Dannelly et al. (2011) conducted a study involving 26 
women (13 participants in the conventional training group 
and 13 in the sling-therapy group using the Redcord 
platform), including assessment of lower-limb strength 
improvement. Training sessions were performed 6 times 
per week for 13 weeks. The authors demonstrated that 
Redcord Neurac therapy significantly increased lower-
limb strength compared with conventional training [6]. 
K. Kowalik et al. (2025) described a case of successful 
rehabilitation of a patient with transverse myelitis after 
vaccination using Redcord Neurac therapy combined with 
electroneurostimulation [21].

Prospects for further research. Redcord 
Neurac therapy is a modern and highly effective 
neurorehabi l i tat ion method fo l lowing lumbar 
microdiscectomy, particularly in patients with moderate 
and severe paresis. The advantages of the method 
include high efficacy, absence of overload, individualized 
approach, versatility, and restoration of neuromuscular 
control. Its limitations include the need for highly 
qualified specialists in physical and rehabilitation 
medicine, high equipment cost, limited availability mainly 
in specialized centers, prolonged rehabilitation duration, 
and the impossibility of independent training.

Table 3. Results of the Neurac test after 1 month of neurorehabilitation

Exercise
Parameter

0 1 2 3 P D F

Knee flexion 0 38 0 0 0 0 38

Knee extension 0 38 0 0 0 0 38

Ankle flexion 2 4 0 0 0 2 4

Ankle extension 7 25 0 0 0 7 25*

Note. * – The difference was statistically significant (p < 0.0001) compared with the dysfunction parameter.

Table 4. Results of the Neurac test after 6 months of neurorehabilitation

Exercise
Parameter

0 1 2 3 P D F

Knee flexion 0 38 0 0 0 0 38

Knee extension 0 38 0 0 0 0 38

Ankle flexion 2 4 0 0 0 2 4

Ankle extension 4 28 0 0 0 4 28*

Note. * – The difference was statistically significant (p < 0.0001) compared with the parameter in patients with 
unsatisfactory outcomes.



56

http://theunj.org

Ukrainian Neurosurgical Journal. Vol. 32, N2, 2026

Further studies should focus on identifying new 
combinations and types of exercises that provide 
maximal restorative effects, as well as the most effective 
pharmacological and surgical recovery methods in 
combination with Redcord Neuromuscular Activation 
therapy.

Conclusions
1. Redcord Neurac therapy is a modern and highly 

effective neurorehabilitation method for patients 
with moderate and severe paresis after lumbar 
microdiscectomy.

А B

DC

FE
Fig. 3. Neurorehabilitation using the Redcord platform: A – preparation for exercises; B and C – placement of 
suspension slings; D – knee extension exercises; E – knee extension of the unaffected limb; F – suspended 
extension with vibration
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2. In combination with conventional treatment 
methods, Redcord Neurac therapy enabled positive 
outcomes to be achieved in 84% of cases.

3. According to various authors, Redcord Neurac 
therapy accelerates patient rehabilitation and improves 
treatment outcomes.
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Introduction: Minimally invasive transforaminal lumbar interbody fusion 
(MIS-TLIF) is increasingly used for the treatment of degenerative lumbar spine 
disease. Despite reduced soft‑tissue trauma, early postoperative infection 
remains a clinically relevant complication and may be difficult to recognize 
in the early phase. C‑reactive protein (CRP) and creatine kinase (CK) are 
routinely available laboratory markers reflecting inflammatory response and 
muscle injury, respectively. This study aimed to evaluate the association 
between postoperative CRP and CK kinetics and early postoperative infection 
following MIS‑TLIF.
Materials and methods: A retrospective study was conducted involving 60 
patients who underwent percutaneous pedicle screw fixation and MIS‑TLIF 
between May and November 2022 at Thong Nhat Hospital, Ho Chi Minh City. 
Serum CRP and CK levels were measured preoperatively and on postoperative 
days (PODs) 3, 5, 7, 10, and 14. Postoperative infection was diagnosed based on 
Centers for Disease Control and Prevention criteria and included both surgical 
site and extra‑surgical site infections. Pain outcomes were evaluated using 
the Visual Analog Scale (VAS). Statistical comparisons were performed using 
paired t‑tests or Wilcoxon tests, and Mann–Whitney U tests for independent 
samples.
Results: Six patients (10%) developed postoperative infections, including 
two deep infections, one superficial infection, and three extra‑surgical site 
infections. In the overall cohort, CRP peaked on POD 3 and gradually declined, 
with 76% of patients returning to normal levels by POD 14. In infected patients, 
CRP showed a higher peak and a delayed decline, with a secondary elevation 
observed after POD 7. CRP levels differed significantly between infected and 
non‑infected groups on POD 10 and POD 14 (p < 0.05). In contrast, CK peaked 
on POD 3 and normalized in most patients by POD 10, with no significant 
differences between groups. VAS scores for back and leg pain improved 
significantly one week after surgery.
Conclusion: Serial CRP is a useful supportive marker associated with early 
postoperative infection when interpreted serially and in conjunction with 
clinical findings after MIS‑TLIF, particularly when CRP fails to decline or 
increases again after PODs 7–10. CK reflects postoperative muscle injury 
but does not provide additional diagnostic value for infection detection. CRP 
trends should be interpreted in conjunction with clinical findings to guide early 
diagnosis and management.
Keywords: C‑reactive protein; creatine kinase; postoperative infection; 
minimally invasive spine surgery; MIS‑TLIF

Introduction
Minimally invasive transforaminal lumbar interbody 

fusion (MIS‑TLIF), first described by Foley in 2003, has 
gained widespread acceptance due to reduced soft‑tissue 
damage, less paravertebral muscle injury, and faster 
postoperative recovery compared with open techniques. 
Nevertheless, postoperative infection remains one of the 
most serious complications of spinal surgery, potentially 
leading to prolonged hospitalization, revision surgery, 
and increased healthcare costs [1, 2, 3].

Despite standard preventive measures, including 
perioperative antibiotic prophylaxis and meticulous 

surgical technique, reported infection rates after lumbar 
fusion range from 1.9% to 11.9%, while minimally 
invasive approaches demonstrate lower rates of 
approximately 0.6–2.7%. Early diagnosis of infection 
following MIS‑TLIF is particularly challenging because 
clinical symptoms may be subtle or delayed [4, 5, 6].

C‑reactive protein (CRP) is an acute‑phase reactant 
synthesized by hepatocytes in response to inflammatory 
cytokines and typically rises within hours after tissue 
injury or infection. After uncomplicated spinal surgery, 
CRP levels usually peak around postoperative day 3 and 
subsequently decline. Deviation from this normal kinetic 
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pattern may indicate an infectious complication. Creatine 
kinase (CK), an enzyme released during muscle injury, 
also increases after spinal surgery but primarily reflects 
the extent of muscle trauma rather than infection. The 
clinical value of CK for detecting postoperative infection 
remains uncertain [7, 8, 9].

The aim of this study was to evaluate the association 
between serial postoperative CRP and CK measurements 
and early postoperative infection after MIS‑TLIF, and to 
clarify their clinical usefulness in routine postoperative 
monitoring.

Materials and methods
Study Design and Patients
This retrospective study included 60 patients 

who underwent percutaneous pedicle screw fixation 
and MIS‑TLIF at Thong Nhat Hospital, Ho Chi Minh 
City, between May and November 2022. Patients with 
evidence of infection before postoperative day 3 were 
excluded. All patients received prophylactic cefazolin (2 
g intravenously) 30 minutes before skin incision, with a 
repeated dose if operative time exceeded 4 hours.

Laboratory Measurements
Serum CRP and CK levels were measured 

preoperatively and on PODs 3, 5, 7, 10, and 14. Normal 
CRP levels were defined as ≤5 mg/L. Pain severity was 
assessed using the Visual Analog Scale (VAS) for back 
and leg pain preoperatively and on postoperative day 7.

Definition of Infection
Postoperative infections, including surgical site 

infections and extra‑surgical site infections, were defined 
according to Centers for Disease Control and Prevention 
criteria. [10] Patients were considered recovered 
when clinical improvement was accompanied by two 
consecutive negative CRP measurements obtained at 
least 15 days apart.

Statistical Analysis
Statistical analysis was performed using SPSS version 

29.0. Normality was assessed using the Kolmogorov–
Smirnov or Shapiro–Wilk tests as appropriate. Paired 
t‑tests or Wilcoxon tests were used for within‑group 
comparisons, and Mann–Whitney U tests were applied for 
comparisons between infected and non‑infected groups. 
A p‑value ≤0.05 was considered statistically significant.

Results
Among the 60 patients, 25 were male and 35 female. 

The mean age was 58.8±1.4 years. The average number 
of surgical levels was 2.12±0.1. The average surgery 
time was 226.75±5.6 minutes. There were 6 recorded 
cases of infection, including 1 superficial infection, 2 
deep infections and 3 extra-incision infections as uninary 
tract infection (Table 1).

Postoperative CRP levels increased in all patients 
reaching a peak on postoperative day 3, followed by a 
gradual decline over time. In patients who developed 
infection, CRP demonstrated a higher peak and a slower 
decrease compared with the non-infected group. In 
addition, a secondary elevation or persistent plateau 
after postoperative day 7 was observed in infected cases, 
whereas CRP values in non-infected patients continued 
to decrease steadily. Differences between the two 
groups became more evident in the later postoperative 
period, particularly after postoperative day 10. Detailed 
numerical values are presented in Table 2.

Fig. 1 illustrates the overall trend of CRP changes 
over time in both groups, highlighting the higher peak 
and delayed decline observed in infected patients.

Postoperative CK levels peaked on day 3 (1081±99 
U/L) and then gradually decreased, with 81% of patients 
returning to normal CK levels after 10 days. No statistically 
significant differences in CK levels were observed between 
the infected and non-infected groups (Fig. 2).

Table 1. Patients demographic and surgical profile

Demographic data Mean±SD

Age 58.8±1.4

Sex

Male 25

Female 35

Number of surgical levels 2.12±0.1

1 level 13

2 levels 30

3 levels 14

4 levels 3

Surgical time (min) 226.75±5.6

Number of infections 6

Superficial infection 1

Deep infection 2

Extra-incision infection 3
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The variables of age, number of surgical levels, 
and time of surgery were not related to infection 
status. Among 6 patients with infection, 5 patients had 
comorbidities, of which exogenous Cushing syndrome 
accounted for 3/6 (50%) (Table 3).

VAS scores 1 week after surgery significantly 
improved compared to preoperative values. Back pain 
VAS decreased from 5.88 ± 0.19 to 3.88 ± 0.61 (p < 
0.001), while leg pain VAS decreased from 7.05 ± 0.16 
to 1.5 ± 0.11 (p < 0.001).

Table 2. Comparison of CRP values between two groups

CRP values No infection Infection P-value

Preoperative 3.5±0.4 4.67±1.64 0.306

Postoperative day 3 97.35±8.48 141.86±43.03 0.289

Postoperative day 5 38±3.63 54.55±11.18 0.121

Postoperative day 7 13.5±1.37 19.8±3.83 0.091

Postoperative day 10 7.1±0.93 23.2±7.36 0.002*

Postoperative day 14 3.67±0.38 25.58±2.56 <0.001*

Note. * Statistically significant

Fig. 2. Mean CK values between infected and non-infected patients, measured preoperatively 
and on days 3,5,7,10 and 14. Values are presented as mean±SD

Fig. 1. Mean CRP values between the infected and non-infected patients, measured 
preoperatively and on PODs 3,5,7,10,14, respectively
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Table 3. Analysis of infection status with other variables

Variables No infection Infection P-value

Age 58.31±1.38 63±6.7 0.361

Number of surgical levels 2.04±0.1 2.83±0.5 0.056

Surgical time (min) 227.87±5.82 216.67±21.1 0.734

Comorbidity Exogenous Cushing syndrome: 
3 cases  

Diabetes mellitus and 
Hypertension: 2 cases 
No comorbidity: 1 case

Discussion
CRP is produced by the liver in response to 

inf lammation, infection, malignancy, and tissue 
damage with a relatively high sensitivity, rate of 
response, and range compared to other acute phase 
reactants [2]. However, the primary acute phase 
reaction of CRP is not specific to surgery or infection 
and can be caused by a number of conditions including 
necrosis, inflammatory disease, allergic complications 
of infection, and infectious disease and malignancies 
[8]. In the early postoperative period, numerous 
studies have described the normal kinetics of CRP as 
rapidly increasing, peaking on day 3, followed by a 
sharp decrease and then gradually decreasing with 
normalization on within 14–21 days. Deviations from 
the normal kinetics of CRP may indicate an infectious 
complication [11].

In the present study, similar to previous reports, 
CRP levels increased rapidly after surgery, peaked 
on day 3 and then gradually decreased. Patients with 
postoperative infection had a slow decrease in CRP 
levels and a tendency to increase again on the 7th 
postoperative day. Similarly, Kang et al. [12] found 
that infections had a rebound in CRP levels on day 5 
or 7 postoperatively. Hotably, 72% of the non-infected 
patients did not demonstrate normalization of CRP by 
postoperative day 7, however their levels gradually 
decreased thereafter, whereas CRP levels in the infected 
group showed a secondary increase. In our cohort, CRP 
levels between the infected and non-infected groups was 
significantly different at day 10. Although, in the infected 
group, CRP level had a higher peak on day 3 (141.86±43 
vs 97.35±8.5), but the difference was not statistically 
significant (p = 0.289).

Of the 6 infected patients, there were three cases 
of urinary tract infection with positive urine test for 
white blood cells and nitrites. One patient developed 
a superficial infection after suture removal on day 10, 
characterized by purulent discharge; Staphylococcus 
epidermidis was isolated on culture, and the patient was 
successfully treated with oral antibiotics. There were 
2 patients diagnosed with deep infection, presenting 
with fever, back pain, increased white blood cell count, 
elevated CRP levels. MRI demonstrated soft tissue 
inflammatory changes in the surgical area, without 
evidence of abscess formation and negative blood 
cultures. These patients with deep infection received 

intravenous antibiotics. All patients recovered with 
conservative treatment.

CK, an enzyme that catalyzes biochemical reactions 
in the body, the concentration of CK in the blood will 
help reflect the activity status and health of the muscle 
mass. CK also recorded a rapid increase after surgery 
and peaked on day 3, then gradually decreased [9]. In 
current study, CK peaked (1047.33±90.2) on day 3, then 
gradually decreased and 81% of patients returned to 
normal levels on day 10 postoperatively. The difference in 
CK levels between the infected and non-infected groups 
was not statistically significant.

Analysis of other factors including age, surgical time, 
number of surgical levels were not related to infection 
status. Although in the infection group there were more 
surgical levels and older age, but the difference was 
not statistically significant (p>0.05). Notably, five of 
six patients in the infection group had comorbidities, 
including three cases of exogenous Cushing syndrome 
(accounting for 50%).

Regarding clinical outcomes, MIS-TLIF demonstrated 
favorable short-term results. Pain scores assessed using 
the VAS showed significant improvement one week after 
surgery compared with preoperative surgery. Back 
pain VAS decreased from 5.88±2 0.19 to 3.88±0.61; 
p<0.001, while leg pain VAS decreased from 7.05±0.16 
to 1.5±0.11; p<0.001.

Overall, this study demonstrates that serial CRP 
measurements provides clinically useful information 
for the early identification of postoperative infection 
following MIS‑TLIF. Consistent with previous reports 
[13,14]. CRP peaked on postoperative day 3 in all 
patients. However, infected patients showed delayed 
normalization and secondary elevation, particularly 
after postoperative day 7, distinguishing them from 
non‑infected patients.

Although CK also increased after surgery, reflecting 
muscle injury, it did not differ significantly between 
infected and non‑infected groups. This finding supports 
the interpretation that CK is primarily a marker of 
surgical trauma rather than infection [15].

Importantly, a substantial proportion of non‑infected 
patients had persistently elevated CRP levels in the 
early postoperative period, emphasizing that single CRP 
measurements should not be overinterpreted. Instead, 
CRP trends over time — especially after postoperative 
day 7–10 — appear to be more informative. Given the 
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small number of infection cases, the findings should 
be interpreted as demonstrating an association rather 
than definitive predictive value.

Limitations
Limitations of this study include its retrospective 

design, the relatively small number of infection cases, 
and the absence of multivariable analysis to adjust 
for potential confounding factors. In addition, steroid 
exposure, which may influence CRP responses, was 
only partially accounted for through comorbidity data 
and could not be evaluated in detail. Recent studies 
and systematic reviews have likewise emphasized 
the importance of CRP kinetics over single absolute 
cutoff values for the early detection of postoperative 
infection after spine surgery, while also indicating 
the limited diagnostic role of muscle injury markers 
such as CK [16,  17]. These contemporary findings 
are consistent with our results and support the use 
of serial CRP monitoring in conjunction with clinical 
assessment rather than reliance on isolated laboratory 
measurements. Future prospective studies with larger 
sample sizes and standardized protocols are warranted 
to validate these observations and to establish 
clinically meaningful thresholds for postoperative CRP 
interpretation.

Conclusions
Serial monitoring of CRP is a simple and reliable 

supportive tool for the early detection of postoperative 
infection after MIS‑TLIF, particularly when CRP levels 
fail to decline or demonstrate a secondary increase 
after postoperative day 7–10. CK does not appear to 
provide additional diagnostic value for infection. CRP 
trends should be interpreted in conjunction with clinical 
findings to guide early diagnosis and management. 
These findings indicate an association rather than 
definitive predictive value and should be interpreted 
in light of the study’s retrospective design and limited 
number of infections.
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Objective: To evaluate the clinical efficacy of surgical treatment of tremor-
dominant Parkinson’s disease (PD) with regard to stereotactic target 
determination based on MRI tractography data, and to compare the outcomes 
of conventional stereotactic radiofrequency (RF) thalamotomy of the ventral 
intermediate nucleus (Vim) with tractography-assisted lesioning of the 
dentatorubrothalamic tract (DRTT).
Materials and methods: This retrospective study included 25 patients 
with PD who underwent surgery between 2018 and 2025. Inclusion criteria 
were tremor-dominant clinical presentation, a progressive disease course, 
and insufficient response to pharmacological therapy. Patients were divided 
into two groups: the Vim group (n=19), in which conventional stereotactic 
RF thalamotomy was performed using indirect target calculation, and the 
DRTT group (n=6), in which the surgical target was determined using MRI 
tractography based on diffusion tensor imaging (DTI). Surgical planning was 
performed using Element software (Brainlab, Germany). Clinical efficacy was 
assessed preoperatively and 12 months postoperatively using the Unified 
Parkinson’s Disease Rating Scale (UPDRS, part III), the Clinical Rating Scale 
for Tremor (CRST, parts A and C).
Results: In all patients, tremor of the contralateral limb was completely 
abolished immediately after surgery. At 12 months, the mean UPDRS III 
score decreased by 44%, from 83.2±8.7 to 46.7±4.18 points (p=0.04). A 
statistically significant improvement in UPDRS III scores was observed in 
the DRTT group (p=0.032), whereas the difference in the Vim group did not 
reach statistical significance. Tremor regression assessed by CRST-A and 
CRST-C was observed in both groups but was more pronounced in patients 
who underwent tractography-assisted lesioning. Postoperatively, a reduction 
in daily levodopa dosage was noted: by 23.4% in the Vim group and by 27.7% 
in the DRTT group. No intraoperative complications were recorded. Transient 
neurological adverse effects occurred more frequently in the Vim group and 
resolved completely during the early postoperative period.
Conclusions: The use of MRI tractography for stereotactic target selection in 
ablative surgery for PD enables individualized surgical planning and provides 
more precise targeting of pathophysiologically relevant neural pathways. 
Tractography-assisted lesioning of the DRTT is associated with more stable 
tremor control, a tendency toward greater improvement of accompanying 
motor symptoms, and a potentially lower risk of neurological adverse effects.
Key words: Parkinson’s disease; deep brain stimulation; stereotactic 
radiofrequency lesioning; dentatorubrothalamic tract

Introduction
Parkinson’s disease (PD) is one of the most prevalent 

neurodegenerative disorders of the nervous system, 
characterized by a progressive course and the necessity 
for lifelong levodopa replacement therapy. Surgical 
treatment of PD was first introduced in the mid-twentieth 
century and has been continuously refined over the past 
25 years. The primary method of surgical intervention 
in PD is deep brain stimulation (DBS) [1, 2]. Over the 
past decade, there has been a resurgence of ablative 
stereotactic procedures that were widely used for PD 
treatment in the 1950s. Alongside classical stereotactic 

radiofrequency (RF) destruction of subcortical nuclei, 
non-invasive techniques have been introduced, including 
Gamma Knife radiosurgery and MRI-guided focused 
ultrasound ablation [3–7].

Several approaches exist to improve the effectiveness 
of surgical interventions in PD. First and foremost is the 
advancement of modern neuroimaging technologies, 
which enable high-resolution MRI visualization of 
subcortical brain structures and white matter tracts. 
The introduction of high-field magnetic resonance 
imaging (MRI) allows not only visualization of individual 
anatomical structures but also differentiation of their 
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subsegments and precise identification of the surgical 
target zone. It has been established that the dorsal 
portion of the subthalamic nucleus (STN) receives 
the highest density of projections from cortical motor 
areas (the hyperdirect pathway) and is considered the 
optimal target for DBS [8]. In most hospitals across 
developed countries in Europe, North America, and Asia, 
3T MRI is used for stereotactic planning, while several 
centers have extensive experience with ultra-high-
field 7T MRI [9]. A recently published study by a Dutch 
research group demonstrated that the use of 7T MRI 
enables accurate electrode placement within the motor 
subregion of the STN, resulting in more than a 30% 
improvement in motor symptom control compared with 
preoperative planning based on 3T MRI [10]. Another 
strategy to improve neuromodulation outcomes is the 
development of directional stimulation electrodes and 
the implementation of adaptive DBS, a closed-loop 
system capable of adjusting stimulation parameters 
according to biomarkers reflecting the patient’s clinical 
state [11–13].

Another direction for improving the eff icacy 
and safety of stereotactic procedures involves the 
advancement of software systems that, using modern 
digital anatomical atlases accounting for individual brain 
morphology in three-dimensional space, allow precise 
visualization of the neurosurgical target. Contemporary 
planning platforms enable integration of multimodal 
neuroimaging data, more accurate definition of target 
coordinates, and optimization of a safe electrode 
trajectory. Such software also allows the creation of 
individualized anatomical models and determination 
of electrode position and orientation for each patient, 
which can subsequently be integrated with clinical 
programmers for faster and more efficient adjustment 
of neurostimulation parameters.

At the current stage of scientific development, 
PD is considered a disorder of neuronal circuits and 
networks responsible for motor control. Significant 
progress has been made in understanding the 
etiology and pathomorphological changes of the 
basal ganglia in PD patients. Dysfunction of functional 
connectivity between nuclei plays a central role in 
disease pathogenesis. Recent studies have established 
a clear relationship between major motor symptoms of 
PD and pathophysiological alterations in specific neural 
circuits of the brain. In particular, a meta-analysis 
by Rajamani et al. (2024) demonstrated a correlation 
between stimulation of specific white matter bundles 
and improvement in tremor, rigidity, bradykinesia, and 
postural instability [14].

The concept of circuit-based dysfunction is consistent 
with the historical evolution of surgical treatment for PD, 
particularly in relation to the management of tremor, one 
of the most disabling symptoms. Since the 1950s, the 
globus pallidus has been a primary target of stereotactic 
interventions in PD. Although morphological changes in 
PD are observed in the substantia nigra, which fails to 
produce sufficient dopamine, it is the globus pallidus that 
is most sensitive to dopaminergic deficiency, leading to 
disrupted physiological activity and the emergence of 
hyperkinetic disorders.

In 1954, Hassler et al. performed stereotactic ablation 
of neurons receiving pathological signals from the globus 

pallidus. These neurons were localized in the posterior 
ventral oral (Vop) and ventral intermediate (Vim) nuclei 
of the thalamus. Since then, numerous studies have 
confirmed the high efficacy of Vim lesioning for tremor 
control of various etiologies. The Vim target remains the 
gold standard for stereotactic surgery despite several 
limitations. The most significant drawback is the inability 
to directly visualize the Vim on MRI. The Vim nucleus is 
a group of motor neurons located at the border of the 
ventrolateral thalamus, ventral oral, and ventral caudal 
nuclei. On conventional MRI, its boundaries cannot 
be clearly delineated, which necessitates an indirect 
targeting approach using the anterior and posterior 
commissures as anatomical landmarks and atlas-
based coordinates. The search for alternative targets, 
nuclei, or white matter pathways whose stimulation or 
ablation could provide more effective and safer tremor 
control continues. One such alternative target is the 
posterior subthalamic area (PSA), which includes the 
zona incerta (Zi). These targets have demonstrated 
high efficacy in tremor control but also present certain 
limitations. Histological and MRI-DWI-based studies of 
basal ganglia cytoarchitecture and white matter tracts 
have established a relationship between tremor and the 
dentatorubrothalamic tract (DRTT), also known as the 
cerebellothalamic fasciculus. This tract runs in close 
proximity to all the aforementioned targets, forming the 
basis of the “three targets—one pathway” concept [15].

In recent years, MRI tractography based on diffusion 
tensor imaging (DTI) has become increasingly important 
in stereotactic surgical planning. Contemporary studies 
have shown that the effectiveness of surgical intervention 
is determined by modulation of neuronal pathways 
involved in the pathophysiology of movement disorders. 
The DRTT, originating from the dentate nucleus of 
the cerebellum, passing through the contralateral red 
nucleus, and terminating in the ventrolateral thalamic 
nucleus on the opposite side, plays a key role in tremor 
regulation of various origins. Previously, the DRTT 
was difficult to identify due to its long multisynaptic 
course across hemispheres. However, the development 
of DTI MRI technology and advanced software has 
enabled its visualization and targeted modulation using 
stereotactic techniques. Chronic stimulation or ablation 
of the DRTT has been shown to provide superior tremor 
control compared with interventions targeting classical 
subcortical structures involved in PD pathophysiology, 
such as the Vim, PSA, or STN [14].

Currently, a paradigm shift in tremor treatment is 
underway, as the DRTT is increasingly recognized as 
a primary pathogenetic surgical target in stereotactic 
interventions involving the Vim. Unlike thalamic nuclei, 
the DRTT white matter tract can be directly visualized 
using MRI tractography based on diffusion-weighted 
imaging (DWI). The most appropriate strategy for target 
definition in stereotactic surgery is a combined approach, 
which involves refining indirectly determined targets 
using tractography data. This approach reduces the 
risk of adverse effects while ensuring stable therapeutic 
efficacy.

Objective: To evaluate the clinical efficacy of 
surgical treatment of tremor-dominant Parkinson’s 
disease, taking into account the possibility of stereotactic 
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target definition based on MRI tractography, and 
to compare the outcomes of classical stereotactic 
radiofrequency thalamotomy of the ventral intermediate 
thalamic nucleus with tractography-assisted ablation of 
the dentatorubrothalamic tract.

Materials and methods
Study participants
A total of 25 patients with PD were included in this 

retrospective study. All patients underwent surgical 
treatment in the Department of Functional Neurosurgery 
and Neuromodulation of the Romodanov Neurosurgery 
Institute, National Academy of Medical Sciences of 
Ukraine, during the period 2018–2025.

The study was conducted in accordance with the 
Declaration of Helsinki (1964–2013), the International 
Council for Harmonisation Good Clinical Practice (ICH 
GCP, 1996), EU Directive No. 609 (24.11.1986), and the 
regulatory orders of the Ministry of Health of Ukraine 
No. 690 (23.09.2009), No. 944 (14.12.2009), and No. 
616 (03.08.2012), as well as local institutional protocols. 
The Ethics Committee of the Romodanov Neurosurgery 
Institute confirmed that no ethical or legal violations 
were identified during the research. All patients provided 
informed consent for participation, and anonymity was 
ensured.

Inclusion criteria
Patients were included if they met the following 

criteria: predominance of tremor within the clinical 
symptom complex of PD, insufficient response to 
antiparkinsonian pharmacotherapy, progressive disease 
course, and use of the Element software (Brainlab, 
Germany) for stereotactic target planning.

Exclusion criteria
Patients were excluded in cases of akinetic-rigid 

predominant PD, severe balance or coordination 
disturbances, significant comorbid somatic pathology 
that could increase surgical risk, or contraindications to 
MRI examination.

Study design
Patients were divided into two groups. In the 

first group (Vim group), 19 patients (76%) underwent 
classical radiofrequency (RF) lesioning of the ventral 
intermediate nucleus (Vim), using standard stereotactic 
targeting based on the intercommissural line. In the 
second group (DRTT group), 6 patients (24%) underwent 
dentatorubrothalamic tract (DRTT) ablation assisted by 
tractography.

The differences in stereotactic target coordinates 
between the two groups were analyzed. Neurological 
and functional status was assessed preoperatively and 
at 12 months postoperatively.

Group characteristics
The age of patients at the time of surgery ranged 

from 44 to 81 years (mean: 63.7 years). Males 
predominated (17 patients, 68%). Disease duration 
ranged from 4 to 22 years (mean: 12 years). Both age 
and disease duration were slightly higher in the Vim 
group; however, the differences were not statistically 
significant (Table 1).

All patients received dopamine replacement therapy 
at doses ranging from 450 to 1500 mg/day (mean: 
812.56 mg/day). The duration of levodopa therapy prior 
to surgery ranged from 4 to 15 years (mean: 9 years). 

No significant differences were found between the 
groups regarding levodopa dose or duration of therapy. 
Adverse effects of dopaminergic therapy in the form of 
motor fluctuations were observed in 4 patients (16%). 
Levodopa-induced dyskinesias were not detected.

At the time of surgical treatment, patients were 
classified as stage 2.5–3.0 on the Hoehn and Yahr scale. 
Although all patients exhibited bilateral manifestations 
of Parkinson’s disease with moderate postural instability, 
they retained full functional independence in daily 
activities. In the majority of cases (88%), patients 
presented with tremor-dominant and tremor–rigid forms 
of PD (Table 2). Stereotactic thalamotomy and DRTT 
ablation were not performed in patients with akinetic-
rigid predominant PD, as this type of surgical intervention 
is associated with an increased risk of balance and 
coordination disturbances, as well as potential worsening 
of bradykinesia.

Stereotactic planning was performed using Element 
software (Brainlab, Germany). The coordinates of the 
Vim nucleus were determined using an indirect method 
based on individual anatomical characteristics of the 
intercommissural line (AC–PC line), which connects 
the anterior and posterior commissures. DRTT ablation 
coordinates were calculated using a direct approach 
based on diffusion tensor imaging (DTI) obtained 
during MRI tractography. Visualization of the DRTT was 
performed by identifying its key anatomical components, 
namely the ipsilateral primary motor cortex (M1) and 
the contralateral dentate nucleus of the cerebellum 
(Fig. 1 and 2).

All surgical procedures were performed using a CRW 
Radionics stereotactic frame (Radionics Inc., USA) and 
a radiofrequency electrode with a diameter of 2.1 mm 
and an active tip length of 2.0 mm. Radiofrequency 
ablation was carried out under awake anesthesia with 
intraoperative test macrostimulation at high (75 Hz) and 
low (2 Hz) frequencies, which enabled identification of 
the correct and safe positioning of the RF electrode. Prior 
to definitive RF ablation, test lesions were performed 
at 45 °C and 55 °C for 30 s each. In the absence of 
additional neurological deficits, such as paresthesia, 
spastic contractions of the contralateral limbs, or speech 
disturbances, definitive ablation of the planned target 
was performed at 75 °C for 60–65 s.

Neurological and functional status was assessed 
preoperatively and 12 months after surgery using the 
Unified Parkinson’s Disease Rating Scale (UPDRS). 
Tremor regression was evaluated using Parts A and 
C of the Clinical Rating Scale for Tremor (CRST) [16], 
as well as the total tremor score in the medication-off 
state (OFF state) according to Part III of the UPDRS, 
including assessment of head tremor, upper and lower 
limb tremor, action tremor, and postural tremor severity. 
According to this subscale, scores may range from 0 to 
28 points [17].

Statistical analysis
Statistical data analysis and processing were 

performed using IBM SPSS Statistics version 29 (license 
No. 512186485) and MS Excel. The Shapiro–Wilk W test 
was used to assess the normality of data distribution. 
In cases of normal distribution, Student’s t-test was 
applied. When data distribution deviated from normality, 
nonparametric statistical tests were used.
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Table 1. Clinical characteristics of patients (M ± m)

Parameter Vim, n=19 DRTT, n=6 Total, n=25 p

Mean age, years 65±2 60±4 63,7±2,0 0,925

Sex:

Male 12 (63%) 5 (83%) 17 (68%)

Female 7 (37%) 1 (17%) 8 (32%)

Mean PD duration, years 12,4±1 9,8±1,3 12,0±1,0 0,978

Mean levodopa dose, mg/day 874,8±94,3 725,8±64,2 812,56±76,50 0,962

Mean duration of levodopa therapy, years 9,4±0,7 7±0,8 9,0±1,0 0,95

Motor fluctuations 3 (15%) 1 (16%) 4 (16%)

Table 2. Clinical forms of Parkinson’s disease
Form of PD Vim, n=19 DRTT, n=6 Total, n=25

Tremor-dominant 10 (52%) 4 (67%) 14 (56%)

Tremor–rigid 6 (32%) 2 (33%) 8 (32%)

Tremor–akinetic–rigid 3 (16%) 0 (0%) 3 (12%)

Fig. 1. Planning of the target for RF DRTT ablation. Three-dimensional reconstruction model of the subcortical 
nuclei and tract (purple — Vim; green — STN; red — posterior subthalamic area; blue-violet — DRTT; orange — 
trajectory of DRTT tractotomy): A — lateral projection; B — anteroposterior projection

А B

А B C
Fig. 2. Planning of the target for RF DRTT ablation. Brain MRI with intravenous contrast enhancement (orange 
line — electrode insertion trajectory; purple — Vim; red — posterior subthalamic area; green — STN):               
A — coronal projection; B — axial projection; C — sagittal projection
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Results
Analysis of differences between stereotactic target 

coordinates in the two groups using descriptive statistics 
(mean value, standard deviation, and standard error) 
for coordinates in three projections (anteroposterior 
direction, laterality, and height relative to the AC–PC line) 
revealed no statistically significant differences (Table 3).

The observed differences did not exceed the 
statistical error and averaged 0.5–1.0 mm. Considering 
that the average width of the Vim nucleus is approximately 
4 mm, even such seemingly minor deviations may have 
substantial clinical significance, corresponding to up 
to 25% of the target size [18]. Given the acceptable 
possibility of mechanical electrode deviation from the 
planned trajectory by up to 1 mm, the cumulative error 
may reach or even exceed half of the Vim nucleus 
diameter. This is critically important because even 
minimal displacement of the ablation target may result 
in insufficient modulation of the intended area or 
unintended involvement of adjacent structures, thereby 
reducing therapeutic efficacy and increasing the risk of 
adverse effects.

Follow-up evaluation at 12 months after surgery was 
performed in 9 of 19 patients (47.4%) in the Vim group 
and in all patients in the DRTT group. Improvement 
in neurological status, particularly tremor regression, 
was observed in both groups. Complete regression of 
contralateral limb tremor was achieved immediately 
after surgery in all patients. A marked reduction in head 
tremor was also observed.

One year after surgery, the mean UPDRS III score 
improved by 44%, decreasing from (83.2 ± 8.7) to (46.70 
± 4.18) points (p = 0.04). However, statistically significant 
improvement was observed only in the DRTT group (p 
= 0.032). Regression of rigidity and tremor was more 
pronounced in the DRTT group, although the difference 
between groups did not reach statistical significance (p 
> 0.05). According to the CRST-A and CRST-C scales, 
significant tremor reduction was observed in both groups. 
In all cases, improvement in motor function, self-care 
ability, and quality of life was documented.

Following surgery, the levodopa dose was reduced in 
both groups: by 23.4% in the Vim group and by 27.7% 
in the DRTT group (Table 4). Reduction of levodopa 
replacement therapy may help prevent the development 
of treatment-related adverse effects.

No intraoperative complications (hemorrhage 
or ischemia within the lesioning zone), infectious 
complications, or other adverse events were observed. 
Neurological complications developed in 3 (12.0%) 
patients (2 in the Vim group and 1 in the DRTT group). In 
all cases, the complications were transient and resolved 
within a period ranging from 1 week to 2 months after 
surgery. Following Vim lesioning, one patient developed 
transient dysarthria and moderate contralateral 
hemiparesis, whereas another patient experienced 
dysarthria. These complications were caused by injury 
to the internal capsule. Following DRTT lesioning, one 
patient developed transient dyspraxia and paresthesia 
of the contralateral extremities due to extension of the 

Table 3. Mean coordinates of the Vim target

Coordinate axis
Mean value, mm Standard deviation Standard error

Vim DRTT Vim DRTT Vim DRTT

Vertical axis -0,22 -0,43 0,49 0,46 0,11 0,19

Lateral axis 12,71 13,12 0,78 1,21 0,49 0,17

Anteroposterior axis -5,37 -5,85 0,77 0,56 0,17 0,22

Table 4. Outcomes of radiofrequency stereotactic thalamotomy at 12 months after surgery

Parameter
Vim group DRTT group

p
before surgery after surgery before surgery after surgery 

Tremor (range 0–28) 19,1±0,9 7,56±1,40 21,17±1,60 6,67±4,18 0,047

CRST-A (range 0–88) 36,00 + 0,88 9,4±1,2 42,50±5,08 7,33±1,97 0,038

CRST-C (range 0–32) 16,6±0,7 11,1±1,6 17,40±3,45 12,67±3,54 >0,1

Levodopa dose, mg/day 874,8±94,3 670,4±54,3 725,8±64,2 524,4±38,3 >0,1

Table 5. Neurological complications

Complication Vim, n=2 DRTT, n=1 

Contralateral hemiparesis 1 (5%) 0

Dysarthria 2 (10%) 0

Dyspraxia 0 1 (16%)

Paresthesia 0 1 (16%)
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lesioning zone into the ventral caudal somatosensory 
nucleus of the thalamus (Table 5).

Clinical case
Patient D., 53 years old, was examined at the 

Romodanov Neurosurgery Institute of the National 
Academy of Medical Sciences of Ukraine. The following 
diagnosis was established: “Parkinson’s disease, tremor-
rigid form, stage 2.5 according to the Hoehn and Yahr 
scale, progressive course.” The disease duration was 
6 years. At the time of hospitalization, the patient was 
receiving levodopa/carbidopa at a dose of 625 mg/day, 
rasagiline (a monoamine oxidase inhibitor) at a dose of 1 
mg/day, and pramipexole (a dopamine receptor agonist) 
at a dose of 1.25 mg/day. The clinical presentation was 

dominated by pronounced resting and postural tremor, 
predominantly affecting the left extremities.

The patient underwent right-sided radiofrequency 
(RF) DRTT lesioning using the Element software 
(Brainlab) for determination of target coordinates 
(Fig. 3). After surgery, tremor in the left extremities 
completely resolved, rigidity regressed, and motor 
activity improved. One year after surgery, the patient 
reduced the dose of levodopa therapy to 375 mg/day 
and pramipexole to 0.375 mg/day and discontinued 
rasagiline therapy.

Magnetic resonance imaging (MRI) was performed 
12 months after surgery (Fig. 4). It was established 
that the UPDRS score during the “OFF” period decreased 
from 88 to 61 points, corresponding to a 31% reduction.

Fig. 3. Planning of the target for RF DRTT lesioning (orange line — trajectory of RF electrode insertion; 
purple — Vim; green — STN; red — posterior subthalamic area; blue-lilac — DRTT): A — coronal 
projection; B — 3D reconstruction of the subcortical nuclei and DRTT

Fig. 4. Lesioning zone 12 months after DRTT tractotomy: A — axial projection; B — coronal projection

А B

А B
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Discussion
Despite the dominance of neurostimulation 

technologies, ablative procedures continue to play a 
significant role in the surgical treatment of PD and certain 
other movement disorders. Alongside RF lesioning, novel 
ablative technologies have become widely adopted, 
particularly MRI-guided focused ultrasound ablation and 
Gamma Knife radiosurgical lesioning [7, 19–21].

The advantages of ablative procedures include 
the relative technical simplicity and short duration of 
neurosurgical intervention, high efficacy, a low rate 
of surgical complications, prevention of complications 
associated with implantation of deep brain stimulation 
systems, and the absence of a need for regular follow-up 
visits for adjustment of stimulation parameters.

In recent years, a renaissance of destructive 
stereotactic procedures has been observed, including 
both unilateral and staged bilateral interventions. 
Modern neuroimaging technologies and computer-
assisted software enable highly detailed visualization 
of brain structures targeted during surgery and allow 
precise determination of their coordinates, thereby 
improving both the efficacy and safety of surgical 
procedures [7, 22].

The introduction of tractotomy represents a novel step 
in the treatment of PD as a systemic neurodegenerative 
disorder of the brain associated with dysfunction of 
neurotransmitter systems. Tractotomy does not target 
the affected anatomical brain structures themselves but 
rather the pathways responsible for neuronal impulse 
transmission, thereby enabling modulation of impaired 
neurotransmitter connections. Modern high-field MRI 
systems allow identification of tracts involved in the 
pathogenesis of PD and determination of the optimal 
sites for effective lesioning.

The present study reports the results of surgical 
treatment in 25 patients with PD who were divided into 
two groups. The Vim group underwent conventional 
RF thermothalamotomy, whereas the DRTT group 
underwent stereotactic RF tractotomy.

Comparison of surgical outcomes between the 
groups demonstrated more pronounced tremor control 
in the DRTT group, which contributed to increased 
daily activity of the patients. Regression of tremor and 
rigidity, reduction in levodopa dosage, and moderate 
improvement in bradykinesia resulted in enhanced motor 
activity, improved self-care capacity, and better quality 
of life in nearly all operated patients.

A limitation of the study is the small sample size 
of patients who underwent surgical intervention with 
tractography-assisted targeting. With an increase in 
sample size, the difference may exceed 0.05%.

The principal feature of interventions targeting the 
Vim nucleus is the possibility of achieving tremor control 
even in cases of suboptimal electrode placement by 
increasing either the stimulation amplitude or the lesion 
volume, which was observed in all operated patients. 
However, enlargement of the lesion volume increases 
the risk of sensory disturbances, gait and coordination 
disorders, speech impairment, and contralateral 
hemiparesis due to injury to the internal capsule 
(“capsular effect”) and the ventral caudal nucleus of 
the thalamus. In our study, these adverse effects were 
transient and regressed within 12 months after surgery. 

Only two patients from the group operated on using the 
indirect targeting method exhibited new neurological 
deficits one year after surgery. In one case, the patient 
reported paresthesia in the treated arm, whereas 
another patient experienced numbness of the fingers and 
hand on the treated side. Such outcomes were absent 
in the tractography-assisted group. These findings are 
consistent with previously published data [18, 22].

MRI tractography continues to evolve toward more 
precise visualization of the DRTT in surgical treatment 
of PD. Currently, there is no consensus regarding the 
optimal definition of the region of interest (ROI) for tract 
reconstruction. The DRTT should not be considered a 
single continuous nerve fiber, as it contains numerous 
branches. In our study, the ipsilateral cerebellar 
nucleus, contralateral thalamic nuclei, and contralateral 
precentral gyrus were used as ROIs.

However, alternat ive approaches to DRTT 
reconstruction exist and differ in ROI selection. Given 
that a portion of DRTT fibers does not decussate, some 
protocols consider ROI determination within a single 
hemisphere to be sufficient. An important anatomical 
landmark is the tract’s passage through the superior 
cerebellar peduncle, which is sometimes included in the 
ROI to improve reconstruction specificity. Furthermore, 
the topographic proximity of the DRTT to the lemniscus 
medialis, which has a relatively stable anatomical 
location, may serve as an additional landmark for 
verification of tractography accuracy [22, 23].

Another important issue concerns the technical 
aspects of tractography. The principal objective of 
neuroimaging analysis is determination of the vector of 
electrical impulse conduction through the white matter 
within each voxel [24, 25].

Probabilistic tractography methods make it possible 
to estimate the most likely pathways of nerve fiber 
propagation while accounting for uncertainty in diffusion 
direction within each voxel, thereby improving the 
accuracy of reconstruction of complex and crossing 
tracts. However, such methods require specialized 
equipment and substantial computational time and 
therefore remain limited primarily to research centers. 
Currently available commercial deterministic methods 
are based on the “average” direction of conduction 
within each segment. This tractography approach allows 
sufficiently accurate identification of the target tract. 
Published studies have demonstrated that deterministic 
methods produce an average error of up to 1.4 mm. 
Although substantial, this level of error remains 
acceptable for planning stereotactic interventions. Some 
authors recommend using not only target localization 
but also the three-dimensional orientation of the tract 
for planning the surgical trajectory [26, 27].

In recent years, numerous clinical studies have 
been published regarding the use of deterministic 
DRTT tractotomy of various modalities for surgical 
treatment of tremor using RF lesioning and high-
intensity focused ultrasound ablation. The high efficacy 
of tractotomy in tremor management has provided the 
rationale for applying these methods to control other 
motor manifestations of PD. Ongoing investigations 
are evaluating the role of the pallidothalamic tract as a 
principal pathogenetic pathway underlying rigidity and 
the phenomenon of freezing of gait. In particular, studies 
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are being conducted to determine the projection of the 
pallidothalamic tract within the subthalamic region. 
Indirect calculations of this target are characterized 
by considerable variability; therefore, tractographic 
analysis represents a promising direction for future 
interventions [28].

Another important area of research concerns the 
“hyperdirect” neuronal connection between the STN and 
the premotor cortex. It is known that the STN contains 
segments responsible for connections with other 
basal ganglia structures of the cerebral cortex. These 
pathways are associated not only with motor but also 
with cognitive and emotional states in patients with PD 
[8]. The hyperdirect pathway can currently be influenced 
only by neuromodulation technologies, particularly deep 
brain stimulation, because destructive interventions are 
associated with a high risk of neurological complications.

Special consideration should also be given to the 
potential role of several axial fiber pathways associated 
with bradykinesia and postural instability in patients with 
PD. Current investigations focus on corticothalamic tracts 
and fibers connecting the pedunculopontine nucleus 
(PPN) with the brainstem. The effects of interventions 
targeting these tracts remain insufficiently studied.

Conclusions
An advanced understanding of PD pathogenesis 

as a disorder of neuronal connectivity is transforming 
therapeutic approaches to the disease. Contemporary 
neurosurgical methods do not direc t ly target 
pathologically altered structures but instead modulate 
neuronal circuits involved in the development of motor 
dysfunction. MRI tractography of these pathways, 
particularly the dentato-rubro-thalamic tract, enables 
selective and effective compensation of pathological 
activity through both lesioning and neuromodulation 
while minimizing effects on adjacent neural structures. 
Application of this method ensures high procedural 
efficacy while accounting for individual anatomical 
variability in target selection for surgery.
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Objective: To provide a comprehensive computed tomography (CT) 
morphometric analysis of the atlas (C1) and axis (C2) in Vietnamese adults, 
evaluate sex-related and side-specific differences, and determine the 
implications for posterior atlantoaxial screw fixation.
Materials and methods: A retrospective cross-sectional CT study was 
conducted on 150 adults (112 men and 38 women; mean age 51.9 ± 15.1 
years). Multiplanar reconstruction was used to measure C1 lateral mass length 
(C1-LML), C1 lateral mass width (C1-LMW), maximal medial (C1-MTA), lateral 
(C1-LTA), cranial (C1-CTA), and caudal (C1-CdTA) trajectory angles bilaterally. 
C2 parameters included isthmus height (C2-IH), canal height (C2-CH), and 
pedicle width (C2-PW).
Results: Significant sex-related differences were observed, with men 
demonstrating greater right C1-LML and C1-LMW values (p = 0.029 and p = 
0.005, respectively) as well as larger right C1-LTA, C1-CTA, and C1-CdTA (all 
p < 0.05). Left C2-PW was also significantly greater in men (p = 0.020). In 
addition, side-specific asymmetry was identified: C1-LTA, C1-CTA, and C1-
CdTA differed significantly between sides (p = 0.009–0.021), and C2-CH was 
greater on the left (p < 0.001). Age showed weak negative correlations with 
selected C2 parameters.
Conclusions: Upper cervical morphology demonstrates measurable 
asymmetry and sex-related variation. Preoperative planning for C1–C2 
instrumentation should therefore be individualized and side-specific.
Keywords: atlas vertebra; axis vertebra; cervical vertebrae; tomography; 
computed tomography; morphometry; atlantoaxial joint; spine

Introduction
Stabilization of the craniovertebral junction (CVJ) 

is frequently required in the management of traumatic 
instability, congenital anomalies, inf lammatory 
conditions, and degenerative pathology affecting the 
atlas (C1) and axis (C2). Contemporary posterior 
fixation techniques — particularly the Harms C1 lateral 
mass–C2 pedicle construct and its modifications (Goel-
Harms) — provide rigid stabilization and high fusion 
rates and have become widely adopted in modern 
spine surgery [1,  2]. Nevertheless, the success and 
safety of these procedures critically depend on accurate 
identification of safe osseous corridors and individualized 
screw trajectories.

Incorrect screw placement at C1 or C2 may result 
in catastrophic complications, including vertebral artery 
injury, neural compromise, or construct failure [3, 4]. 
The complex geometry of the C1 lateral mass and the 
variability of C2 pedicle morphology make atlantoaxial 
fixation particularly demanding. Computed tomography 
(CT) with multiplanar reconstruction (MPR) has therefore 
become indispensable in preoperative planning, allowing 
surgeons to quantify linear dimensions such as C1-LML 
and C1-LMW and angular parameters such as C1-MTA, 
C1-LTA, C1-CTA, and C1-CdTA, thereby tailoring screw 

length, diameter, and trajectory according to each 
patient’s anatomy [5–7].

Although numerous morphometric studies have 
reported average C1 and C2 dimensions in different 
populations [6,  8,  9], less attention has been paid 
to clinically meaningful side-to-side asymmetry and 
sex-related scaling of surgical osseous corridors. In 
clinical practice, contralateral screw trajectories are 
often planned under the implicit assumption of bilateral 
symmetry. However, unrecognized asymmetry in 
parameters such as C1-LTA or C2-CH may increase the 
risk of cortical breach or vascular injury if mirrored 
trajectories are assumed, as previous morphometric 
studies have demonstrated frequent side-to-side 
variation in atlas morphology [10]. Furthermore, 
sex-based anatomical differences in C1-LMW or C2-PW 
may influence the feasibility of standard screwdiameters.

Vietnamese-specific reference data for C1–C2 
morphometry remain limited. A prior Vietnamese CT 
study provided important baseline information for 
atlantoaxial screw fixation planning [5]; however, a 
comprehensive evaluation incorporating both linear 
and angular parameters, with explicit assessment of 
symmetry and sex differences, is still needed to support 
routine surgical decision-making.
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The present study aimed to establish normative CT 
morphometric parameters of C1 and C2 in Vietnamese 
adults, examine sex-related differences, assess right–left 
symmetry, and integrate these findings into practical 
guidance for posterior C1 lateral mass and C2 pedicle 
fixation.

Materials and methods
Study design and setting
This retrospective cross-sectional study analyzed 

cervical CT images obtained from two tertiary referral 
centers in Ho Chi Minh City, Vietnam (Cho Ray Hospital 
and the Hospital for Traumatology and Orthopaedics) 
between January and May 2025. The study focused 
on morphometric parameters of C1 and C2 relevant to 
posterior atlantoaxial screw fixation.

Participants
A total of 150 Vietnamese adults were included after 

applying predefined inclusion and exclusion criteria. 
The cohort comprised 112 men (74.7%) and 38 women 
(25.3%). CT scans were performed for clinical indications 
unrelated to destructive CVJ pathology. Exclusion criteria 
included fractures of C1–C2, congenital malformations, 
tumors, infection, severe deformity, or insufficient image 
quality for precise measurement. Only anatomically 
intact upper cervical vertebrae were analyzed to 
establish normative morphometric  reference values.

CT acquisition and image reconstruction
All CT datasets were reviewed using RadiAnt DICOM 

Viewer. Multiplanar reconstruction (MPR) was performed 

to standardize image orientation (Fig. 1). Sagittal, axial, 
and coronal planes were realigned according to the 
anatomical axes of C1 and C2 to ensure orthogonality 
and minimize measurement error. Particular attention 
was paid to reproducing clinically relevant screw 
trajectories.

Morphometric measurements
All parameters were measured bilaterally (right and 

left) to assess side-specific symmetry. Suffixes -R and -L 
indicate right and left sides, respectively. Measurements 
were recorded in millimeters (mm) or degrees (°) using 
defined anatomical landmarks corresponding to posterior 
fixation corridors.

For C1, linear measurements included C1 lateral 
mass length (C1-LML) and C1 lateral mass width 
(C1-LMW) on axial images (Fig. 2).

Angular parameters included C1 medial trajectory 
angle (C1-MTA) and C1 lateral trajectory angle (C1-LTA) 
on the axial plane, as well as C1 cranial trajectory angle 
(C1-CTA) and C1 caudal trajectory angle (C1-CdTA) 
on the sagittal plane (Fig. 3). These angles represent 
maximal safe screw trajectories within the osseous 
boundaries of the lateral mass.

For C2, measurements included C2 isthmus 
height (C2-IH) and C2 canal height (C2-CH) on sagittal 
reconstructions, as well as C2 pedicle width (C2-PW), 
def ined as the narrowest mediolateral osseous 
corridor on axial images (Fig. 4). These parameters 
directly reflect the feasibility of pedicle or pars                                
screw placement.

Fig. 1. Standardized MPR alignment of C1–C2. A - Sagittal plane aligned along the anatomical 
axis of the upper cervical spine; B - Axial plane orthogonal to the C1 lateral mass; C - Coronal 
plane adjusted to ensure symmetric bilateral orientation

Fig. 2. Axial CT measurement of C1 lateral mass 
dimensions.
Notes: Green lines indicate C1 lateral mass length 
(C1-LML); Red lines indicate C1 lateral mass 
width (C1-LMW). Measurements were performed 
bilaterally.
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Statistical analysis
Continuous variables are presented as mean ± 

standard deviation (Mean ± SD) and range. Sex-related 
differences were analyzed using independent-samples 
t-tests. Right–left comparisons were performed using 
paired analyses to assess asymmetry. Correlations 
with age were evaluated using Pearson’s correlation 
coefficient (r). Statistical significance was defined as p 
< 0.05. Statistical analyses were conducted using SPSS 
version 22.0.

Results
Demographics. The study included 150 participants 

(112 men and 38 women) with a mean age of 51.9 ± 
15.1 years (Table 1).

C1 morphometry and sex differences. Men 
demonstrated larger C1 lateral mass dimensions, 
particularly on the right side. Right C1 lateral mass 
length (C1-LML-R) was 21.04 ± 1.70 mm in men and 
20.31 ± 1.37 mm in women (p = 0.029), whereas right 
C1 lateral mass width (C1-LMW-R) was 14.00 ± 1.08 mm 
versus 13.42 ± 0.95 mm (p = 0.005). Trajectory angles 
showed selective sex-related differences, with greater 
right C1 lateral (C1-LTA-R), cranial (C1-CTA-R), and 

caudal (C1-CdTA-R) angles in men. In contrast, medial 
trajectory angles and several left-sided parameters did 
not differ significantly between sexes (Table 2).

C2 morphometry and sex differences. Among 
C2 parameters, only left C2 pedicle width (C2-PW-L) 
was significantly larger in men than in women (5.15 ± 
0.89 mm vs 4.65 ± 0.79 mm, p = 0.020). C2 isthmus 
height (C2-IH) and C2 canal height (C2-CH) did not differ 
significantly by sex (Table 3).

Side-to-side comparisons. For C1, lateral mass 
length (C1-LML) and width (C1-LMW) were largely 
symmetric between sides (p = 0.078 and p = 0.768, 
respectively). In contrast, the C1 lateral trajectory 
angle (C1-LTA), cranial trajectory angle (C1-CTA), 
and caudal trajectory angle (C1-CdTA) demonstrated 
significant asymmetry. For C2, canal height was 
significantly greater on the left, whereas isthmus height 
and pedicle width did not differ significantly between 
sides (Table 4).

Age-related correlations. Age demonstrated 
weak negative correlations with left C2 canal height 
(C2-CH-L; r = −0.17, p = 0.033) and right C2 pedicle 
width (C2-PW-R; r = −0.19, p = 0.022). No significant 
correlations were observed for C1 parameters.

Fig. 3. Axial CT measurement of C1 trajectory angles. A - C1 lateral trajectory angle 
(C1-LTA); B - C1 medial trajectory angle (C1-MTA)

Fig. 4. Sagittal CT measurement of C2 morphometric parameters. A - C2 canal height 
(C2-CH); B - C2 isthmus height (C2-IH)
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Table 4. Side-to-Side Comparison of C1 and C2 Parameters (Paired Analysis, n = 150)

Parameter Right (Mean ± SD) Left (Mean ± SD) Mean Difference 
(R–L) p-value

C1-LML (mm) 20.90 ± 1.60 20.56 ± 1.50 0.34 0.078

C1-LMW (mm) 13.91 ± 1.10 13.87 ± 1.05 0.04 0.768

C1-LTA (°) 22.38 ± 2.18 21.85 ± 2.13 0.53 0.009

C1-MTA (°) 44.51 ± 3.60 44.60 ± 3.55 -0.09 0.835

C1-CTA (°) 42.50 ± 3.40 41.54 ± 3.20 0.96 0.014

C1-CdTA (°) 25.27 ± 4.40 24.21 ± 3.60 1.06 0.021

C2-Isthmus Height (mm) 4.98 ± 0.86 4.79 ± 0.82 0.19 0.072

C2-Canal Height (mm) 6.71 ± 1.06 7.42 ± 1.22 -0.71 <0.001

C2-Pedicle Width (mm) 4.86 ± 0.87 5.04 ± 0.89 -0.18 0.074

Table 1. Demographic Characteristics of the Study Cohort
Group Age (Mean ± SD) Range (years) n

All participants 51.9 ± 15.1 18–88 150

Men 51.5 ± 14.3 18–77 112

Women 53.3 ± 17.3 18–88 38

Table 2. C1 Morphometric Parameters by Sex (Mean ± SD)
Parameter Men Women p-value

C1-LML-R (mm) 21.04 ± 1.70 20.31 ± 1.37 0.029

C1-LML-L (mm) 20.67 ± 1.60 20.16 ± 1.30 0.071

C1-LMW-R (mm) 14.00 ± 1.08 13.42 ± 0.95 0.005

C1-LMW-L (mm) 13.96 ± 1.20 13.33 ± 1.00 0.009

C1-MTA-R (°) 44.67 ± 3.70 44.48 ± 4.00 0.768

C1-MTA-L (°) 44.75 ± 3.60 44.40 ± 3.90 0.624

C1-LTA-R (°) 22.52 ± 2.18 21.79 ± 2.13 0.023

C1-LTA-L (°) 21.96 ± 2.10 21.32 ± 2.00 0.070

C1-CTA-R (°) 42.65 ± 3.43 41.63 ± 3.06 0.047

C1-CTA-L (°) 41.61 ± 3.30 41.02 ± 3.00 0.291

C1-CdTA-R (°) 25.52 ± 4.50 24.50 ± 3.20 0.042

C1-CdTA-L (°) 24.24 ± 3.80 23.87 ± 3.10 0.577

Table 3. C2 Morphometric Parameters by Sex (Mean ± SD)
Parameter Men Women p-value

C2-Isthmus Height-R (mm) 5.04 ± 0.87 4.80 ± 0.81 0.132

C2-Isthmus Height-L (mm) 4.92 ± 0.85 4.52 ± 0.79 0.075

C2-Canal Height-R (mm) 6.73 ± 1.06 6.52 ± 0.98 0.483

C2-Canal Height-L (mm) 7.46 ± 1.22 7.14 ± 1.10 0.345

C2-Pedicle Width-R (mm) 4.91 ± 0.88 4.74 ± 0.80 0.228

C2-Pedicle Width-L (mm) 5.15 ± 0.89 4.65 ± 0.79 0.020
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Discussion
This CT-based morphometric study provides 

detailed normative data on C1 and C2 anatomy in 
Vietnamese adults and, importantly, frames these 
measurements within the context of surgical decision-
making for posterior atlantoaxial fixation. Three principal 
observations merit emphasis: (1) measurable sex-related 
differences in selected C1 dimensions and trajectory 
angles; (2) clinically relevant side-to-side asymmetry, 
particularly in C1 angular parameters and C2 canal 
height; and (3) modest age-related changes in selected 
C2 corridors.

C1 lateral mass dimensions and trajectory 
angles: implications for surgical planning
Posterior C1 lateral mass screw f ixation, as 

popularized by Harms and colleagues and further refined 
in the Goel–Harms technique, depends on sufficient 
lateral mass dimensions and safe trajectory corridors 
[1,2]. The mean C1 lateral mass length (C1-LML) and 
width (C1-LMW) observed in our cohort are broadly 
consistent with previously reported CT-based and 
cadaveric morphometric data from other populations 
[6,7]. These findings support the feasibility of standard 
3.5-mm lateral mass screws in most adults. However, 
the statistically significant sex-related differences—
particularly in right-sided C1-LML and C1-LMW—highlight 
the importance of individualized preoperative assessment 
rather than reliance on population averages [11].

More importantly, our systematic evaluation of 
maximal trajectory angles (C1-LTA, C1-CTA, C1-CdTA) 
extends prior Vietnamese data [5] by incorporating 
both axial and sagittal angulation limits. These angular 
parameters define the safe osseous corridor that avoids 
medial breach into the spinal canal and lateral violation 
of the vertebral artery groove [6]. The observed 
asymmetry in C1-LTA, C1-CTA, and C1-CdTA between 
right and left sides suggests that assuming mirrored 
screw trajectories may be unsafe in certain patients. 
In practical terms, a trajectory determined on one side 
should not automatically be replicated contralaterally 
without CT-based verification [8]. This finding reinforces 
prior recommendations that meticulous side-specific 
preoperative CT planning is essential for Harms-type 
constructs and over-the-arch techniques [1, 2, 12].

Sex-related scaling and implant selection
Sex-related scaling of vertebral dimensions has been 

described in morphometric studies of the atlas and axis 
in multiple populations [9, 13]. In our cohort, women 
demonstrated smaller C1 lateral mass dimensions and 
narrower C2 pedicle width (C2-PW) on the left side. 
Although many parameters did not differ significantly 
by sex, the presence of several statistically significant 
differences—particularly in linear dimensions relevant 
to screw purchase—supports the principle that implant 
selection should be individualized.

From a surgical perspective, smaller lateral mass 
width or pedicle width may influence the choice of 
screw diameter and length, particularly in borderline 
corridors. In such cases, intraoperative caution, smaller-
diameter screws, or alternative fixation strategies (e.g., 
laminar screws or pars screws) may be considered. 

The concept that “one-size-fits-all” instrumentation is 
inappropriate in CVJ surgery is therefore supported by 
our data [3, 14].

C2 pedicle and canal morphology: asymmetry 
and vascular risk considerations
The C2 pedicle represents a critical yet potentially 

hazardous corridor for pedicle or transarticular screw 
placement, as multiple fixation techniques exist and their 
feasibility depends on pedicle dimensions and vertebral 
artery anatomy [14]. Vertebral artery injury remains 
one of the most feared complications of atlantoaxial 
instrumentation [3,4]. Lee et al. [12] further emphasized 
that reduced posterior arch height combined with narrow 
lateral mass dimensions may significantly limit safe screw 
insertion corridors and necessitate alternative techniques. 
Previous studies have demonstrated that pedicle size and 
the presence of a high-riding vertebral artery significantly 
influence the feasibility of safe screw insertion [8,15]. In 
our study, left C2-PW was smaller in women, highlighting 
a subgroup in whom standard pedicle screw placement 
may warrant heightened scrutiny.

Additionally, the significant side-to-side asymmetry 
observed in C2 canal height (C2-CH) further challenges 
assumptions of bilateral equivalence. Although canal 
height is not synonymous with pedicle width, it reflects 
posterior element morphology and may influence both 
screw angulation and the margin of safety relative to the 
spinal canal. These findings collectively emphasize that 
contralateral symmetry should not be presumed when 
planning C2 instrumentation [8, 14].

Age-related trends
We observed weak inverse correlations between age 

and selected C2 parameters. While modest in magnitude, 
these associations are directionally consistent with 
age-related osseous remodeling and potential reduction 
in cortical thickness. Clinically, age alone should not be 
used as a surrogate for corridor safety. Rather, advancing 
age should prompt greater attention to individualized 
CT-based evaluation and consideration of bone quality 
in fixation planning.

Population-specific context
These findings should be interpreted within the 

context of prior Vietnamese CT-based morphometric 
research. A previous study provided valuable baseline data 
for atlantoaxial screw planning in Vietnamese patients 
[5]. The present study expends upon those observations 
incorporating systematic bilateral comparison, detailed 
evaluation of maximal trajectory angles on both axial and 
sagittal planes, and explicit assessment of sex-related 
differences. By integrating side-to-side asymmetry 
and trajectory limits into a surgical decision-making 
framework, this study moves beyond feasibility metrics 
alone and emphasizes individualized, side-specific 
planning for posterior C1–C2 fixation.

Strengths and limitations
The strengths of this study include a relatively 

large single-region sample and the use of standardized 
multiplanar reconstruction alignment, which enhanced 
measurement reliability. The bilateral assessment of both 
linear and angular parameters allowed explicit evaluation 
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of asymmetry, a feature less frequently emphasized in 
prior morphometric studies [5, 6].

Limitations include the retrospective design and the 
absence of CT angiography to directly evaluate vertebral 
artery anatomy. Accordingly, our analysis characterizes 
osseous corridors rather than vascular variations. Future 
investigations integrating morphometry with vascular 
imaging and correlating these measurements with 
operative outcomes would further refine thresholds 
criteria for selecting specific fixation techniques.

Clinical integration
Overall, the normative values presented here can 

serve as a practical reference for posterior C1 lateral 
mass and C2 pedicle instrumentation in Vietnamese 
adults. More importantly, our findings reinforce two key 
surgical principles: (1) screw planning should be side-
specific rather than mirrored, and (2) implant selection 
should account for sex-related anatomical scaling. These 
considerations are central to safe and reproducible CVJ 
stabilization.

Conclusion
This CT-based morphometric analysis demonstrates 

that upper cervical anatomy in Vietnamese adults is not 
strictly symmetric, particularly with respect to trajectory 
angles, and exhibits measurable sex-related variation in 
parameters directly relevant to posterior atlantoaxial 
fixation. Significant differences in C1 trajectory angles 
and selected C2 corridors indicate that bilateral “mirror” 
assumptions may be inappropriate in operative planning. 
Moreover, sex-related scaling of lateral mass and 
pedicle dimensions may influence implant selection and 
trajectory design in borderline cases. These findings 
support a surgical strategy centered on individualized, 
side-specific CT assessment rather than reliance on 
averaged anatomical values. Incorporating detailed 
morphometric evaluation into routine preoperative 
planning may enhance the safety and precision of 
posterior C1–C2 instrumentation.
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Objective. To evaluate the effects of the type of general anesthesia and 
surgical procedure on sensory and motor functional recovery following sciatic 
nerve transection with immediate neurorrhaphy in rats.
Materials and methods. The study was conducted in male Wistar rats using 
an experimental model of complete sciatic nerve transection followed by 
immediate end-to-end suture repair employing either two or four interrupted 
epineurial sutures. General anesthesia was induced using either inhaled 
isoflurane or an intraperitoneal ketamine/xylazine mixture. During the 
postoperative period (up to 24 weeks), thermal and mechanical sensitivity 
were assessed, along with motor function recovery evaluated by the Sciatic 
Functional Index (SFI).
Results. The type of general anesthesia significantly affected the pattern 
and dynamics of sensory and motor functional recovery after neurorrhaphy. 
Animals operated under ketamine/xylazine anesthesia demonstrated more 
stable and complete recovery of both sensory and motor functions, as 
evidenced by the absence of persistent mechanical and thermal hypoalgesia 
and by significant improvement in SFI values, even when the minimum number 
of epineurial sutures was used. In contrast, the use of inhalational isoflurane 
anesthesia was associated with more prolonged postoperative sensory deficits, 
which were largely dependent on the surgical procedure. Under isoflurane 
anesthesia, the application of four epineurial sutures provided more favorable 
conditions for sensory recovery, particularly mechanical sensitivity, compared 
with neurorrhaphy performed using two sutures.
Conclusions. The type of general anesthesia and the characteristics of 
the suture repair technique are important determinants of sciatic nerve 
regeneration and functional recovery following transection. Ketamine/xylazine 
anesthesia is associated with more favorable conditions for sensorimotor 
recovery. The use of inhalational isoflurane anesthesia during neurorrhaphy, 
particularly when a minimal number of sutures is employed, should be 
approached with caution, as it may adversely affect the stability and functional 
outcomes of sciatic nerve recovery.
Keywords: peripheral neuropathy; neurorrhaphy; peripheral nerve 
regeneration; isoflurane; ketamine; sciatic nerve; Hargreaves test; von Frey 
test; Sciatic Functional Index.

Introduction
Peripheral nerve injury (PNI) is a relatively uncommon 

pathology during peacetime [1–8]; however, its incidence 
increases during military conflicts [9] due to the 
predominance of combat-related limb injuries [4, 6]. 
Although PNI is generally considered the least severe form 
of injury affecting the nervous system, it is characterized 
by persistent sensorimotor, trophic, and pain-related 
disorders [10–12], resulting in substantial direct [3, 13] 
and indirect economic losses. PNI predominantly affects 
working-age adults and occurs more frequently in men 
[1–3, 5]. Treatment is predominantly surgical [2, 8] and 
primarily involves restoration of the anatomical continuity 
of the injured nerve through direct suturing of its severed 
ends, i.e., neurorrhaphy [2, 14].

Despite the relatively high regenerative capacity of 
the peripheral nervous system and significant advances 
in surgical techniques for PNI management, treatment 
outcomes remain suboptimal [15]. The development 
of novel therapeutic approaches for PNI is therefore 
largely conducted in experimental settings [7, 16]. For 
obvious reasons, such research critically depends on the 
quality and reproducibility of experimental injury models. 
Despite its relative simplicity, the widely used rat sciatic 
nerve transection model in experimental neurosurgery 
is characterized by limited reproducibility of outcomes 
[17]. This limitation may be related to shortcomings of 
the functional–anatomical assessment method based 
on the sciatic functional index (SFI), differences in the 
duration of postoperative observation of experimental 
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animals [17], variations in neurorrhaphy techniques, and 
differences in anesthetic management.

General anesthesia is an essential component 
of surgical procedures in experimental medicine and 
biology, ensuring the reduction of pain and distress in 
laboratory animals. This requirement has stimulated 
the development of noninvasive anesthetic techniques, 
particularly inhalational anesthesia [18]. Additional 
advantages of these methods include rapid induction 
and recovery, as well as the ability to control the depth 
of anesthesia during surgery [18]. However, following 
inhalational anesthesia, the rapid restoration of motor 
activity in animals subjected to PNI modeling and 
immediate nerve repair may compromise the integrity 
of the neurorrhaphy. Furthermore, early mobilization 
has been shown to impair nerve regeneration even 
when suture integrity is maintained [19]. Consequently, 
postoperative immobilization of the affected limb 
is routinely employed in clinical practice following 
peripheral nerve repair [20]. Another important strategy 
for enhancing the reliability of nerve coaptation is 
the application of an adequate number of epineurial 
or perineural interrupted sutures. Nevertheless, 
increasing the number of sutures has limitations, as the 
persistence of xenogeneic suture material may trigger 
local inflammatory responses that restrict and slow the 
regenerative growth of nerve fibers [21].

Objective: To evaluate the effects of the type 
of general anesthesia and surgical procedure on the 
recovery of sensory and motor functions following rat 
sciatic nerve transection with immediate neurorrhaphy.

Materials and methods
Experimental animals and experimental groups
The study was conducted in accordance with current 

bioethical standards and research ethics guidelines and 
was approved by the Biomedical Ethics Committee of the 
O.O. Bogomolets Institute of Physiology, NAS of Ukraine 
(Protocol No. 3/22, November 16, 2022). All experimental 
procedures complied with the provisions of the 
Convention on Human Rights and Biomedicine (Council 
of Europe, 1997), the European Convention for the 
Protection of Vertebrate Animals Used for Experimental 
and Other Scientific Purposes (Strasbourg, 1986), the 
General Ethical Principles for Scientific Research adopted 
by the First National Congress on Bioethics of Ukraine 
(September 2001), and the Law of Ukraine No. 3447-IV 
“On the Protection of Animals from Cruelty” (2006).

Male Wistar rats aged 1.5–2.0 months and weighing 
190–230 g were obtained from the animal facility of 
the O.O. Bogomolets Institute of Physiology, National 
Academy of Sciences of Ukraine. Animals were housed 
under standard laboratory conditions with a 12-h light/
dark cycle, an ambient temperature of (22 ± 2) °C, and 
ad libitum access to food and water.

Animals were allocated into three experimental groups 
according to the type of general anesthesia (inhalational 
isoflurane or intraperitoneal ketamine/xylazine) and 
the number of sutures used during surgical modeling of 
peripheral nerve injury (PNI) with neurorrhaphy:

Group 1 — sciatic nerve transection under isoflurane 
anesthesia followed by immediate nerve reconstruction 
using two epineurial sutures (n = 6);

Group 2 — sciatic nerve transection under ketamine/
xylazine anesthesia followed by immediate nerve 
reconstruction using two epineurial sutures (n = 5);

Group 3 — sciatic nerve transection under isoflurane 
anesthesia followed by immediate nerve reconstruction 
using four epineurial sutures (n = 6).

Sciatic nerve injury modeling and repair
In animals of Groups 1 and 3, general anesthesia 

was induced and maintained with inhalational isoflurane 
using an anesthesia machine manufactured by “RWD Life 
Science”, China. Anesthesia induction was performed 
in an induction chamber with 3% isoflurane. After 
achieving a surgical plane of anesthesia, the animal 
was transferred to a heated surgical table and fitted 
with a specialized face mask through which isoflurane 
was delivered at a concentration of 1.5–2.5%, with 
continuous monitoring of respiration.

In animals of Group 2, general anesthesia was 
induced by intraperitoneal administration of a mixture of 
xylazine hydrochloride (15 mg/kg; “Biowet”, Poland) and 
ketamine hydrochloride (75 mg/kg; “Farmak”, Ukraine). 
Drug doses were individually calculated for each animal.

In both anesthetic protocols, anesthetic depth was 
assessed by response to hind paw pinch, whereas the 
degree of muscle relaxation was evaluated manually and 
by visual inspection. In cases of insufficient anesthesia 
or muscle relaxation, the duration of induction with 3% 
isoflurane was extended, or an additional dose of the 
ketamine–xylazine mixture (one-third of the calculated 
dose) was administered.

The technique for sciatic nerve injury modeling and 
neurorrhaphy in rats has been described in detail in a 
previous publication [17]. Following adequate analgesia 
and muscle relaxation, animals were positioned prone, 
with the limbs placed at an angle of approximately 45° 
relative to the longitudinal axis of the body. A support 
pad was placed beneath the left iliac region. The skin of 
the left posterior thigh was shaved, disinfected with a 
10% Betadine® solution (“Egis”, Hungary), and incised 
longitudinally, parallel to the femur. The sciatic nerve 
was exposed by blunt muscle separation, transected 
at the mid-thigh level, and immediately repaired by 
end-to-end approximation of the nerve stumps using 
either two interrupted epineurial sutures (Groups 1 
and 2) or four interrupted epineurial sutures (Group 3) 
with a 9-0 atraumatic needle (“Olymp”, Ukraine) under a 
stereomicroscope (“Olympus SZX7”, Japan). The lateral 
margins of the thigh muscles mobilized during the surgical 
approach, as well as the skin edges, were closed in two 
layers using interrupted 4-0 sutures (“Olymp”, Ukraine). 
The wound was subsequently treated with a 10% 
Betadine® solution (“Egis”, Hungary). Postoperatively, 
Bicillin-5 solution (600,000 IU/kg; “Kyivmedpreparat”, 
Ukraine) was administered subcutaneously into the 
posterior cervical region, while dexamethasone solution 
(5 mg/kg; KRKA, Slovenia) was injected into the right 
posterior thigh.

Animals in Groups 1 and 3 were maintained under 
elevated ambient temperature conditions until full 
recovery of spontaneous motor activity (approximately 
30 min), whereas animals in Group 2 were kept at room 
temperature until reaching a comparable recovery state 
(approximately 2 h).
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Motor functional assessment. The SFI was 
determined in all experimental groups over a 24-week 
period following surgery. Paw prints required for SFI 
calculation were obtained using the Gait2SFI system 
(Fig. 1), which enables high-resolution video recording 
of animal locomotion with both high spatial resolution 
(5.3 K; 5312 × 2988 pixels) and temporal resolution 
(60 fps), as well as a substantial depth of field. The 
system also allows identification of paw–surface contact 
areas using the frustrated total internal reflection 
(FTIR) method [22]. Optimization of illumination 

parameters combined with the large depth of field 
enabled simultaneous high-quality visualization of both 
the contact regions and the entire paw. Subsequent 
processing of the recordings using dedicated software 
permits frame-by-frame analysis of anatomical paw 
landmarks and semi-automated calculation of SFI 
values [23].

SFI values were calculated according to the Bain–
Mackinnon–Hunter formula [24], using morphometric 
measurements obtained from the highest-quality 
paw-print images:

Fig. 1. The Gait2SFI hardware–software platform enables acquisition of video recordings during animal gait 
testing with high-contrast paw prints, in which surface contact areas are highlighted in green, and provides 
semi-automated calculation of the SFI. The upper row presents sequential frames from a single step cycle of a 
rat, displayed in the software interface and used for SFI determination. The middle row shows cropped regions 
of the same frames illustrating the hind paw prints. Bright green areas indicate locations in direct contact with 
the walking surface, whereas the remaining portions of the paw are visible due to illumination by diffuse green 
light. In the lower row, adjustment of image contrast and brightness within the software enhances visualization 
of contact areas and enables measurement of parameters required for SFI calculation. The measured parameters 
are entered into a calculation table (right panel). The software performs SFI calculation automatically, and the 
resulting values are stored together with the corresponding morphometric parameters in a unified database
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,

where E denotes the injured limb and N the intact 
limb; PL is the print length, measured as the distance 
from the heel to the tip of the longest toe; TS is the toe 
spread, defined as the distance between the first and 
fifth toes; and IT is the intermediary toe spread, defined 
as the distance between the second and fourth toes.

Sensory function assessment. Quantitative 
evaluation of changes in nociceptive thresholds 
following surgery was performed using two standardized 
behavioral assays: the Hargreaves test (assessment of 
thermal nociception) and the von Frey test (assessment 
of mechanical nociception), as previously described 
[25, 26]. Testing was conducted on the lateral plantar 
surface of the hind paw within the cutaneous innervation 
territory of the tibial and sural branches of the sciatic 
nerve on both the operated and intact limbs. Baseline 
measurements were obtained before surgery, whereas 
subsequent assessments were performed between 
Weeks 2 and 24 postoperatively.

Mechanical sensitivity, encompassing both tactile and 
nociceptive components, was evaluated using the von Frey 
test. Animals were individually placed in cages with a wire-
mesh floor and allowed to acclimatize for at least 30 min. 
Mechanical thresholds were determined using a calibrated 
set of nylon monofilaments (Touch-Test, Stoelting, Cat. No. 
58011), which were applied perpendicularly to the plantar 
surface of the hind paw until the filament bent, thereby 
delivering a constant force (expressed in grams) for 2–3 s. 
A positive response was defined as paw withdrawal, licking 
of the tested limb, or vocalization during or immediately 
after filament application. Testing was performed only 
when animals were awake, calm, immobile, and not 
engaged in grooming behavior.

In Group 2 (ketamine/xylazine anesthesia, two 
epineurial sutures), paw withdrawal thresholds (PWT) 
were determined using the up–down method. Testing 
began with a 26-g filament. If a positive response was 
observed, a filament with a lower force was subsequently 
applied; if no response occurred, a filament with a 
higher force was used. Following the first reversal in 
response direction, at least five additional stimulations 
were performed according to the up–down algorithm. 
The PWT was defined as the force corresponding to a 
50% probability of response and was calculated using 
the standard Dixon–Chaplan formula [27] based on the 
sequence of positive and negative responses:

where X is the logarithmic value of the force 
of the final filament used; k is the tabulated value 
corresponding to the observed response pattern; and 
d is the mean logarithmic increment between adjacent 
filament forces. Threshold values were calculated using 
the Von Frey 1.0 online calculator (DTU Health Tech) [28]. 
The resulting values were expressed in grams and used 
for statistical analysis.

In the isoflurane anesthesia groups, a bottom-up 
von Frey paradigm was employed. Testing began with 
the filament exerting the lowest force, followed by 
sequential application of filaments with progressively 
greater forces. Each filament was applied five times 

with intervals between stimulations. A response was 
considered positive when a clear protective reaction 
was observed, including paw withdrawal, shaking, or 
licking. The PWT was defined as the force of the filament 
that elicited a protective response in at least three of 
five applications. This value was used as the individual 
measure of mechanical sensitivity for the corresponding 
animal and time point.

Thus, mechanical sensitivity was assessed using 
two distinct von Frey paradigms. The “bottom-up” 
method provides a discrete measure of suprathreshold 
responsiveness, whereas the up–down method estimates 
the force corresponding to a 50% probability of paw 
withdrawal. Because these measures are not numerically 
equivalent, direct between-group comparisons of 
absolute values were not performed. Instead, statistical 
analyses of time-dependent changes were conducted 
separately within each methodological series.

Thermal nociception was evaluated using the 
Hargreaves test with a plantar analgesia meter (“Ugo 
Basile”, Cat. No. 37370UB, Italy). Animals were placed in 
transparent chambers with a Plexiglas floor and allowed 
to acclimatize before testing (30–40 min before the first 
session and 20–30 min before subsequent sessions). 
Acclimatization was considered complete once grooming 
behavior had ceased. A focused radiant heat source was 
directed at the plantar surface of the hind paw in the 
heel region, and the paw withdrawal latency (PWL) was 
recorded as the time elapsed from stimulus onset to the 
first pain-related behavioral response (paw withdrawal, 
licking, or vocalization). Baseline withdrawal latencies in 
preoperative animals and on intact paws ranged from 10 
to 12 s. A cut-off latency of 33 s was imposed to prevent 
tissue injury. Each limb was tested five times per session, 
with an interstimulus interval of 3–5 min.

Statistical analysis
The statistical analysis was designed not to assess 

differences between individual measurements, but 
rather to identify patterns at the level of animal groups 
over time. Accordingly, a two-way repeated-measures 
analysis of variance (two-way repeated-measures 
ANOVA, RM-ANOVA) was employed, with “Group” as 
the between-subjects factor and “Time” as the within-
subjects factor. Because the tests were conducted 
repeatedly in the same animals, the analysis accounted 
for intra-individual changes and the correlation among 
repeated measurements. The primary questions 
addressed by this statistical model were:

1. Does sensory sensitivity and motor function 
change over time after surgery within each group?

2. Do experimental groups subjected to different 
types of anesthesia or different surgical procedures 
differ overall?

3. Does the pattern of change over time depend on 
the type of anesthesia or surgical procedure?

A statistically justified answer to the third question 
(the “Group” × “Time interaction”) was of central 
importance to this study.

For the “Time” factor, the assumption of sphericity 
was evaluated. When this assumption was violated, 
the Greenhouse–Geisser correction was applied, which 
is the standard procedure for longitudinal data with 
multiple time points. The sphericity assumption is a 
key requirement for the valid application of RM-ANOVA. 
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Within this framework, the assumption of normality 
pertains to the distribution of residuals rather than to the 
distribution of the measured variable itself; moreover, 
with small sample sizes, formal testing of normality is 
of limited informativeness [29].

Post hoc comparisons were performed only when 
a statistically significant effect of “Time”, “Group”, 
or the “Group” × “Time” interaction was detected. 
Within-group comparisons between baseline values 
and each postoperative time point were conducted 
using the Wilcoxon signed-rank test. To evaluate 
postoperative recovery of motor function, additional 
within-group comparisons were performed between the 
first postoperative measurement and each subsequent 
postoperative time point. Between-group post hoc 
comparisons at individual time points were conducted 
using the Mann–Whitney U test. If testing was not 
performed in one of the comparison groups during a 
particular week, data obtained from the other group 
during that week were excluded from  the analysis.

The validity of pooling data from multiple time 
points was assessed using either the Friedman test or 
the Kruskal–Wallis test.

For the von Frey tests, only within-group statistical 
analyses were performed using one-way repeated-
measures analysis of variance (one-way repeated-
measures ANOVA, one-way RM-ANOVA).

All statistical analyses were conducted in Python 
3 using the pandas, numpy, scipy.stats, and matplotlib 
libraries. Statistical significance was set at p < 0.05.

Results
Effect of anesthesia type on sensory recovery 

following neurorrhaphy. To evaluate the effect of 

anesthesia type on sensory sensitivity, the animals were 
allocated into two experimental groups:

Group 1 – animals subjected to sciatic nerve 
transection followed by immediate end-to-end repair 
using two interrupted epineurial sutures under 
inhalational isoflurane anesthesia (n = 6);

Group 2 – animals subjected to the same surgical 
procedure under intraperitoneal ketamine/xylazine 
anesthesia (n = 5).

Thermal sensitivity was assessed using the 
Hargreaves test on the day before surgery, every 2 
weeks after surgery for 12 weeks, and additionally at 
weeks 18, 20, and 22. The results are presented in Fig. 
2 and were analyzed using repeated-measures analysis 
of variance (RM-ANOVA).

The analysis revealed no significant main effect of 
group (F(1,9) = 2.26, p = 0.167), indicating the absence 
of an overall difference between the groups when 
averaged across all time points. In contrast, a large and 
statistically significant main effect of time was observed 
(F(9,81) = 3.17, p = 0.003), demonstrating that thermal 
sensitivity changed over the course of the observation 
period in both groups. A significant difference between 
the groups was detected prior to week 8 (p = 0.025), 
after which the groups converged and no further 
significant differences were observed, indicating a 
gradual stabilization of thermal sensitivity values during 
the late phase of recovery (Fig. 2).

Importantly, the “Group” × “Time” interaction across 
the entire postoperative period demonstrated a clear 
trend toward differential temporal dynamics between the 
groups, reaching the threshold of statistical significance 
(F(9,81) = 1.98, p = 0.05). Specifically, thermal 
sensitivity progressively deteriorated throughout the 

Fig. 2. Dynamics of PWL to a thermal stimulus throughout the experiment in the isoflurane and 
ketamine/xylazine anesthesia groups (2 sutures). Data are presented as the median with the 
interquartile range to illustrate data distribution. Statistical analysis was performed using RM-ANOVA 
followed by planned post hoc comparisons. Horizontal bars indicate significant differences between 
groups at the corresponding time points (post hoc Mann–Whitney U test,  *p < 0.05; **p < 0.01)
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experiment in the isoflurane anesthesia group, whereas 
gradual improvement was observed in the ketamine/
xylazine anesthesia group (Fig. 2).

Post hoc analysis within each group did not reveal 
any significant deviation from baseline values, although 
a significant overall tendency toward changes in thermal 
sensitivity of the limb with the injured nerve was detected 
for both anesthesia regimens (F(9,81) = 3.17, p = 0.003). 
At week 2, non-significant hypoalgesia was observed, 
with no significant difference in PWL between the groups 
(Fig. 2). It is possible that this hypoalgesic effect would 
have reached statistical significance with larger group 
sizes. In both experimental groups, the observed 
hypoalgesia was attributable to substantial denervation 
of the plantar region following sciatic nerve transection.

Post hoc analysis (Mann–Whitney U test) also 
revealed significant differences between the groups at 
weeks 4 (p = 0.017) and 6 (p = 0.009). Thus, significant 
differences were detected only during the early stage of 
postoperative recovery. During this period, the isoflurane 
anesthesia group (2 sutures) exhibited a significantly 
shorter PWL than the ketamine/xylazine anesthesia 
group (2 sutures), indicating more rapid recovery 
of thermal nociception under isoflurane anesthesia. 
Therefore, the results of this experiment demonstrate 
a significant difference in postoperative changes in 
thermal sensitivity of the ipsilateral limb depending on 
the type of anesthesia used. Notably, this difference 
persisted for several weeks after surgery. These findings 
suggest that a relatively short anesthetic procedure (1–2 
h) can influence postoperative alterations in thermal 
sensitivity during the early recovery period (up to 6 
weeks), promoting functional recovery. At the same 
time, a tendency toward impaired thermal sensitivity 
during the late postoperative period was observed in 
animals anesthetized with isoflurane compared with 
those receiving ketamine/xylazine anesthesia.

Given that thermal sensitivity is largely mediated by 
nerve fibers expressing TRPV1 receptors [30], it may be 
assumed that the type of anesthesia used during sciatic 
nerve injury modeling substantially affects the recovery 
of these fibers.

To determine whether the recovery of another major 
class of sensory fibers—mechanoreceptive fibers—also 
depends on the type of anesthesia used during sciatic 
nerve injury modeling, changes in mechanical sensitivity 
were evaluated in animals from the two aforementioned 
groups.

For the von Frey test results, direct between-group 
comparisons of absolute threshold values were not 
performed because of differences in the algorithms 
used to determine the mechanical sensitivity threshold. 
Instead, within each group, changes relative to baseline 
(week 0) were assessed using one-way repeated-
measures ANOVA (one-way RM-ANOVA) followed by 
the Wilcoxon signed-rank test for paired comparisons.

As shown in Fig. 3A, animals anesthetized with 
isoflurane demonstrated a pronounced and significant 
effect of time (F(10,30) = 8.022, p < 0.001), characterized 
by a gradual increase in PWT, reaching a maximum at 
week 18 (~80 g compared with a baseline value of 
~21 g). Significant deviations from baseline values 
persisted at weeks 12, 14, 16, 18, and 22 (p = 0.031). 
These findings most likely indicate the progressive 
development of persistent mechanical hypoalgesia 

and the absence of a tendency toward recovery of 
mechanical sensitivity by the end of the experiment. In 
contrast, animals anesthetized with ketamine/xylazine 
exhibited a significant overall effect of time (F(10,40) 
= 2.602, p = 0.016), which did not result in significant 
deviations from baseline values at any subsequent time 
point (Fig. 3B). PWT fluctuated (~13–46 g) around the 
baseline level (~24 g). This pattern suggests recovery 
of mechanical sensitivity following an initial tendency 
toward mechanical hypoalgesia, which, as in the case of 
thermal sensitivity, most likely resulted from denervation 
of the paw following nerve injury.

Although direct comparison of the groups is 
inappropriate because different measurement algorithms 
were used, a normalized graph (Fig. 3C) is presented 
for illustrative purposes. It demonstrates that, following 
isoflurane anesthesia, the parameter progressively and 
significantly increased during the post-injury period 
(reaching approximately 200–400% of baseline values), 
whereas under ketamine/xylazine anesthesia the values 
remained close to baseline levels.

Thus, the von Frey test results are consistent with 
the findings of the Hargreaves test, supporting the 
conclusion that sensory recovery differs significantly 
depending on the type of anesthesia used. Furthermore, 
the results indicate more favorable conditions for 
restoration of sciatic nerve sensory function following 
transection and immediate reconstruction with two 
epineurial sutures when the procedure is performed 
under ketamine/xylazine anesthesia.

Effect of anesthesia type on motor function 
recovery following neurorrhaphy

Motor function recovery was assessed using the SFI 
[24] on the day before surgery and at 4, 8, 12, 16, 20, 
and 24 weeks postoperatively. The results are presented 
in Fig. 4 and were analyzed using repeated-measures 
analysis of variance (RM-ANOVA). The analysis revealed 
no significant main effect of group (F = 0.36, p = 0.57), 
indicating the absence of an overall difference between 
the groups when averaged across all postoperative time 
points beginning from week 4. In contrast, a large and 
statistically significant effect of time was detected (F = 
3.02, p = 0.02), indicating improvement of motor function 
over the course of the experiment. Therefore, to further 
evaluate the effect of time within each group, separate 
one-way RM-ANOVA analyses were performed for the 
period from week 4 to week 24.

This analysis revealed a significant effect in the 
ketamine/xylazine anesthesia group (F(5,20) = 6.745, 
p = 0.0008), indicating substantial recovery of motor 
function throughout the experimental period. In contrast, 
no significant recovery was detected in the isoflurane 
anesthesia group (F(5,25) = 1.27, p = 0.31). Importantly, 
the “Group” × “Time” interaction demonstrated a 
clear and statistically significant difference in recovery 
dynamics between the groups throughout the entire 
experimental period (F = 3.80, p = 0.006). However, 
post hoc Mann–Whitney U tests revealed no significant 
between-group differences at any individual observation 
time point, despite a pronounced visual divergence in 
this measure during the later stages of the experiment 
(Fig. 4). Since indicator values remained stable within 
each group during the final three observation periods 
(weeks 16, 20, and 24), these data points were pooled for 
each group. Analysis of the pooled datasets revealed a 
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Fig. 3. Dynamics of PWT (von Frey test) throughout the experimental period in the 
isoflurane and ketamine/xylazine anesthesia groups (2 sutures). Changes induced 
by neurorrhaphy performed under isoflurane anesthesia (A) and ketamine/xylazine 
anesthesia (B). Normalized response curves (C), derived from the data presented in 
panels A and B, demonstrate qualitative differences in recovery dynamics.
* ‒ Statistically significant difference (p < 0.05) between the corresponding time point 
and baseline values within the same group (post hoc Wilcoxon signed-rank test).
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Fig. 4. Dynamics of SFI throughout the experimental period in the isoflurane and 
ketamine/xylazine anesthesia groups (2 sutures). 

* ‒ Statistically significant difference (p < 0.05) between the corresponding time point 
and baseline values within the same group (post hoc Wilcoxon signed-rank test).

significant between-group difference (p = 0.004, Mann–
Whitney U test). This finding, together with the results 
of the preceding tests, indicates significant recovery of 
motor function when sciatic nerve injury was modeled 
and immediately reconstructed using two epineurial 
sutures under ketamine/xylazine anesthesia.

Effect of nerve repair configuration on sensory 
recovery. To determine whether sensory recovery 
following sciatic nerve transection and immediate 
reconstruction depends on the number of epineurial 
interrupted sutures, animals were allocated into two 
experimental groups according to the number of 
epineurial sutures used to reconnect the transected 
nerve ends. As in the previous part of the analysis, 
Group 1 consisted of animals that underwent sciatic 
nerve transection followed by immediate restoration of 
nerve continuity using two epineurial interrupted sutures 
under inhalational isoflurane anesthesia (n = 6). Group 3 
consisted of animals in which the transected nerve ends 
were repaired using four epineurial interrupted sutures 
under the same anesthetic regimen (n = 6).

Thermal sensitivity was assessed using the 
Hargreaves test on the day before surgery and every 
2 weeks after the intervention for 12 weeks, as well 
as at weeks 18, 20, and 22 of the experiment. The 
results are presented in Fig. 5 and were analyzed using 
repeated-measures analysis of variance (RM-ANOVA). 
For methodological consistency, values normalized to the 
preoperative baseline (week 0) were analyzed because 
baseline measurements differed slightly but significantly 
between the groups.

A significant main effect of group was identified 
(F(1,10) = 9.23, p = 0.013), indicating that throughout 
the observation period the thermal sensitivity threshold 
remained higher when four sutures were used to repair 
the transected nerve compared with repair using two 

sutures. Significant effects of time (F(9,90) = 4.34, p 
< 0.001) and a significant “Group” × “Time” interaction 
(F(9,90) = 3.57, p < 0.001) were also detected, indicating 
that thermal sensitivity changed over time in both groups 
and that the temporal pattern of these changes differed 
between them.

Integration of the findings from Groups 1 and 3 with 
the results of the post hoc analyses demonstrated that, 
following repair with two sutures, the response threshold 
fluctuated around baseline values (97–156%) without 
significant deviations, indicating relatively rapid recovery 
of thermal nociception. In contrast, after repair with 
four sutures, the thermal threshold remained elevated 
throughout the period from week 2 to week 22 of the 
experiment (145–173%; p = 0.031 at each observation 
time point). Thus, neurorrhaphy performed with four 
sutures was associated with pronounced and persistent 
hypoalgesia lasting for 22 weeks, as well as substantially 
slower recovery of thermal nociception. The significant 
“Group” × “Time” interaction (p < 0.001, η²p = 0.263), 
together with the post hoc analysis, confirmed that the 
differences between the groups were primarily attributable 
to the early postoperative time points (Fig. 5).

Post hoc analysis did not reveal significant differences 
between Groups 1 and 3 at the final stage of the study. 
However, the “Group” × “Time” interaction across 
the entire postoperative period demonstrated a trend 
toward different recovery dynamics between the groups, 
characterized by a gradual deterioration of thermal 
sensitivity parameters throughout the experiment in the 
two-suture group and progressive improvement in the 
four-suture group (Fig. 5).

Significant hypoalgesia was detected in Group 3 at 
week 2 after surgery (Fig. 5). It is likely that hypoalgesia 
would also have reached statistical significance in the 
two-suture group if a larger number of animals had 
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been included, as both experimental groups experienced 
substantial denervation of the plantar region following 
sciatic nerve transection.

Taken together, these findings indicate that the 
number of epineurial sutures used to restore continuity 
of a transected sciatic nerve has a substantial influence 
on the dynamics of thermal sensitivity recovery in the 
paretic limb.

Changes in mechanical sensitivity were also 
evaluated in experimental Groups 1 and 3.

Because different algorithms were used to determine 
PWT in the experimental groups, direct between-group 
comparisons of absolute values were not performed. 
Instead, for each group, changes relative to baseline 
(week 0) were analyzed using one-way repeated-
measures ANOVA (one-way RM-ANOVA) followed by 
the Wilcoxon signed-rank test for paired comparisons.

As shown in Fig. 6A, isoflurane anesthesia was 
associated with a pronounced and significant effect 
of time (F(10,30) = 8.022, p < 0.001), with the PWT 
remaining substantially above baseline values (49–80 g 
versus approximately 21 g at baseline). This persistent 
hypoalgesia indicated a lack of recovery of mechanical 
sensitivity in Group 1. Significant deviations from 
preoperative values (week 0) persisted at weeks 12, 
14, 16, 18, and 22 (p = 0.031). As noted above, these 
findings most likely reflect the gradual development of 
persistent mechanical hypoalgesia and the absence of 
complete recovery of mechanical sensitivity by the end 
of the experiment. In contrast, the use of four epineurial 
sutures under the same anesthetic regimen produced 
a significant overall effect of time (F(10,50) = 2.14, 

Fig. 5. Dynamics of PWL to a thermal stimulus throughout the experimental 
period in the isoflurane anesthesia groups repaired with 2 or 4 epineurial sutures. 
Data are presented as the median with the interquartile range. Statistical analysis 
was performed using RM-ANOVA followed by planned post hoc comparisons. 
Asterisks indicate statistically significant differences between the corresponding 
time points and baseline values (post hoc Wilcoxon signed-rank test; *p < 0.05, 
** p < 0.01), whereas horizontal bars indicate significant differences between the 
groups at the corresponding time points (post hoc Mann–Whitney U test).

p = 0.04), but did not result in significant deviations 
from baseline values (week 0) at any observation 
time point (Fig. 6B). The PWT fluctuated within a 
range of approximately 16–44 g without a systematic 
increase, and mechanical sensitivity remained close 
to preoperative levels. This finding indicates recovery 
of mechanical sensitivity following an initial tendency 
toward mechanical hypoalgesia, which, as in the case 
of thermal sensitivity, was most likely associated with 
the initial denervation of the paw.

Although direct comparison between the groups 
cannot be considered methodologically appropriate 
because of differences in the measurement algorithms, 
a normalized plot (Fig. 6C) is presented for illustrative 
purposes. This graph demonstrates that repair with 
two epineurial sutures under isoflurane anesthesia 
resulted in a progressive and significant increase in 
normalized PWT values (approximately 200–400% of 
baseline), whereas repair with four epineurial sutures 
under the same anesthetic conditions maintained values 
close to baseline throughout the entire experimental                                                                 
period.

Thus, the von Frey test results are consistent with 
the findings of the Hargreaves test, supporting the 
conclusion that sensory recovery differs significantly 
depending on the number of epineurial sutures used to 
reconnect the transected sciatic nerve. Furthermore, the 
results indicate more favorable conditions for restoration 
of sciatic nerve sensory function, particularly mechanical 
sensitivity, when nerve reconstruction is performed 
using four rather than two epineurial sutures under 
isoflurane anesthesia.
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Fig. 6. Dynamics of PWT (von Frey test) throughout the experimental period in the 
isoflurane anesthesia groups repaired with 2 and 4 epineurial sutures. Changes induced by 
neurorrhaphy performed with 2 sutures (A) and 4 sutures (B). The normalized response 
curves (C), derived from the data presented in panels A and B, demonstrate qualitative 
differences in recovery dynamics. 

* ‒ Statistically significant difference (p < 0.05) between the corresponding time 
point and baseline values within the same group (post hoc Wilcoxon signed-rank test)
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Fig. 7. Dynamics of SFI throughout the experimental period in the isoflurane 
anesthesia groups repaired with 2 and 4 epineurial sutures. * ‒ Statistically 
significant difference (p < 0.05) between the corresponding time point and 
baseline values within the same group (post hoc Wilcoxon signed-rank test)

Effect of nerve repair configuration on motor 
function recovery

Motor function recovery was assessed using the SFI 
[24] before surgery and at 4, 8, 12, 16, 20, and 24 weeks 
after the surgical intervention. The results are presented 
in Fig. 7 and were analyzed using repeated-measures 
analysis of variance (RM-ANOVA).

The analysis revealed no significant main effect of 
group (F = 0.36, p = 0.57), indicating the absence of an 
overall difference between the groups when averaged 
across all postoperative time points beginning from 
week 4. Likewise, neither a significant effect of time 
nor a significant “Group” × “Time” interaction was 
detected throughout the experimental period. These 
findings indicate that, under isoflurane anesthesia, the 
number of epineurial sutures used for end-to-end repair 
of the transected sciatic nerve (2 versus 4 sutures) 
did not significantly affect the recovery of motor 
function. Furthermore, the results demonstrate the 
absence of significant motor function recovery in either 
experimental group. This observation may suggest that 
the use of isoflurane anesthesia is associated with less 
favorable recovery of motor function following sciatic 
nerve injury and reconstruction.

Discussion
Because currently available treatments for PNI, 

particularly surgical approaches, do not provide complete 
restoration of nerve function [31], the experimental 
development of novel therapeutic strategies remains 
an important biomedical challenge. Progress in this field 
critically depends on the quality of PNI models and on the 
baseline surgical procedures used to treat this type of 
injury. In particular, the influence of the type of general 
anesthesia on the regenerative process following PNI 
requires careful investigation, as the two most commonly 

used anesthetic regimens—injectable ketamine/xylazine 
anesthesia and inhalational isoflurane anesthesia—differ 
substantially in the rate at which animals recover motor 
activity after anesthesia. To reduce animal suffering 
and improve intraoperative control of anesthesia, 
modern experimental medicine and biology increasingly 
employ noninvasive inhalational anesthetic techniques, 
particularly isoflurane administration [18]. However, our 
findings suggest that, in models involving peripheral 
nerve transection followed by immediate repair using a 
small number of interrupted sutures, isoflurane inhalation 
may be an unsuitable method of general anesthesia for 
experimental animals. This assumption is consistent 
with published data indicating that intraperitoneal 
administration of anesthetic agents remains the most 
commonly used method [7] of general anesthesia in 
studies of transected nerve regeneration.

In our opinion, the rate of postoperative mobilization 
of the injured limb is a particularly important factor 
when a limited number (two) of interrupted epineurial 
sutures are used for end-to-end fixation of the sciatic 
nerve stumps. According to our observations, animals 
recover consciousness within several minutes after 
discontinuation of isoflurane inhalation, and full 
restoration of general motor activity occurs within the 
subsequent 10–15 min. In contrast, when injectable 
ketamine/xylazine anesthesia is used, the interval 
between completion of neurorrhaphy and restoration 
of general motor activity is, according to our data, at 
least 1 hour. This period is likely sufficient to stabilize the 
nerve repair site through the action of resident fibrin and 
other rapid mechanisms of the wound-healing process.

The importance of mechanical factors in the 
development of nerve repair failure is supported by the 
use of postoperative immobilization of limbs with injured 
nerves [20], as well as by partial limb immobilization 
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following restoration of rat sciatic nerve continuity using 
mechanically weak spot-welded nerve junctions [21].

Among the relatively few reports employing 
inhalational anesthesia for experimental PNI modeling 
[7], including isoflurane anesthesia [32–34], two studies 
described the use of isoflurane in rats undergoing 
peripheral nerve injury modeling with a minimal number 
of epineurial sutures applied to each nerve stump. In 
both cases, satisfactory recovery of SFI values was 
observed during the first two months of follow-up.

Our findings indicate that the type of general 
anesthesia may represent an important factor influencing 
the outcomes of experimental studies on peripheral 
nerve regeneration.

Study limitations
The widely used rat sciatic nerve transection 

model has several methodological limitations, including 
the inherent shortcomings of the analog functional–
anatomical method used to assess the condition of the 
injured sciatic nerve through the SFI, as well as the lack 
of standardized surgical techniques for neurorrhaphy and 
anesthetic management [17].

The main limitations of the present study include 
the relatively small sample sizes and, most importantly, 
the absence of a morphological assessment of nerve 
regeneration. Verification of the proposed hypothesis 
will require studies involving larger animal cohorts and 
the application of immunohistochemical, morphometric, 
and electrophysiological methods.

Conclusions
Current approaches to the treatment of peripheral 

nerve injuries remain insufficiently effective, highlighting 
the importance of experimental models and the 
conditions under which they are implemented. One of 
the key factors is the type of general anesthesia used. 
Inhalational isoflurane provides rapid recovery of motor 
activity, which may compromise the stability of the 
nerve repair site, whereas injectable ketamine/xylazine 
anesthesia allows a longer period for stabilization of the 
nerve junction. Mechanical factors, particularly early 
limb activity or postoperative immobilization, also have a 
substantial influence on the healing process. Therefore, 
the choice of anesthetic regimen may significantly affect 
the outcomes of experimental studies of peripheral nerve 
regeneration.
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Background: Klippel-Feil syndrome is a rare congenital condition characterized 
by the fusion of two or more cervical vertebrae. Half of the patients present 
with the triad of short neck, low posterior hairline and limited neck motion. 
Patients are at increased risk of cervical spine injury due to cervical canal 
stenosis. The syndrome is often associated with other congenital anomalies.
Case presentation: We report the case of a 60-year-old male who presented 
with a 6-hour history of neck pain following a rider motorcycle-motor vehicle 
road traffic crash. Cervical spine X-ray imaging showed fusion of the entire 
subaxial cervical spine. However, the patient had no neurologic deficit. He 
was managed non-operatively and discharged with a rigid cervical collar after 
resolution of neck pain.
Conclusion: This case report highlights an incidental discovery of Klippel-
Feil syndrome during evaluation and management of cervical spine injury.
Keywords: Klippel-Feil syndrome; cervical spine injury; cervical canal 
stenosis; case report

Background
Klippel-Feil syndrome (KFS) is a rare congenital 

condition characterized by the non-segmentation 
or fusion of two or more cervical vertebrae [1]. It is 
classically characterized by the triad of short neck, low 
posterior hairline, and restricted neck movement [1].

The syndrome, first described in 1912 by Maurice 
Klippel and Andre Feil, results from an embryonic failure 
of normal segmentation of the cervical somites between 
the third and eighth weeks of gestation [2].

Although vertebral fusion is the typical feature, KFS 
is a complex disorder often involving multi-systemic 
anomalies, particularly involving the renal, cardiac, and 
central nervous systems. It may also be associated 
with spinal deformities such as scoliosis and Sprengel's 
deformity  [3]. The prevalence is estimated to be around 1 
in 40,000 to 42,000 live births; however, many cases likely 
remain undiagnosed or present later in life with secondary 
complications, including chronic pain, neurological 
deficits, or osteoarthritis due to biomechanical stress on 
adjacent hypermobile segments [4].

The diagnosis of KFS remains primarily clinical 
and radiological, with management focused on early 
identification of associated anomalies and prevention 
strategies of spinal cord injury [5]. Despite advances 
in understanding the genetic heterogeneity of KFS, the 
highly variable clinical presentation and potential for 
severe, life-altering comorbidities mean that each case 
offers valuable insights into its pathogenesis, optimal 

management strategies, and long-term outcomes [6]. 
This report details an incidental case of KFS, a rare spine 
condition that is often associated with other systemic 
anomalies, diagnosed during clinical and radiological 
evaluation for traumatic cervical spine injury.

Case presentation
A 60-year-old male presented to our facility six 

hours after a road traffic crash with posterior midline 
neck pain which radiated to both arms, was aggravated 
by movement and relieved by immobilization. He was an 
unhelmeted motorcycle rider who was hit from the rear 
by a fast moving vehicle. He fell off the motorcycle with 
immediate loss of consciousness which he fully regained 
about five minutes later. Upon regaining consciousness, 
he noted the onset of the neck pain. There were, 
however no motor, sensory or autonomic dysfunction. 
He had no headache, vomiting, seizures or history to 
suggest injuries to any other parts of the body. He was 
transported from the scene of the crash to our facility 
seated in a car without any form of neck immobilization.

Physical examination revealed a fully conscious 
middle-aged man with normal vital signs and an 
essentially normal neurological examination. Examination 
of the head and neck, however, showed brevicollis, a 
low posterior hair line and a restricted range of neck 
motion in all directions. He also had diffuse posterior 
midline neck tenderness. Both scapulae were normal 
in location and other regional examinations were 
unremarkable. A clinical diagnosis of mild traumatic brain 
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injury (concussion) with ASIA E cervical spine injury 
and suspected background Klippel-Feil syndrome was 
made. Further probing revealed a long-standing history 
of recurrent neck pain dating back to his teenage years. 
The patient, however, adduced the neck pain to repeated 
carrying of heavy objects on the head since childhood; 
hence he never sought medical attention.

Cervical spine X-ray showed a block cervical spine 
with complete fusion of the third to seventh cervical 
vertebrae with degenerative changes at the adjacent C2/
C3 level. These changes included marginal osteophytes 
formation involving the inferior half of C2 and superior 
half of C3 in addition to a widened C2/C3 intervertebral 
disc space. The wasp-waist sign typically described in 
KFS, was also appreciated on the cervical spine X-ray – 
the sign refers to a reduced and smaller anteroposterior 
diameter at the affected levels relative to the diameter 
of the adjacent uninvolved discs and vertebrae                                                                       
(Fig. 1A&B).

The patient was managed non-operatively with 
analgesics and a rigid cervical spine collar. Further 
investigations, including a cervical spine CT scan or 
MRI and abdominopelvic ultrasound scan for a possible 
occult renal anomaly, were not done due to financial 
constraints. He was discharged home one week after 
the trauma with a rigid neck collar following resolution 
of neck pain and appropriate counseling regarding his 
condition, including the need to avoid high risk activities 
such as contact sports and possible sequelae i.e. 
neurologic deficits in the event of a recurrent cervical 
trauma. He has since been followed up in the outpatient 
clinic and remains neurologically intact.

Discussion
Also described as cervical vertebral fusion syndrome, 

Klippel-Feil syndrome (KFS) is a rare congenital condition 
with its hallmark being the non-segmentation or fusion of 
two or more cervical vertebrae  [1]. Embryologically, the 
anomaly results from a failure of normal segmentation 
and differentiation of the cervical somites during the 
third to eighth weeks of embryogenesis  [7]. Although 
mutations in the GDF6, GDF3, MEOX1, MYO18B, and 
RIPPLY2 genes have been implicated, the genetic 
basis remains uncertain  [1]. Recent genetic analysis 
identified five rare variants (BAZ1B, FREM2, VANGL1, 
SUFU, and KMT2D) associated with cervical fusion 
in patients with KFS  [1, 8]. The estimated incidence 
of KFS is about 1 in 40,000 live births, with a slight 
female preponderance  [9]. However, the condition is 
often asymptomatic and may remain undiagnosed until 
adulthood  [1]; this situation is mirrored in our case: a 
previously asymptomatic 60-year-old male incidentally 
diagnosed with KFS following a road traffic crash. 
Consequently, some literature suggests a significantly 
higher prevalence of this condition [10, 11].

The classic clinical triad of KFS - brevicollis, a 
low posterior hairline, and a limited cervical range of 
motion which was present in our patient is however only 
observed in about 50% of cases  [12]. The absence of 
these overt physical signs in many patients contributes 
to the underdiagnosis in routine clinical practice. 
The clinical significance of KFS lies not only in the 
fusion itself but in the many other possible associated 
skeletal and non-skeletal anomalies, as well as the 

Fig. 1A & B. Cervical spine X-ray, lateral and antero-posterior views, showing a block cervical spine involving 
the entire subaxial cervical spine and the wasp-waist sign (blue arrow) as well as degenerative changes at the 
adjacent C2/3 level.



95Ukrainian Neurosurgical Journal. Vol. 32, N2, 2026

http://theunj.org

altered biomechanics of the spine  [11]. The adjacent, 
non-fused segments are subjected to increased stress 
and compensatory hypermobility, leading to accelerated 
degenerative changes, disc herniation, spinal canal 
stenosis, and potential neurological deficits  [13]. Some 
of these compensatory adjacent segment degenerative 
changes were observed on the cervical spine X-ray of 
our patient. These findings could have been evaluated 
in greater details using cervical spine MRI or CT scan; 
however finance was a major constraint in the full 
evaluation of this patient. Based on the pattern and 
number of fused segments on imaging, KFS can be 
classified into types I, II or III according to Samartzis et 
al.  [14]. Type I KFS involves a single fused segment; type 
II KFS involves multiple non-contiguous fused segments, 
while type III KFS involves multiple contiguous fused 
segments  [11]. The index case is a type III variant. 
This classification has implication on the clinical 
symptoms of patients with KFS. A single level cervical 
fusion (type I) does not increase the risk of developing 
limited cervical mobility, while patients with type II 
or III KFS are more likely to develop radiculopathy or 
myelopathy, as shown in a cohort study by Samartzis 
et al. involving 28 KFS patients followed over an eight-
year period  [14]. The patient's presentation following 
a road traffic crash underscores a critical risk in 
individuals with undiagnosed KFS: even a trivial trauma 
can result in significant neurological injury, such as 
myelopathy or quadriplegia, due to the underlying 
spinal abnormalities. This patient was quite fortunate 
to have remained neurologically intact despite having 
Samartzis type III KFS. Although our patient was intact 
neurologically, a cervical spine X-ray was performed 
as part of the standard trauma workup, leading to the 
incidental discovery of the condition. This emphasizes 
the importance of maintaining a high index of clinical 
suspicion for underlying congenital conditions in trauma 
cases, regardless of the patient's age or the apparent 
severity of the initial injury. For patients diagnosed with 
KFS, a comprehensive evaluation beyond the cervical 
spine is essential, as the syndrome may be associated 
with a wide spectrum of other anomalies [3, 5]. These 
can include renal agenesis or malformations (occurring 
in approximately 33% of cases), hearing impairment 
(around 30%), congenital heart defects (15-30%), 
Sprengel's deformity, and other craniospinal anomalies 
like Chiari malformations or spina bifida [3, 5].

While immediate management of this patient focused 
on the traumatic cervical spine injury, the incidental 
finding of KFS necessitated a broader workup for other 
co-existing anomalies, which may have previously 
gone undetected. This was not feasible due to financial 
constraints earlier alluded to. The differential diagnosis 
of KFS include syndromes such as VACTERL, Goldenhar, 
and Wildervanck which are often associated with 
multisystem anomalies such as renal, cardiac, auditory, 
and craniofacial defects in addition to cervical vertebral 
abnormalities [1].

Management of KFS is mostly conservative in 
asymptomatic individuals and focuses on lifestyle 
modifications, such as avoiding contact sports and high-
risk activities that could lead to spinal cord injury [1]. The 
index patient was properly counseled prior to discharge 
from the hospital. Surgical intervention may be indicated 

in patients with persistent neurological pain, spinal 
instability, or progressive neurological deficits  [1, 15]. 
This case highlights that KFS may remain clinically silent 
until adulthood, and an incidental detection warrants 
patient education on these inherent risks and a careful, 
comprehensive diagnostic workup to prevent future 
complications and optimize long-term outcomes.

Conclusion
This case of incidental KFS diagnosis in a 60-year-old 

man after a road traffic crash illustrates the hidden 
burden of this congenital condition. It also serves as a 
reminder for clinicians that KFS can present at any point 
during a lifetime and that a holistic evaluation and patient 
counseling are paramount to avoid future morbidity and 
mortality associated with the condition and its associated 
co-existing anomalies.
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Background: Acromegaly arises from excessive growth hormone (GH) 
secretion, most often due to a pituitary adenoma. The disorder is typically 
indolent and may remain undiagnosed until mass-effect symptoms occur. 
Histological subtype, particularly the granulation pattern, influences clinical 
behavior and treatment response.
Case description: We describe the case of a 52-year-old man who presented 
with a two-year history of progressive enlargement of his hands and feet, 
facial coarsening, and recent-onset headache with visual blurring. Physical 
examination revealed classical acromegalic features and mild bitemporal 
hemianopia. Serum GH was markedly elevated (50 ng/mL) with other pituitary 
hormones within normal limits. MRI demonstrated a contrast-enhancing 
sellar–suprasellar lesion compressing the optic chiasm. The patient underwent 
endoscopic transnasal transsphenoidal excision of the mass. Histopathology 
confirmed a sparsely granulated somatotroph adenoma positive for PIT-1 and 
GH. Postoperative recovery was uneventful.
Conclusion: Sparsely granulated somatotroph adenomas exhibit greater 
invasiveness and reduced medical responsiveness than densely granulated 
variants. Early diagnosis and timely surgical resection remain crucial for visual 
preservation and endocrine control.
Keywords: acromegaly; growth hormone; pituitary macroadenoma; sparsely 
granulated somatotroph adenoma; endoscopic transsphenoidal surgery

Introduction
Pituitary adenomas account for approximately 

10–15% of all primary brain neoplasms and are among 
the most common intracranial tumours. Growth hormone 
(GH)-secreting adenomas make up roughly 6–14% of 
these lesions and they usually exhibit the clinical condition 
of acromegaly, which is marked by systemic problems, 
coarse facial alterations, and gradual expansion of acral 
regions. Based on immunohistochemistry and electron 
microscopy, somatotroph adenomas are divided into 
two types: sparsely granulated somatotroph adenomas 
(SGSAs), which are far less common, and densely 
granulated somatotroph adenomas (DGSAs).

SGSAs are recognised for their more aggressive 
biological behaviour in contrast to DGSAs, which are 
generally smaller, less invasive, and show a positive 
response to first-line somatostatin analogues. They 
frequently have a higher proliferative index, are larger 
at presentation, and show expansion of the suprasellar 
or cavernous sinuses. Their characteristic histology 
includes sparse secretory granules and f ibrous 
structures that are cytokeratin-positive. In terms of 
immunohistochemistry, SGSAs are often negative 
for other anterior pituitary hormones but positive for 
PIT-1 and growth hormone. They are less responsive to 
standard treatment with octreotide, likely because they 
exhibit differential somatostatin receptor expression, 
primarily SSTR5 over SSTR2.

Dif ferentiating between SGSA and DGSA is 
uncommon, but it has significant clinical implications 
since it affects prognosis, treatment plans, and long-
term follow-up procedures. Headaches, vision field 
impairments, and the possibility of hypopituitarism are 
among the major mass effects of macroadenomas that 
frequently result from delayed diagnosis. Although, 
SGSAs are linked to increased recurrence rates, 
necessitating careful, ongoing multidisciplinary therapy 
that includes oncology, neurosurgery, endocrinology, and 
pathology specialists.

In this report, we describe the case of a 52-year-old 
man with a sellar–suprasellar pituitary macroadenoma, 
sparsely granulated somatotroph adenoma histology, 
and characteristic acromegaly symptoms. By reviewing 
the pertinent literature and presenting this case, we 
aim to highlight the diagnostic challenges, pathological 
characteristics, and therapeutic implications of SGSAs. 
Acromegaly arises from sustained overproduction of GH, 
typically caused by a pituitary somatotroph adenoma. 
The disorder progresses slowly, often remaining 
undiagnosed for years until the development of coarse 
facial features, acral hypertrophy, or symptoms related 
to local tumor expansion. Pituitary macroadenomas 
may compress the optic chiasm, resulting in visual field 
deficits, and can impair pituitary function through mass 
effect.

This work is licensed under a Creative Commons Attribution 4.0 International License 
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Among GH-producing adenomas, the sparsely 
granulated subtype is recognized for its relatively rapid 
growth, invasiveness, and reduced responsiveness to 
medical therapy. We describe a case of such a tumor 
presenting with characteristic acromegalic changes and 
early visual field involvement, managed surgically via an 
endoscopic transsphenoidal approach.

Case report
A 52-year-old man presented with a two-year 

history of progressive enlargement of both hands and 
feet, accompanied by facial broadening and mandibular 
prominence. Over the preceding two months, he 
had developed intermittent headaches and gradually 
progressive blurring of vision. There was no history of 
trauma, fever, or systemic illness.

Clinical examination
The patient was well built and well nourished. Vital 

parameters were within normal limits (BP 130/80 mm Hg, 
HR 54/min, SpO₂ 96% on room air). Facial examination 
revealed coarse features with frontal bossing, thickened 
lips and nose, prognathism, and macroglossia. Both 
hands and feet were enlarged with widened soft tissues 
(Fig. 1). There was no pallor, lymphadenopathy, or 
peripheral edema.

Neurological examination showed the patient to be 
alert and oriented with normal higher mental functions. 
Cranial nerve assessment revealed mild bitemporal 
hemianopia on perimetry. Pupils were equal and reactive 
to light; the remaining cranial nerves were intact, 
and motor strength was normal in all limbs. Systemic 
examination was otherwise unremarkable.

Investigations
1. Routine hematological and biochemical 

investigations were within reference limits.
2. Hormonal evaluation:
- Growth Hormone: 50 ng/mL (markedly elevated)
- Insulin like Growth Factor 1 (IGF-1): 650.5 ng/mL
- ACTH, Cortisol, TSH, T3/T4, prolactin, LH, FSH, 

and testosterone: within normal limits.
3. Magnetic Resonance Imaging:

MRI of the se l lar region demonstrated a 
T1-hypointense, T2-hyperintense, contrast-enhancing 
mass involving the sella turcica with suprasellar extension 
compressing the optic chiasm and the cavernous sinus 
(Fig. 2). Imaging findings were consistent with a 
pituitary macroadenoma abutting over the carotid artery 
with the cavernous sinus. According to the modified 
Knosp classification the lesion was graded as 3 A.

Surgical management
The patient underwent endoscopic trans-nasal 

trans-sphenoidal resection of the tumor (Fig. 3). 
Intraoperatively, the mass appeared soft, greyish-pink, 
and moderately vascular. Gross total excision was 
achieved without complications. Postoperative recovery 
was uneventful, with gradual improvement in headache 
and visual symptoms.

Postoperative investigations
1. Routine hematological and biochemical 

investigations were within normal limits.
2. Hormonal evaluation:
- Growth Hormone: 32.5 ng/mL (markedly elevated)
- Insulin like Growth Factor-1 (IGF-1)– 1: 550ng/mL
- Cortisol – 4.4 µg/dL
- TSH, T3/T4, prolactin, LH, FSH, and testosterone: 

within normal limits.

Postoperative imaging
Postoperative day 4 CT Brain Plain: postoperative 

sellar hematoma and pneumocephalus with postoperative 
changes in the sellar region in brain parenchyma (Fig. 4).

Follow-up investigations (4 months 
postoperatively)
1. Routine hematological and biochemical 

investigations were within normal limits.
2. Hormonal evaluation:
- Growth Hormone: 26.80 ng/mL (markedly elevated)
- Insulin like Growth Factor – 1 (IGF-1): 400 ng/mL
- Cortisol – 5.26 µg/dL
- TSH, T3/T4, prolactin, LH, FSH, and testosterone: 

within normal limits.

Fig. 1. Acromegalic features of the patient

Note. Photographs were obtained with the patient’s informed consent.
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Fig. 2. Contrast enhancing suprasellar 
lesion suggestive of pituitary 
macroadenoma: sagittal (A) and axial (B) 
projections

Fig. 4. Post operative CT Brain Plain

А

B

Fig. 3. Intraoperative 
images. A – Intraoperative 
pituitary tumor resection, 
B – Sellar Region after 
pituitary tumor resection 
reconstructed with Haddad 
Flap and supportive tissue 
with topical haemostatic 
agents

The patient remained 
clinically stable from the first 
postoperative day onward 
and follow – up imaging was 
subsequently performed.

А B

А B
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Magnetic Resonance Imaging (4 months 
postoperatively)
MRI of the se l lar region demonstrated a 

T1-hypointense, T2-hyperintense, contrast-enhancing 
mass of 6mm. Imaging findings were consistent with 
residual pituitary macroadenoma (Fig. 5).

Histopathology and immunohistochemistry
Histopathological evaluation reported by NIMHANS, 

Bangalore. Microscopic examination revealed a pituitary 
adenoma composed of uniform cells arranged in 
sheets, nodules, and organoid nests. The tumor cells 
exhibited round-to-oval nuclei with stippled chromatin 
and moderate eosinophilic cytoplasm. Numerous 
paranuclear eosinophilic inclusions (fibrous bodies), 
characteristic of the sparsely granulated somatotroph 
subtype were noted. Mitotic figures were rare, and foci 

of vascular congestion and hemorrhage were present 
(Fig. 6).

Immunohistochemical profile
- Cytokeratin (CK): highlights many fibrous bodies

Transcription factor
- PIT-1: positive
- T-PIT and SF-1: negative

Pituitary hormones
- GH: positive
- PRL, ACTH, TSH, LH, FSH: negative
Ki-67 MIB-1 labelling index 3-4%

Final Diagnosis: Sparsely granulated somatotroph 
adenoma (GH-secreting pituitary macroadenoma)

Fig. 5. Postoperative MRI brain with contrast: sagittal (A) and frontal (B) 
projections

A

B
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Fig. 6. Histopathological and immunohistochemical findings

GH – IHC Positive

Pit1 – IHC x 100 Positive

H & E x 200
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Discussion
Pituitary adenomas account for approximately 

10–15% of all intracranial tumors; among these, 
GH-secreting adenomas represent 6–14% of cases. 
Based on their granulation patterns, somatotroph 
adenomas—the second most frequent pituitary 
neuroendocrine tumors [1, 2]—can be divided into two 
subtypes:

1. Sparsely granulated somatotroph adenomas 
(SGSAs) and

2. Densely granulated somatotroph adenomas 
(DGSAs).

Prevalence: A small percentage of all somatotroph 
tumours are sparsely granulated somatotroph            
adenomas, which are regarded as a more invasive and 
high-risk subtype [3-5].

Histopathology: Histologically, SGSAs are defined 
by chromophobic, poorly cohesive cells that are grouped 
in sheets or nests. They also often include paranuclear 
fibrous structures and light eosinophilic cytoplasm. 
On the other hand, DGSAs typically exhibit diffuse GH 
immunostaining and acidophilic cytoplasm [3, 6, 7].

In contrast to DGSAs, SGSAs exhibit lower 
rates of GNAS mutations and are PIT-1 positive 
immunohistochemically [8-10].

Sparsely granulated tumors are characterized by 
increased proliferative and invasive capacity, typically 
reflected in a higher Ki-67 (MIB-1) labelling index 
[9, 11-14].

PIT-1 positivity is a defining feature, whereas T-PIT 
and SF-1 are negative, aligning with somatotroph cell 
lineage.

The rare and distinct subtype of growth hormone 
(GH)-secreting pituitary adenomas known as sparsely 
granulated somatotroph adenomas (SGSAs) is 
distinguished by histological, and IHC markers. These 
tumours frequently pose diagnostic and therapeutic 
challenges because they are more aggressive, respond 
poorly to standard treatment, and recur more frequently 
than densely granulated somatotroph adenomas. [15-17].

Clinically, the present case is consistent with the 
typical acromegalic characteristics of SGSAs, including 
gradual acral enlargement, facial deformity, and 
related symptoms such as headaches and visual field 
abnormalities, especially bitemporal hemianopia caused 
by chiasmal compression. The pituitary aetiology was 
further reinforced by the absence of other systemic 
disorders and the lack of diurnal change in headache. Our 
patient's increased GH level (GH = 50 ng/mL) matched 
the clinical severity. Hypopituitarism, which is sometimes 
seen in large macroadenomas, or a plurihormonal 
adenoma were ruled out by the normal levels of other 
pituitary hormones.

Histopathologically, sparse secretory granules 
and paranuclear fibrous bodies distinguish SGSAs 
from densely granulated somatotroph adenomas. In 
the present case, cytokeratin (CK) immunostaining 
highlighted the fibrous bodies. By showing positive 
expression of GH and PIT-1 transcription factors 
and negative expression of other anterior pituitary 
hormones and transcription factors (TPIT, SF-1) [18-20], 
immunohistochemical staining was able to identify 
SGSAs. A stronger proliferative potential is indicated by 
a raised Ki-67 (MIB-1) labelling index of 3–4%, which 

is associated with a higher likelihood of aggressive 
behaviour and recurrence [21, 22].

From a therapeutic perspective, the main treatment 
for SGSAs is surgical resection using the transsphenoidal 
technique, which aims for gross complete excision 
while maintaining endocrine and neurological function. 
Surgery alone, however, is frequently insufficient 
due to the aggressive nature of these adenomas and 
the prevalence of partial resections. Owing to lesser 
somatostatin receptor subtype 2 (SSTR2) expression 
compared with densely granulated versions, adjuvant 
therapies such as radiation and medical therapy with 
somatostatin analogues show varied efficacy in SGSAs 
and result in lower response rates. Temozolomide is 
one of the novel medicines and chemotherapeutics 
that have shown promise in aggressive and resistant 
cases. Therefore, to maximise results and create 
customised treatment regimens, multidisciplinary 
strategy comprising endocrinologists, neurosurgeons, 
radiation oncologists, pathologists, and molecular 
geneticists is crucial [23-27].

Regular hormonal, clinical, and radiological follow-up 
is necessary because of the observed high recurrence 
rates, particularly in tumours with higher Ki-67 indices 
and inadequate resection. Timely intervention improves 
the prognosis when recurrence or residual disease is 
identified early [28, 29].

Research by Petersenn et al. has shown that SGSAs 
occur more frequently in patients under 40 years of age. 
Our male patient is the minority group within an already 
uncommon tumour subtype, despite the literature 
suggesting a slight female prevalence in SGSAs. SGSAs 
may paradoxically exhibit worse biochemical reactions to 
medical therapy than DGSAs, despite the fact that they 
frequently present with elevated GH levels because of 
their bigger size at diagnosis. SGSAs are less susceptible 
to traditional somatostatin analogues owing to their 
distinct somatostatin receptor expression patterns, 
characterized by a more frequent expression of SSTR5 
than SSTR2 [30].

The mains tay o f  t reatment for  p i tu i t ar y 
macroadenomas remains surgical excision via 
transsphenoidal approach. However, due to their 
invasive nature, SGSAs require multimodal management, 
including repeat surgery, radiotherapy, and advanced 
medical therapy with newer somatostatin analogues or 
temozolomide in refractory cases [8, 9, 31, 32]. Long-
term monitoring is mandatory because of the high risk 
of recurrence, particularly in tumors with elevated Ki-67 
index [11, 12].

Importance of Multidisciplinary Management
The rarity and aggressiveness of SGSAs demand an 

individualized, multidisciplinary approach encompassing 
endocrinology, neurosurgery, pathology, radiation 
oncology, and molecular genetics for optimal long-term 
outcomes [8, 9, 33].

Conclusion
In conclusion, we report a rare case of a sparsely 

granulated somatotroph pituitary macroadenoma 
presenting with progressive acral enlargement and visual 
field impairment. Prompt recognition of acromegaly 
and timely surgical intervention are critical to prevent 
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irreversible visual loss and systemic complications. 
Histopathological characterization is essential for 
predicting tumor behavior and guiding postoperative 
management.

SGSAs represent an uncommon and clinically 
challenging subset of growth-hormone secreting 
pituitary adenomas, with unique pathological and clinical 
features. Comprehensive multimodal management and 
careful long-term follow-up are essential to optimise 
patient outcomes and minimise morbidity.
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Introduction: Recurrent carpal tunnel syndrome (CTS) is commonly attributed 
to incomplete decompression or perineural scarring. However, delayed-onset 
ulnar nerve compression at Guyon’s canal after carpal tunnel release (CTR) is 
extremely rare and presents diagnostic and therapeutic challenges.
Case report: We report the case of a 50-year-old man who developed dual 
neuropathies, recurrent median nerve compression, and new-onset ulnar 
nerve entrapment, approximately one year after open CTR. He presented 
with diffuse hand paresthesia, weakness, ulnar digit clawing, and impaired 
thumb opposition. Electrodiagnostic studies revealed severe axonal damage 
in both the median and ulnar nerves. Surgical intervention was performed via 
a single palmar incision, including dual nerve decompression, epineurolysis, 
hypothenar fat pad grafting, and opponensplasty using the extensor indicis 
proprius (EIP) tendon. At one-year follow-up, the patient demonstrated 
full sensory recovery, regained thumb opposition, improved grip and pinch 
strength, and no recurrence of symptoms.
Conclusion: This case highlights the importance of comprehensive clinical 
and electrodiagnostic reassessment in patients with recurrent or evolving 
symptoms after CTR. A single-stage, integrated surgical approach may 
constitute a viable management option in carefully selected patients with 
complex dual nerve entrapments and is presented as an illustrative example 
for comparable challenging clinical situations.
Keywords: carpal tunnel syndrome; case report; Guyon’s canal; median 
nerve; ulnar nerve

Introduction
As the leading compression neuropathy, carpal 

tunnel syndrome (CTS) stems from pressure on the 
median nerve at the wrist, producing symptoms such as 
paresthesia, sensory loss, and hand weakness. While the 
etiology is often idiopathic, the condition is frequently 
linked to repetitive wrist use [1, 2]. Carpal tunnel release 
(CTR) remains the standard treatment, with open surgery 
considered the gold standard. Although endoscopic 
methods may allow for faster recovery, they carry higher 
technical demands and potential risks. Recurrence affects 
3–25% of cases, often attributable to incomplete release, 
perineural scarring, or underlying conditions such as 
cervical radiculopathy or diabetic neuropathy. Persistent 
or recurrent cases may require revision surgery or 
opponensplasty to restore function [3, 4].

Ulnar neuropathy at Guyon’s canal is a distinct nerve 
compression of the wrist. It is less common than CTS but 
can cause significant motor, sensory, or mixed deficits 
depending on the specific site of compression. Etiologies 
typically include ganglions, vascular abnormalities, 
trauma, osteoarthritis, and congenital anomalies. 
Notably, the development of ulnar nerve complications 
after CTR is rare and has historically been associated with 
endoscopic techniques rather than open surgery [5, 6].

This case presents a rare combination of recurrent 
CTS and delayed-onset ulnar nerve compression at 

Guyon’s canal following an open CTR. While recurrent 
CTS is frequently documented in relation to incomplete 
release or fibrosis, secondary ulnar neuropathy remains 
uncommon and underreported. This dual entrapment 
highlights the necessity for meticulous evaluation and 
extended follow-up in patients presenting with persistent 
or evolving symptoms after carpal tunnel release.

Case report
A 50-year-old right-handed man developed worsening 

right-hand weakness, numbness, and ulnar-sided clawing 
one year after open CTR for median nerve compression. 
Initially, thenar atrophy was present, but ulnar nerve 
function remained intact. Postoperatively, median nerve 
symptoms improved except for weak thumb opposition. 
After 12 months, new paresthesia involving all digits 
and increasing weakness, particularly in the ulnar 
nerve distribution, suggested a secondary neuropathy. 
Physical examination revealed persistent thenar and 
hypothenar wasting, as well as claw deformity of the ring 
and little fingers. Vascular assessment using the Allen 
test was normal, indicating unobstructed ulnar inflow 
and adequate collateral circulation. Sensory evaluation 
demonstrated impaired two-point discrimination (>6 
mm), while provocative testing yielded positive Phalen’s 
tests and Tinel–Hoffmann signs over both the carpal 
tunnel and Guyon’s canal, reproducing the patient’s 
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paresthesia. Further motor assessment confirmed ulnar 
nerve dysfunction, evidenced by a positive Froment’s 
sign and weakness in the ulnar-innervated intrinsic 
muscles (Fig. 1). Additionally, pre-existing chronic 
rigidity and distal phalangeal shortening resulting from 
a previous injury were noted in the proximal and distal 
interphalangeal joints of the little finger, unrelated to 
the current nerve pathology. Electrodiagnostic studies 
demonstrated absent sensory nerve action potentials 
(SNAPs) for the median nerve and prolonged distal motor 
latency (>6.5 ms). Similarly, ulnar nerve conduction 
studies revealed reduced motor conduction velocity 
across the wrist segment and denervation potentials 
in the abductor digiti minimi, confirming severe axonal 
damage in both the median and ulnar nerves. Plain 
radiographs of the wrist were obtained to rule out bony 
abnormalities or carpal instability, although findings 
were unremarkable. Musculoskeletal ultrasound or MRI 
was not performed given the high concordance between 
the clinical presentation and electrodiagnostic findings. 
Systemic causes, such as amyloidosis, were considered 
unlikely given the localized, mechanical pattern. Cervical 
pathology was excluded based on the absence of neck 
or radicular symptoms, normal cervical examination and 
imaging, and electrophysiological findings confirming 
localization of the neuropathies to the wrist without 
proximal involvement. The patient had no history of 
diabetes mellitus, rheumatoid arthritis, gout, or recent 
wrist trauma. Prior to considering revision surgery, a trial 
of conservative management was attempted, including 
night splinting and oral non-steroidal anti-inflammatory 
drugs (NSAIDs) for six weeks, but these measures failed 
to alleviate symptoms.

A single extended palmar incision allowed 
simultaneous exploration of the carpal tunnel and 
Guyon’s canal. Intraoperative exploration revealed 

that the distal one-third of the transverse carpal 
ligament (TCL) remained intact, creating a persistent 
constriction band. The median nerve was found 
compressed specifically at this distal margin, confirming 
an incomplete primary release (Fig. 2). The intact 
median nerve, encased in scar tissue, was released 
along with the ulnar neurovascular bundle; both 
structures underwent epineurolysis. Opponensplasty 
was performed using the extensor indicis proprius (EIP) 
tendon, which was transferred subcutaneously around 
the ulnar aspect of the wrist, routed volar to the pisiform 
bone, to the abductor pollicis brevis (APB) insertion 
(Fig.  3). A protective layer was created over the median 
nerve using a hypothenar fat pad flap. Postoperatively, 
the hand was splinted for three weeks, followed by 
targeted rehabilitation.

At follow-up, the patient showed progressive 
functional recovery. At one month post-operatively, 
sensory symptoms had resolved, finger movement had 
returned, and therapy for thumb opposition began, 
despite mild discomfort near the pisiform from EIP 
transfer. By six months, intrinsic strength, grip, and 
pinch had significantly improved, with effective thumb 
opposition and only mild residual clawing (Video 
https://theunj.org/article/view/344728/347100). 
Electromyography (EMG) showed restored ulnar motor 
and sensory function, although APB compound muscle 
action potentials (CMAPs) were still absent. At one 
year, the patient achieved fine motor control, improved 
two-point discrimination (<5 mm), and reduced 
clawing (Fig. 4). EMG confirmed reinnervation of 
both nerves, including partial recovery of APB CMAPs. 
Disabilities of the Arm, Shoulder and Hand (DASH) 
scores reflected this progress, improving from 65.8 
preoperatively to 38.3 at six months and 10.8 at one year                                                                         
(Suppl. 1–3).

Fig. 1. Preoperative clinical appearance of 
the right hand showing pronounced thenar 
atrophy, mild clawing of the fourth and fifth 
digits, and impaired opposition, including 
a view demonstrating the specific inability 
to perform active palmar abduction due to 
complete abductor pollicis brevis paralysis
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Fig. 2. Preoperative surgical plan and 
intraoperative findings illustrating 
combined decompression of the carpal 
tunnel and Guyon’s canal through 
a single palmar incision: (A) An 
intact median nerve was confirmed 
after completing the distal ligament 
release; (B) Complete decompression 
of both median and ulnar nerves with 
preparation of a hypothenar-based 
adipose flap for protective coverage. 
Note: The ulnar vessels appear dilated 
due to venous congestion and tourniquet 
effect; however, arterial patency was 
confirmed intraoperatively

Fig. 3. The Extensor Indicis Proprius 
(EIP) tendon was transferred 
subcutaneously around the ulnar aspect 
of the wrist, passing volar to the pisiform 
bone, to the abductor pollicis brevis (APB) 
insertion. Additionally, a hypothenar-
based adipose flap was prepared to 
provide soft tissue coverage over the 
decompressed median nerve
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NGUYEN DANG HUY NHAT
Supplementary 1 (https://theunj.org/article/

view/344728/347088). The patient’s preoperative 
DASH score was 65.8, indicating substantial functional 
impairment. This high score reflected significant difficulty 
in performing daily tasks, including tool use, gripping, 
lifting, and fine motor activities.

Supplementary 2 (https://theunj.org/article/
view/344728/347089). At the 6-month follow-up, the 
patient’s DASH score had improved to 38.3, reflecting 
moderate functional recovery and a meaningful reduction 
in disability during daily activities.

Supplementary 3 (https://theunj.org/article/
view/344728/347090). By 12 months postoperatively, 
the patient’s DASH score had decreased to 10.8, 
consistent with minimal disability and near-complete 
restoration of hand function.

Discussion
Persistent symptoms after CTR are most often 

due to incomplete ligament transection, whereas true 
recurrence involves the return of symptoms after initial 
relief. Common causes include technical errors, scarring, 
prolonged immobilization, or insufficient rehabilitation 
[2,5]. Although systemic conditions like amyloidosis 
can contribute, particularly in bilateral or atypical 

cases, our patient had no systemic signs, and the 
unilateral, anatomically consistent presentation pointed 
to mechanical compression [7]. Given the low clinical 
suspicion, tissue biopsy was deferred, with extended 
follow-up planned to monitor for any future systemic 
indicators.

To minimize perineural scarring after revision 
surgery, soft tissue interposition methods, such as 
fascial, muscle, and fat pad flaps, are commonly used 
[2,8,9]. In the present case, a hypothenar fat pad graft 
was chosen, as it permits straightforward harvest 
through the same surgical incision and provides a 
well-vascularized protective layer for coverage of the 
neurolysed median nerve. Importantly, the choice of 
this flap was guided by surgeon familiarity, anatomical 
feasibility in this patient, and the specific pattern 
and extent of scarring within the distal carpal tunnel. 
Although sensory symptoms resolved after the initial 
CTR, persistent thumb opposition loss due to thenar 
atrophy required EIP tendon transfer, as the deficit 
severely affected the patient’s daily and occupational 
function. Biomechanically, the EIP tendon provided an 
optimal line of pull and adequate excursion with minimal 
donor-site morbidity. While the transfer necessitated 
routing through the ulnar scar, meticulous release 
ensured unimpeded gliding. Furthermore, because the 

Fig. 4. One-year postoperative follow-up demonstrating functional 
recovery of the intrinsic hand musculature. The patient exhibits 
restored cylindrical grasp and stable key pinch. Effective thumb-
to-index finger opposition is achieved, accompanied by enhanced 
palmar abduction and pronation
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thumb metacarpophalangeal (MCP) joint exhibited no 
hyperextension instability, we opted for a direct insertion 
into the APB tendon, avoiding the additional complexity 
of the dorsal weaving to the extensor pollicis longus 
(EPL) [10].

A systematic review reported that CTS can alter 
the structure of Guyon’s canal and impair ulnar nerve 
conduction, with 79% of studies showing a link between 
median nerve severity and ulnar dysfunction [11]. 
While standard CTR typically decreases pressure in 
Guyon’s canal by relaxing the canal floor fibers, the 
opposite occurred in this patient. We hypothesize that 
the incomplete release of the distal transverse carpal 
ligament created a localized pressure point. Furthermore, 
postoperative scarring from the initial surgery likely 
tethered the ulnar neurovascular bundle, preventing 
its normal excursion and leading to secondary traction 
neuropathy (Fig. 5). This underscores that, while 'pillar 

pain' is common, progressive ulnar paresthesia suggests 
a mechanical etiology requiring re-exploration. This rare 
coexistence highlights the importance of clinical vigilance 
and repeat electrodiagnostic testing when symptoms 
persist or evolve after CTR.

A single-stage surgical approach was used to 
simultaneously decompress the carpal tunnel and 
Guyon’s canal through one incision, minimizing tissue 
disruption and the risk of additional scarring. A 
hypothenar fat pad graft was placed over the median 
nerve to reduce perineural fibrosis, and thumb opposition 
was restored with an EIP tendon transfer. This integrated 
strategy led to complete sensory and motor recovery 
at 12 months, with no recurrence. Postoperative 
rehabilitation was crucial to recovery, emphasizing a 
structured program that included controlled motion, 
range-of-motion exercises, grip and pinch strengthening, 
opposition training, and sensory re-education.

Fig. 5. This schematic illustrates the "Tethering Effect" arising from the shared boundary of the TCL between 
the carpal tunnel and Guyon’s canal. It depicts how an incomplete distal TCL release creates a pressure point, 
while postoperative fibrosis extends into Guyon’s canal to adhere to the ulnar neurovascular bundle
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Conclusion
This case highlights the rare coexistence of recurrent 

CTS and ulnar nerve entrapment at Guyon’s canal. It 
emphasizes the importance of thorough clinical and 
electrophysiological evaluation in atypical presentations 
following CTR. The successful outcome using single-
incision dual decompression, fat pad grafting, and 
opponensplasty supports this integrated approach as 
an effective strategy for managing complex compressive 
neuropathies.
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Two presented case reports that highlight extramedullary spinal cord 
plasmacytomas in patients with diagnosed multiple myeloma are intended to 
change the paradigm of understanding the indication of surgical intervention. 
In the first case, the condition manifested as a relapse of kappa light chain 
multiple myeloma, whereas in the second case, it emerged as a primary 
manifestation of the same disease. Both patients received a combination 
chemotherapy of bortezomib, lenalidomide, and dexamethasone, which proved 
to be highly effective, eliminating the need for surgical intervention.
Keywords: multiple myeloma; spinal cord plasmacytoma; soft tissue 
extramedullary disease; chemotherapy

Introduction
Multiple myeloma (MM) is a malignant plasma cell 

disorder characterized by bone marrow infiltration and 
the production of monoclonal proteins. MM accounts for 
approximately 1% of all malignant neoplasms and about 
15% of all hematologic malignancies [1, 2]. Clinically, 
it commonly manifests with anemia, hypercalcemia, 
renal dysfunction, osteolytic bone destruction, and 
immunodeficiency predisposing to recurrent infections 
[2‒4]. In some patients, plasma cells acquire the ability 
to proliferate outside the bone marrow, leading to the 
development of extramedullary plasmacytomas (EMP). 
Spinal involvement may result in compression of the 
spinal cord or nerve roots, causing pain and neurological 
deficits [5]. Patients experiencing relapsed MM after 
several chemotherapy (CT) treatment lines face limited 
specific options with low chances for complete remission. 
The relapse also raises the likelihood of secondary 
infiltration into organs and systems due to soft tissue 
tumors spread [6, 7]. However, EMP could be a primary 
presentation of MM, which requires thorough diagnostic 
evaluation. Management of such cases requires a 
multidisciplinary approach, combining systemic therapy, 
surgery and radiotherapy [5].

Two case reports of extramedullary spinal cord 
plasmacytomas are presented: the first manifesting as 
a relapse of kappa light chain MM, and the second as a 

primary presentation of the disease type. Both patients 
received combined CT with bortezomib, lenalidomide 
and dexamethasone, which showed high effectiveness 
without surgical intervention.

Case report 1. This clinical case presents the 
results of patient’s management with relapsed MM, which 
clinically manifested by spinal cord compression on the 
background vertebral plasmacytoma development at the 
level of Th5-Th7 [6].

The patient was a 49-year-old female diagnosed 
with stage III A (Durie-Salmon) kappa light-chain 
MM featuring extensive bone lesions including skull 
abnormalities and wedge-shaped vertebrae deformities 
at levels C6 and Th3-9 along with acute spinal cord 
compression leading to ischemic myeloneuropathy and 
sensory syndromes.

In August 2020 she was admitted to the Hematology 
Department of CE "Poltava Regional Clinical Hospital 
named after M.V. Sklifosovsky PRC" presenting with 
significant sensory loss in her lower limbs accompanied 
by paresthesia and gait disturbances as well as loss of 
bladder control. The above symptoms had developed 
gradually over two weeks.

According to anamnesis, the pat ient was 
diagnosed with MM in September 2012 following a 
myelogram indicating that plasma cells constituted 

This work is licensed under a Creative Commons Attribution 4.0 International License 
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approximately 44%. Over time she received three 
lines of chemotherapy: VAD (vincristine-doxorubicin-
dexamethasone) in 2012, achieving partial response; 
TCD (thalidomide-cyclophosphamide-dexamethasone) 
in 2015 fol lowed by another TCD regimen in 
2018 with thalidomide maintenance therapy until                                                  
December 2019.

The progression of MM was noted in August 2020. 
Clinically, MM relapse was associated with worsening 
neurological symptoms and pelvic dysfunction. No 
back pain was noticed. Serum analysis showed free 
kappa light chains elevated at 344 mg/L (normal value 
up to 19.4 mg/L). MRI scan revealed an intradural 
extramedullary plasmacytoma compressing the spinal 
cord between Th5-Th7 (Fig. 1). Spinal stability was 
assessed according to Spine Instability Neoplastic Score 
(SINS) as potentially unstable (totally 11 points). The 
neurosurgeon recommended surgical intervention with 
spinal cord decompression in case of no response to 
systemic chemotherapy after treatment initiation.

To treat this third relapse, the patient commenced 
her fourth-line chemotherapy using VRD regimen 
(bortezomib 1.3 mg/m2 1, 4, 8, 11 days, lenalidomide 

25 mg per day 1-14 days, dexamethasone 20 mg/day 
1, 2, 4, 5, 8, 9, 11, 12 days). This resulted in significant 
clinical improvement, post-treatment restoring sensation 
in lower extremities along with pelvic control functions 
after three cycles, which allowed to avoid surgical 
intervention in this case.

By April 2021, after completing eight cycles under 
VRD regimen a very good partial response was achieved 
per International Myeloma Working Group (IMWG) 
criteria, showing free kappa light chains reduced to 33.8 
mg/L – a decrease by 90%. Subsequent MRI indicated 
substantial reduction in size regarding extramedullary 
neoplasm located around Th6, alongside changes 
consistent with previous spinal injury caused by 
plasmacytoma compression (Fig. 2). After completing 
the VRD in April 2021, the patient was followed by 
lenalidomide maintenance for two years.

Case report 2. This report presents a case of 
primary diagnosed MM with a plasmacytoma of the 
lumbar spine treated with VRD chemotherapy regimen as 
a first-line therapy and monitored by magnetic resonance 
imaging (MRI).

Fig. 1. MRI images of the first presented patient in August 2020 at the time of third relapse

Fig. 2. MRI control images of the first presented patient in April 2021 after 8 cycles of VRD chemotherapy
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In February 2025, a 69-year-old male patient 
presented with progressive lumbar pain without 
preceding trauma which intensified with movement 
and changes in body position, radiated to both lower 
limbs. The pain was continuous, significantly limiting 
mobility and showed minimal response to treatment 
with nonsteroidal anti-inflammatory drugs. MRI of the 
lumbosacral spine (Fig. 3) performed on February 13, 
2025, revealed spinal canal stenosis at the L3–L4 level, 
secondary lytic lesions involving Th11, Th12, and L3, 
pathological fractures of Th12 and L3 and deformities of 
the L1 and L4 vertebral bodies. A pathological MRI signal 
alteration was observed in the dorsal portion of the L3 
vertebral body, appearing hypointense on T1-weighted 
images, hyperintense on T2 TIRM sequences and 
isointense on standard T2-weighted sequences. The 
lesion occupied approximately half of the vertebral body 
and extended to the vertebral arch, both left articular 
processes, the inferior right articular process, and the 
spinous process. Signs of central spinal canal stenosis 
at the L3–L4 segment were also present.

The patient received symptomatic pain relief therapy 
with minimal response. On June 2, 2025, the patient 
was evaluated by a neurosurgeon, who suspected 
spinal plasmacytoma and recommended a consultation 
with hematologist. Sternal bone marrow aspiration 
performed on June 3, 2025, demonstrated bone marrow 
infiltration by plasma cell lineage elements (plasmacytes 
– 35.5%, proplasmacytes – 4.5%, plasmablasts – 1.0%). 
Serum protein electrophoresis and immunofixation 
performed on June 10, 2025, revealed no monoclonal 
paraproteins, whereas urine electrophoresis detected 
Bence–Jones protein of the kappa type (0.216 g/L in the 
gamma zone). The β2-microglobulin level was elevated 
to 3.65 mg/L.

Skeletal radiography performed on June 10, 2025, 
demonstrated multiple poorly demarcated lytic foci 

in the skull (1–3 mm in diameter), bilateral humeral 
bone lesions (up to 0.5 cm, predominantly on the 
right), and bilateral femoral bone lesions (up to 0.8 cm, 
predominantly on the right).

Based on the clinical, radiological and laboratory 
findings, the diagnosis of kappa light-chain MM, stage 
II according to the International Staging System (ISS), 
was established.

The patient was admitted to the Hematology 
Department of CE "Poltava Regional Clinical Hospital 
named after M.V. Sklifosovsky PRC". In June 2025, first-
line chemotherapy according to the VRD regimen along 
with zoledronic acid was initiated. The neurosurgeon 
assessed spinal stability by the SINS score with 12 points 
as potentially unstable and the decision for surgical 
intervention was recommended to be postponed after 
completing the first course of VRD treatment. In July 
2025, clinical improvement was achieved and pain was 
significantly released. Upon repeated neurosurgical 
consultation, the SINS score showed 10 points the 
decision was made to avoid spinal surgery and continue 
chemotherapy.

After six cycles of chemotherapy, the serum and 
urine M-spikes were no longer detectable: the complete 
response was achieved according to the criteria of the 
International Myeloma Working Group (IMWG). Follow-up 
MRI (Fig. 4), performed on December 27, 2025, revealed 
a visible reduction of the lesion at the L3 vertebral level 
and improvement of spinal canal stenosis, classified 
as Lee grade 3 at the L3–L4 segment. Clinically, the 
patient reported pain reduction, improved mobility and 
gradual recovery of daily activity tolerance. Considering 
the clinical improvement of symptoms and the visual 
reduction on MRI, continuation of chemotherapy 
according to the VRD regimen was recommended up 
to eight cycles followed by maintenance therapy with 
lenalidomide.

Fig. 3. MRI images of the second 
patient obtained in February 2025 
at the time of initial clinical picture 
developed
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Fig. 4. MRI control images of 
the second patient obtained in 
December 2025 after 6 VRD cycles of 
chemotherapy

Discussion
MM is a malignancy of plasma cells characterized 

by bone marrow infiltration and the production of 
monoclonal proteins, and sometimes it manifests with 
neurological symptoms due to spinal cord compression 
by extramedullary plasmacytoma growth. According 
to the recommendations of a European Expert Panel, 
all patients with suspected solitary plasmacytoma 
should undergo bone marrow aspiration and biopsy 
to evaluate plasma cell morphology and the extent of 
marrow infiltration. Given the diagnostic and prognostic 
significance, the degree of clonal plasma cell infiltration 
should be assessed by flow cytometry, kappa/lambda 
light chain labeling on bone marrow aspirates or 
immunohistochemistry on biopsy samples and by the 
presence of numerous cytogenetic aberrations of the 
tumor cells [8, 9].

Soft-tissue involvement in MM has been recognized 
since the earliest descriptions of the disease. Historical 
autopsy reports demonstrated extra-skeletal infiltration 
in approximately 70% of patients with MM [1]. Soft-
tissue plasmacytomas indicate a more aggressive 
phenotype of MM, reflecting the capacity of malignant 
plasma cell clones to proliferate and survive outside 
the bone marrow microenvironment. Extramedullary 
involvement in MM correlates with low responsiveness 
to therapy, rapid disease progression, and markedly 
reduced overall survival [10-14]. Data on the incidence 
of EMP remain limited. According to published studies, 
EMP is detected in approximately 7–17% of MM patients 
at diagnosis and in 6–20% during the disease course 
with variability largely depending on study design and 
diagnostic methods [11, 13]. Soft-tissue plasmacytomas 
may arise through three principal mechanisms: direct 
extension from skeletal lesions following cortical bone 
disruption; hematogenous dissemination resulting in 

infiltration of distant organs or soft tissues without bone 
involvement; in rare instances, development secondary 
to invasive diagnostic or therapeutic procedures [12]. 
The definition of EMP in MM has varied among studies. 
Some reports classify EMP only in cases of organ or 
tissue infiltration through hematogenous dissemination, 
but others classify soft-tissue developing from bones 
through direct growth from skeletal tumors [1, 11, 13]. 
According to Laura Rosiñol et al., two distinct patterns of 
soft-tissue involvement in MM can be identified: EMP or 
extra-osseous type, characterized by lesions confined to 
soft tissues without direct bone contact and paraskeletal 
plasmacytomas, defined as soft-tissue masses that 
originate from bone lesions [1].

Due to the lack of consistent classification between 
EMP and para-skeletal plasmacytomas in published 
studies, accurate statistics on their respective incidence 
and outcomes remain uncertain. Available data on the 
incidence of plasmacytomas in MM are based primarily 
on observational studies. The frequency of EMP at the 
time of diagnosis has been reported to range from 1.7% 
to 4.5%, whereas paraskeletal plasmacytomas are 
observed in approximately 7% to 34.4% of patients [1].

The small number of reported cases and the absence 
of controlled studies limit the ability to assess the true 
efficacy of current treatments for soft-tissue involvement 
in MM, and therefore no standardized therapeutic 
approach can be recommended [1, 13]. The National 
Inpatient Sample data suggest that treating spinal 
involvement in MM should include a multimodal strategy 
with chemotherapy, bisphosphonates, radiation therapy, 
and surgery [5].

Alkylating agents, particularly high-dose melphalan, 
remain effective frontline therapy for patients with 
paraskeletal involvement, showing comparable response 
and survival rates to those without soft-tissue disease 
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[1, 14, 15]. Autologous stem cell transplantation (ASCT) 
provides similar outcomes in paraskeletal cases. Data 
on newer agents are limited: bortezomib appears more 
effective in para-skeletal than in EMP, while carfilzomib 
and immunomodulatory agents show reduced activity 
[1, 14]. Proteasome inhibitor-based regimens remain 
the most effective therapeutic option for patients with 
para-skeletal plasmacytomas. Combinations such as 
Dara-VMP (daratumumab, bortezomib, melphalan, 
prednisolone) or VRD are preferred, particularly in those 
not eligible for immediate ASCT [1, 14]. These data were 
proved by our two case reports, which showed high 
treatment effectiveness with VRD regimen.

In a retrospective analysis by Vittorio Montefusco 
et al., data from 2,332 newly diagnosed MM patients 
enrolled in eight FoNeSa Onlus and HOVON Foundation 
clinical trials were evaluated. Three of these trials 
included transplant-eligible and five transplant-ineligible 
patients. Treatment protocols varied among the 
studies. Three trials used an immunomodulatory agent 
(mostly lenalidomide), three included a proteasome 
inhibitor and four combined both types of therapy. 
Maintenance therapy was provided in six trials. Among 
all participants, 267 patients (11%) presented with 
soft-tissue plasmacytomas (243 paraskeletal, 12 
extramedullary and 12 unclassified). Median progression-
free survival was 26.1 months for patients with EMP and 
25.2 months for those without plasmacytomas, while 
median overall survival reached 70.1 months and 79.9 
months respectively [12, 16].

Currently, the International Myeloma Working Group 
provides no specific recommendations regarding the 
optimal frequency of plasmacytoma assessment. Clinical 
evaluation of palpable lesions should be performed at 
the beginning of each treatment cycle while PET/CT or 
MRI should be repeated approximately three months 
after therapy initiation to assess residual activity. If the 
disease persists, doctors should consider continuing 
the current treatment, adding local radiotherapy or 
switching to another systemic regimen, depending on 
how well the paraprotein levels and plasmacytoma have 
responded. If the reduction in plasmacytoma size is less 
than 50%, local radiotherapy and/or modification of 
systemic therapy should be considered. Continuation of 
the current therapeutic regimen is recommended when 
the lesion decreases by 50% or more [1].

There is no clear consensus on the use of 
radiotherapy in extramedullary myeloma, except for 
solitary plasmacytoma [15]. Prompt local radiotherapy is 
indicated in cases of spinal cord compression and should 
also be considered for patients with severe compressive 
pain, bulky plasmacytomas or residual localized disease 
following systemic treatment [1].

According to the Surgeon’s Committee of the Chinese 
Myeloma Working Group of the International Myeloma 
Foundation, extramedullary plasmacytomas located in 
the limbs or spine should be managed surgically through 
intralesional, marginal or wide excision. Wide excision is 
recommended as the preferred approach, while marginal 
excision serves as an alternative when wide resection is 
not feasible. Radiotherapy should be administered after 
intralesional removal. The treatment plan should be 
developed together by a multidisciplinary team including 
surgeons, hematologists and radiation oncologists. Since 

surgery in MM is not aimed at achieving a radical cure, 
the focus is on relieving symptoms and improving the 
patient’s quality of life. Surgical treatment primarily 
seeks to prevent or stabilize pathological fractures, 
decompress the spinal cord and nerve roots, reduce pain, 
restore mobility and maintain the structural stability of 
the spine and surrounding bone [17].

According to Jiajia Zhang et al., patients with MM and 
spinal canal invasion by extramedullary plasmacytoma 
were treated either with surgery plus chemotherapy or 
chemotherapy alone, mainly using bortezomib-based 
regimens. The study emphasized the importance of 
early detection of spinal involvement and showed 
that extramedullary disease responded well to novel 
agents. Surgical decompression was advised in cases 
of neurological compression to relieve symptoms and 
prevent further damage [18].

Martio et al. reported a case of a 75-year-old 
female with an epidural extramedullary plasmacytoma 
extending from T6 to L1. The patient underwent surgical 
decompression followed by systemic chemotherapy with 
bortezomib, cyclophosphamide and dexamethasone. 
This combined approach resulted in complete radiological 
remission with no residual or recurrent disease observed 
eight months postoperatively and sustained remission 
for more than fifteen months [19].

It is clear that every clinical case is unique and 
necessitates a cohesive and systematic evaluation 
before determining the most appropriate treatment 
strategy: chemotherapy, surgery, radiotherapy or its 
combinations. The comprehensive assessment for 
surgery indication was put forth by Fisher et al. [20] 
and Bilsky et al. [21], who have independently created 
practical assessment scales that facilitate the accurate 
and tailored evaluation of indications for surgical 
intervention in spinal tumor lesions.

Fisher et al. developed an evidence-based 
classification system for assessing spinal instability in 
patients with neoplastic disease of the spine. Their SINS 
incorporates six components: tumor location, mechanical 
pain, bone lesion quality, spinal alignment, vertebral 
body collapse, and posterolateral spinal element 
involvement. It helps to generate a comprehensive 
stability score ranging from 0 to 18. Scores stratify 
patients into stable (0-6 points), potentially unstable 
(7-12 points), or unstable (≥13 points) categories, 
thereby guiding neurosurgical consultation and 
management. The authors emphasized that spinal 
instability is one of multiple factors influencing treatment 
decisions, alongside neurological status, tumor histology, 
and patient-specific considerations. The study provides 
clinicians with a standardized framework to improve 
multidisciplinary communication and optimize care for 
patients with spinal neoplasia [20].

Bilsky et al. reported the development and 
validation of a six-point MRI-based grading system for 
epidural spinal cord compression (ESCC) in metastatic 
spinal disease, demonstrating that the scale provides 
good to excellent interrater and intrarater reliability, 
particularly when utilizing axial T2-weighted images. 
Their study emphasized the importance of distinguishing 
subtle degrees of thecal sac deformation and spinal 
cord abutment to inform surgical decision-making 
and stereotactic radiosurgery planning. The authors 
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concluded that this refined ESCC grading scale facilitates 
consistent classification of spinal cord compression, 
thereby enhancing communication across surgical and 
radiation oncology disciplines and offering a standardized 
framework applicable to multi-institutional clinical trials 
and treatment outcome assessments [21].

Bobinski et al. defined a significant correlation 
between higher SINS values and more advanced 
grades of ESCC in patients surgically treated for spinal 
metastases. These findings suggest that elevated SINS 
scores may serve as a reliable indicator of increased risk 
for the development of ESCC, reflecting the progressive 
biomechanical compromise of vertebral integrity due to 
metastatic disease. The study supports the clinical value 
of SINS as a tool for assessing tumor-associated spinal 
instability and the risk of ESCC [22].

Consequently, in the line with the presented 
double-case report findings, surgical intervention in 
extramedullary spinal plasmacytoma should be reserved 
for instances when high SINS scores (≥13 points) indicate 
mechanical instability and/or elevated ESCC grades 
reflect severe or progressive spinal cord compression 
refractory to systemic chemotherapy. It is strongly 
advised to evaluate these two scales when making 
decisions regarding the treatment strategy for patients 
with extramedullary spinal plasmacytomas.

Conclusion
Thus, summarizing the results of numerous 

studies, surgical treatment of extramedullary spinal 
plasmacytoma in patients with multiple myeloma should 
not be considered mandatory, and is indicated exclusively 
in cases of emergency spinal cord decompression after 
ineffective chemotherapy with novel agents, or for the 
purpose when solitary plasmacytoma is suspected in 
the absence of bone marrow infiltration by plasma cells.

Ear ly d iagnos is of  ex tramedul lar y sp inal 
plasmacytoma in multiple myeloma is crucial for 
preventing irreversible neurological complications 
and improving long-term outcomes without surgical 
intervention. The management of such cases should be 
based on a comprehensive, multidisciplinary approach 
that combine systemic chemotherapy, radiological 
assessment and, when indicated, surgical or radiation 
therapy. Collaboration among hematologists, radiologists 
and neurosurgeons is essential for optimizing treatment 
strategy.
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Osteochondroma is the most common benign bone tumor; however, 
spinal involvement is uncommon and may result in significant neurological 
compromise when neural structures are compressed. Osteochondroma 
arising from the lumbar facet joint is particularly rare and can clinically mimic 
degenerative spinal disorders. We report the case of a 47-year-old woman 
who presented with chronic low back pain and progressive right lower limb 
radiculopathy. Computed tomography demonstrated a 21 ×  18 ×  16 mm 
osseous lesion arising from the right inferior articular process of L3, showing 
clear cortical and medullary continuity with the parent vertebra. Magnetic 
resonance imaging revealed L3–L4 spinal canal stenosis with compression of 
the cauda equina, and the cartilage cap measured approximately 3 mm on T2-
weighted imaging. The patient underwent posterior decompression with en bloc 
excision of the lesion. Segmental stability was preserved after facetectomy, 
and instrumentation was not required. Histopathological examination 
confirmed the diagnosis of osteochondroma. At the 12-month follow-up, the 
patient remained asymptomatic, with no radiological evidence of recurrence 
or instability. This case highlights the importance of comprehensive imaging 
evaluation, careful assessment of postoperative spinal stability, and complete 
excision including the cartilage cap to prevent recurrence.
Keywords: osteochondroma; inferior articular process; spinal stenosis; spinal 
exostosis; bone tumor

Introduction
Osteochondromas are common benign bone 

tumors composed of cortical and medullary bone with 
a hyaline cartilage cap; however, spinal involvement 
is rare, accounting for only about 1%–4% of all 
osteochondromas [1, 2]. In a comprehensive review of 
spinal osteochondromas, Yakkanti et al. identified 132 
solitary cases and 17 cases associated with multiple 
hereditary exostoses, with most lesions arising from 
the posterior column and frequently presenting with 
neurological symptoms requiring surgical excision [1]. 
The cervical spine is the most involved region, followed 
by thoracic and lumbar segments [3]. Although lumbar 
spinal osteochondromas have been reported, cases 
arising specifically from the inferior articular process 
(IAP) are very rare, and only a small number of individual 
case reports have detailed similar presentations at these 
levels [3, 4].

Moreover, many previously published cases have 
described either chronic symptom duration over months 
to years or incidental findings, whereas relatively few 
reports provide detailed criteria for postoperative 
spinal stability assessment without instrumentation. 
For example, Woo et al. reported a solitary lumbar 
osteochondroma arising from the L3 IAP presenting with 
sciatica; surgical excision led to symptom resolution, 
although objective dynamic stability evaluation was 

not discussed [2]. Similarly, Shigekiyo et al. presented 
lumbar osteochondroma cases originating from the 
articular process in elderly patients with radiculopathy, 
highlighting the diagnostic challenge due to mimicry of 
degenerative spinal disorders [4].

This report describes a rare case of lumbar 
osteochondroma arising from the right L3 inferior 
articular process in a 47-year-old female presenting 
with acute radicular pain and neurogenic claudication 
after minor trauma. This case is noteworthy because 
– unlike many previous reports – it demonstrates a 
rapid clinical course, precise imaging characterization, 
and surgical decompression with en bloc excision that 
preserved segmental stability without instrumentation, 
as confirmed by dynamic radiographs. These findings 
expand current knowledge on clinical presentation and 
optimal management strategies for this uncommon 
entity.

Case Presentation
A 47-year-old female presented with a 1-month 

history of progressive low back pain and right-sided 
radicular pain accompanied by paresthesia, which 
developed after a minor slip and fall injury. Notably, 
the clinical course was relatively rapid. The patient 
reported neurogenic claudication occurring after walking 
approximately 100 meters. There were no bowel or 
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bladder disturbances. Conservative management with 
nonsteroidal anti-inflammatory drugs (NSAIDs) and 
muscle relaxants for three weeks failed to provide 
symptom relief.

There was no personal or family history of bone 
tumors or multiple hereditary exostoses. Neurological 
examination demonstrated decreased muscle strength 
(Medical Research Council grade 4/5) in the right L4 and 
L5 myotomes, accompanied by reduced sensation in the 
corresponding dermatomal distributions. Deep tendon 
reflexes were preserved. The detailed preoperative 
neurological findings are summarized in Table 1.

Plain radiographs of the lumbar spine demonstrated 
a focal osseous mass at the right L3–L4 facet joint 
(Fig. 1). Computed tomography revealed a well-defined 
exophytic lesion measuring 21 × 18 × 16 mm arising 
from the right inferior articular process (IAP) of L3, with 
clear cortical and medullary continuity with the parent 
vertebra, consistent with osteochondroma (Fig. 2A, 2B). 
Magnetic resonance imaging (MRI) showed significant 
spinal canal stenosis at the L3–L4 level with compression 
of the cauda equina (Fig. 2C, 2D). The cartilage cap 
thickness measured approximately 3 mm on T2-weighted 
imaging, without irregularity or features suggestive of 
malignant transformation.

Given the presence of progressive motor weakness, 
radiculopathy and neurogenic claudication secondary 
to canal compromise, surgical decompression was 
indicated. Under general anesthesia, the patient was 
positioned prone. Intraoperative fluoroscopy with needle 
markers was used to confirm accurate localization of the 
L3–L4 level (Fig. 3A). The surgical level was identified 
and marked on the skin surface (Fig. 3B). A 3-cm midline 
posterior incision was subsequently made. Unilateral 
exposure of the right L3 lamina and L3–L4 facet complex 
was achieved. Unilateral muscle exposure was performed 
on the right side, followed by deep exposure using 
diathermy to the L3 lamina and L3/L4 facet.

Approximately one quarter of the right L3 lamina 
and the entire inferior articular process (IAP) were 
resected en bloc using an osteotome (Fig.  4A). The 

lesion originated from the right inferior articular 
process and projected medially into the spinal canal, 
as illustrated schematically in Fig. 4B. The right L3 IAP 
was sent for histopathological examination, while the 
right ligamentum flavum remained intact. Particular 
attention was paid to preserving the superior articular 
process of L4 and maintaining more than 50% of the 
facet joint complex, as well as the posterior ligamentous 
structures, to minimize the risk of postoperative 
instability. Hemostasis was carefully achieved, after 
which the incision was closed in layers with placement 
of a drainage tube, and the wound was finally covered 
with sterile dressing. The total operative time was 50 
minutes, with an estimated blood loss of 40 mL.

Histopathological examination confirmed the 
diagnosis of osteochondroma, demonstrating typical 
features including a fibrous perichondrium, lobules 
of hyaline cartilage forming the cartilage cap, and an 
underlying stalk of mature cancellous bone (Fig. 4C).

Postoperatively, the patient experienced immediate 
relief of back pain (VAS 2) and almost complete 
resolution of right-sided radicular pain (VAS 1), with no 
residual paresthesia. No postoperative complications 
were observed. Follow-up radiographs confirmed 
complete resection of the pathological lesion at the right 
L3 inferior articular process, with no evidence of residual 
tumor. Postoperative standing and dynamic flexion–
extension radiographs were obtained to objectively 
assess segmental stability, with radiographic criteria 
for instability defined as sagittal translation >4.5 mm 
and angular motion >15° at the L3–L4 segment. The 
patient was able to sit and ambulate on postoperative 
day 1 and was discharged from the hospital on                             
postoperative day 3.

At 3 months of follow-up, radicular symptoms 
had completely resolved. At 6 months, neurological 
examination was normal. At 12 months, the patient 
was able to walk 3 kilometers daily without pain or 
claudication. Follow-up CT demonstrated no evidence of 
tumor recurrence, and dynamic radiographs confirmed 
no instability (Fig. 5).

Table 1. Preoperative Neurological Examination Findings (MRC grade)

Level
Muscle 

Strength 
(Right)

Muscle 
Strength  

(Left)

Sensation  
(Right)

Sensation  
(Left)

Reflex 
(Right)

Reflex  
(Left)

L2 5/5 5/5 2/2 2/2 — —

L3 5/5 5/5 2/2 2/2 — —

L4 4/5 5/5 1/2 2/2 Normal Normal

L5 4/5 5/5 1/2 2/2 — —

S1 5/5 5/5 2/2 2/2 Normal Normal

Notes. MRC = Medical Research Council muscle strength grading system (0–5 scale). Sensory function graded 
on a 0–2 scale (0 = absent, 1 = decreased, 2 = normal)
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Fig.1. Preoperative lumbar spine radiographs. A - Anteroposterior view demonstrating a focal osseous 
prominence at the right L3–L4 facet region (arrow); B - Dynamic lateral views in flexion and extension; C - Right 
oblique view highlighting the exophytic bony lesion arising from the posterior elements (arrow)

Fig. 2. Cross-sectional imaging of the lesion.  
A - Coronal CT reconstruction demonstrating an 
exophytic osseous lesion arising from the right 
inferior articular process of L3 (arrow), with cortical 
and medullary continuity with the parent vertebra; 
B - Axial CT image confirming the lesion projecting 
into the spinal canal (arrow); C - Sagittal T2-weighted 
MRI showing significant spinal canal stenosis at the 
L3–L4 level caused by the lesion (arrow); D - Axial 
T2-weighted MRI demonstrating compression of the 
cauda equina (arrow)
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Fig. 3. Intraoperative localization of the surgical level.
A - Lateral fluoroscopic (C-arm) image showing two 
needle markers (arrows) used to confirm the L3–L4 
level prior to facetectomy; B - Skin marking and 
surface localization of the L3–L4 level before incision

Fig. 4. Gross specimen, schematic illustration, and histopathological 
findings. A - En bloc resected osseous mass with measurement scale, 
demonstrating the lobulated morphology of the lesion; B - Schematic 
illustration showing the tumor arising from the right inferior articular 
process of L3 and projecting into the spinal canal; C - Histopathological 
examination confirming osteochondroma, characterized by a hyaline 
cartilage cap overlying mature cancellous bone.
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Discussion
Osteochondromas are benign osseocartilaginous 

tumors arising from aberrant enchondral ossification 
of the growth plate and are defined radiologically by 
continuity of both cortical and medullary bone with the 
parent skeleton [5, 6]. They are generally considered 
as hamartomatous proliferations, with growth typically 
ceasing at skeletal maturity, and may occur either as 
solitary lesions or as part of multiple hereditary exostoses 
(MHE), an autosomal dominant condition associated with 
mutations in the EXT1/EXT2 tumor suppressor genes 
[7]. Patients with MHE often develop multiple lesions and 
carry a higher risk of malignant transformation compared 
with solitary osteochondromas [7].

Although osteochondromas are the most common 
benign bone tumors, spinal involvement remains 
uncommon, reported in fewer than 5% of cases [8]. 
The cervical spine—particularly the upper cervical 
levels—is most frequently affected, whereas lumbar 
lesions are distinctly rare [3,  4]. Large literature 
syntheses have conf irmed this distribution and 
demonstrated a predominance of lesions arising from 
the posterior elements. For instance, Yakkanti et al. 
(2018) [1] reviewed solitary spinal osteochondromas and 
highlighted both the posterior element predilection and 
neurologic presentations requiring surgery. Similarly, 
Lin et al. (2022) updated the literature on spinal 
osteochondroma and emphasized the predominance 
of cervical involvement and posterior column origin. 
Within the lumbar spine, osteochondromas arising from 
the facet or articular processes are particularly rare but 
clinically important because of their proximity to the 
spinal canal and neural foramina [3]. Case reports and 
small series have described symptomatic lumbar articular 
process lesions presenting with radicular symptoms [2], 
underscoring that this entity may mimic degenerative 
lumbar pathology and therefore be overlooked.

N e u r o l o g i c a l  c o m p r o m i s e  f r o m  s p i n a l 
osteochondroma is itself uncommon, affecting a 
small minority of patients, and typically manifests as 

radiculopathy and/or progressive myelopathy depending 
on level and direction of growth. Acute neurological 
deterioration is rarely described but may occur when the 
lesion rapidly encroaches on the spinal canal or foramen, 
or when superimposed factors exacerbate stenosis. 
In the present case, the clinical course was notable 
for relatively rapid symptom progression after minor 
trauma, with radicular pain, paresthesia, and neurogenic 
claudication caused by cauda equina compression at 
L3–L4. This presentation broadens the recognized clinical 
spectrum of lumbar articular process osteochondroma 
and reinforces that even benign, slow-growing lesions 
can become symptomatic over a short interval when 
canal compromise reaches a critical threshold.

Imaging plays a pivotal role in establishing diagnosis 
and guiding surgical planning. Plain radiographs 
may reveal a bony outgrowth but can be limited by 
overlapping spinal structures. CT remains the most 
reliable modality for confirming the pathognomonic 
cortical and medullary continuity and delineating 
the extent of osseous involvement [5]. MRI provides 
complementary informat ion regarding neural 
compression and characterization of the cartilage cap, 
which is essential for assessing malignant transformation 
risk [5]. In adults, a cartilage cap thickness greater than 
1–2 cm and/or irregular signal characteristics should 
raise suspicion for secondary chondrosarcoma [5,8]. In 
our patient, the cartilage cap measured approximately 
3 mm without suspicious features, supporting a benign 
lesion and correlating with the low reported malignant 
transformation risk for solitary osteochondromas [5, 7].

Management is determined by symptoms and 
imaging findings. Asymptomatic lesions can be observed 
with periodic clinical and radiologic follow-up [7]. 
However, progressive pain or neurological compromise 
constitutes a clear indication for surgical decompression 
and tumor removal [7]. The primary surgical objective 
is complete excision, including the cartilage cap, 
because residual cartilaginous tissue is a recognized 
risk factor for recurrence [7, 8]. Contemporary posterior 

Fig. 5. One-year postoperative follow-up imaging. A-D - Standing anteroposterior, lateral, and dynamic flexion–
extension radiographs demonstrating preserved alignment and no evidence of segmental instability at the L3–L4 
level; E - Axial CT image at the previous tumor site showing complete resection without residual or recurrent 
lesion
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decompression techniques allow safe resection of 
posterior element tumors with acceptable morbidity 
even in anatomically constrained regions [7]. In the 
present case, posterior decompression with en bloc 
excision of the L3 inferior articular process achieved 
immediate symptom relief, and histopathology confirmed 
the diagnosis of osteochondroma.

A key technical consideration in lumbar facet or 
articular process osteochondroma is the balance between 
adequate decompression and preservation of segmental 
stability. Facetectomy—especially when extensive—may 
predispose to postoperative instability. Finite-element 
biomechanical data indicate that segmental motion 
increases with graded facetectomy, becoming more 
pronounced when facet resection exceeds approximately 
45%, and worsening further with larger resections, 
thereby increasing the risk of iatrogenic instability 
[9]. Therefore, we deliberately preserved the superior 
articular process of L4, maintained more than half of 
the facet joint complex, and protected the posterior 
ligamentous structures. Importantly, these intraoperative 
stability-preserving measures were complemented by 
objective postoperative assessment using standing 
and dynamic flexion–extension radiographs, applying 
explicit instability thresholds (translation >4.5 mm; 
angular motion >15°). As no pathological translation or 
excessive angular motion was detected, instrumented 
fixation was not indicated. Although instrumented fusion 
is often considered following the resection of posterior 
spinal elements to prevent iatrogenic instability, we 
deliberately opted against instrumentation in this case 
based on several biomechanical and clinical rationales. 
First, the osteochondroma was an exophytic, surface-
growing lesion without destructive infiltration of the load-
bearing spinal columns. The en bloc resection functioned 
as hemifacetectomy, allowing us to preserve the pars 
interarticularis, the L4 superior articular process, spinous 
process, interspinous ligament, supraspinous ligament, 
and the contralateral facet joint. Biomechanical studies 
indicate that preserving more than 50% of the facet 
complex, along with an intact anterior column and 
posterior ligamentous complex, is generally sufficient to 
maintain segmental stability. Second, avoiding a rigid 
fusion at the L3-L4 level preserves the patient's natural 
lumbar kinematics and significantly mitigates the long-
term risk of adjacent segment disease (ASD). For a 
localized, benign pathology, performing an instrumented 
fusion would represent an unnecessary overtreatment 
associated with increased surgical morbidity, blood 
loss, and muscle stripping. The patient was thoroughly 
counseled on this motion-preserving strategy, with 
a mutual agreement to perform strict radiographic 
monitoring for any delayed instability. The objective 
dynamic radiographs obtained at the one-year follow-up 
validated this approach, demonstrating complete 
absence of pathological translation or angular motion.

Prognosis after timely decompression is generally 
excellent, particularly when surgery is performed before 
irreversible neural injury [7]. Most patients experience 
significant symptom relief and functional recovery, and 
recurrence is uncommon following complete excision 
[2,  10]. Nevertheless, careful long-term surveillance 
is warranted because recurrence has been reported 
in cases of incomplete cartilage cap removal [8]. In 

our patient, 12-month clinical and radiologic follow-up 
demonstrated durable symptom resolution, no evidence 
of tumor recurrence on CT, and preserved segmental 
stability on dynamic radiographs.

In summary, although lumbar osteochondroma 
is rare, lesions arising from the articular process can 
cause clinically significant canal compromise and 
neurogenic claudication. Lumbar osteochondroma 
should be considered in patients presenting with atypical 
radiculopathy or claudication when imaging reveals a 
focal exophytic osseous lesion. Combined CT and MRI 
are essential for accurate diagnosis and cartilage cap 
evaluation. In selected cases, limited facetectomy with 
preservation of stabilizing structures, supported by 
objective dynamic radiographic assessment, may allow 
safe omission of instrumentation while maintaining 
postoperative stability.
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Nasal cerebrospinal fluid (CSF) leakage occurs in 12–30% of patients with 
skull base fractures, whereas its late paradoxical form is observed in only 2% 
of traumatic brain injury (TBI) cases and represents an extremely rare and 
insufficiently studied phenomenon.
A retrospective analysis of this clinical case was performed, illustrating the 
complexity of differential diagnosis and emphasizing the priority of clinical 
reasoning in the management of complex patients with TBI.
Ten years after sustaining severe TBI with a fracture of the petrous part of 
the right temporal bone, the patient developed paradoxical nasal CSF leakage 
that had not been verified at the outpatient stage. Following comprehensive 
evaluation at the Romodanov Neurosurgery Institute of the National Academy 
of Medical Sciences of Ukraine, the patient underwent surgical treatment, 
which resulted in complete resolution of the CSF leak. The patient was 
discharged in satisfactory condition without signs of recurrence.
The presented case demonstrates an exceptionally rare combination in adults 
(0.05–1.0%) of meningoencephalocele and a porencephalic cyst associated 
with a growing skull base fracture, which led to the development of late 
post-traumatic paradoxical nasal CSF leakage. In the absence of access 
to β2-transferrin testing, the key diagnostic marker was identified as the 
combination of nasal CSF leakage with a specific audiometric pattern (mixed 
hearing loss with an intact tympanic membrane), which required mandatory 
verification using combined neuroimaging modalities (computed tomography 
and magnetic resonance imaging). A surgical strategy focused on watertight 
duraplasty proved effective, ensuring cessation of CSF leakage and partial 
regression of the conductive component of hearing loss despite the high 
recurrence risk reported in the literature.
Conclusions: Timely diagnosis of late post-traumatic paradoxical nasal 
CSF leakage is critically important for preventing intracranial complications; 
however, it remains a challenging task in patients with a history of TBI. The 
presented clinical case highlights the necessity of a multidisciplinary approach 
for accurate verification of the pathology and selection of effective treatment 
strategies in the remote post-traumatic period.
Keywords: paradoxical rhinorrhea; post-traumatic nasal cerebrospinal fluid 
leak; multidisciplinary approach; CSF fistula; pure-tone audiometry; hearing 
loss; diagnostic markers

Introduction
Nasal cerebrospinal fluid (CSF) leakage is a rare but 

clinically significant complication of traumatic brain injury 
(TBI). In cases of basilar skull fractures, the incidence 
of post-traumatic CSF leakage increases to 12–30%. 
Several reviews have reported that nasal CSF leakage 
develops in approximately 2% of patients with TBI. 
These data underscore the need for careful assessment 
and monitoring of patients with suspected skull base 
fractures [1].

Late post-traumatic CSF leakage, manifesting 
months or years after injury, is considered a rare 
complication. In most cases, post-traumatic CSF leakage 
occurs within the first 48 h or during the first 3 months 

after trauma. Clinical reports describing the development 
of CSF leakage later than 3 months after injury have been 
presented only in isolated publications [1].

Late paradoxical nasal CSF leakage is an uncommon 
phenomenon described predominantly in the form of 
isolated case reports and small case series. No large 
systematic studies providing data on its incidence have 
been conducted. General epidemiological data on cranial 
CSF leaks indicate considerable variability depending on 
etiology and the type of skull fracture [2].

Paradoxical nasal CSF leakage represents a clinical 
condition in which a defect in the middle ear or mastoid 
process results in communication between the CSF 
spaces and the nasal cavity through the Eustachian 
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tube or pathological fistulas, clinically manifesting as 
unilateral clear nasal discharge [3].

The presented c l inical observation of late 
post-traumatic paradoxical nasal CSF leakage is of 
methodological interest, illustrating the complexity of 
differential diagnosis and emphasizing the priority of 
clinical reasoning. A detailed retroprospective analysis 
of the patient’s medical records was performed with 
comparison of clinical and instrumental findings.

Clinical Case
Patient R., born in 1984.
Medical history. Ten years earlier (26 May 2015), 

the patient sustained severe TBI as a result of a road 
traffic accident. Multislice computed tomography (MSCT) 
of the brain performed in Bila Tserkva on 26 May 2015 
revealed cerebral contusions with lesions in both frontal 
lobes and the right temporal lobe, as well as traumatic 
subarachnoid hemorrhage. A longitudinal fracture of 
the petrous part of the right temporal bone and linear 
fractures of the temporal and occipital squamae were 
identified. No surgical intervention was performed. There 
were no documented signs of CSF leakage during the 
acute period.

History of present illness. Approximately 2 months 
before admission, the patient noticed discharge of clear 
fluid from the right nasal cavity. Otolaryngologists at the 
local healthcare facility did not confirm the diagnosis 
of nasal CSF leakage. The patient was referred by a 
neurologist to the Romodanov Neurosurgery Institute 
of the National Academy of Medical Sciences of Ukraine 
(Kyiv).

Complaints at admission. Periodic headache and 
leakage of clear fluid from the right nasal passage.

Otolaryngological consultation. Objective findings 
(preoperative examination dated 25 November 2025): 
anterior rhinoscopy demonstrated deviation of the 
nasal septum to the left, causing obstruction of the left 
common nasal meatus and relative widening of the right 
nasal cavity. The mucosa of the inferior and middle nasal 
turbinates was hypertrophic, pale pink with areas of 
cyanotic discoloration. Nasal breathing was moderately 
impaired. Transparent watery rhinorrhea from the right 
nasal cavity was observed, with increased intensity 
during forward bending (positional test) and coughing. 
The unilateral nature of the discharge raised suspicion of 
CSF leakage and warranted further diagnostic evaluation. 
Assessment of olfactory function revealed right-sided 
hyposmia of mixed origin, whereas olfaction on the left 
side remained intact.

Given the lack of routine availability of β2-transferrin 
testing in Ukraine, verification of cerebrospinal fluid in the 
nasal secretion was performed using a qualitative glucose 
test. The study was conducted with strict adherence 
to the biomaterial collection protocol. Measures were 
taken to prevent contamination with blood or purulent 
content. A positive glucose test result from the right 
nasal secretion supported the diagnosis of right-sided 
late post-traumatic paradoxical nasal CSF leakage.

Otoscopy: on the left side, the tympanic membrane 
was intact and transparent, without signs of inflammation; 
anatomical landmarks were clearly visualized, and 
mobility was preserved. On the right side, the tympanic 
membrane was thickened and opaque, with reduced 

excursion (mobility) during pneumatic testing. Signs of 
serous effusion behind the membrane were visualized. 
The clinical findings were verified as Eustachian tube 
dysfunction with impaired ventilatory function. The 
results of pure-tone threshold audiometry are presented 
in Fig. 2.

Oropharyngoscopy: the palatine tonsils were 
hypertrophic, exhibiting pronounced cryptic architecture 
and isolated fibrinopurulent deposits; palpation revealed 
moderate tissue density. The mucosa of the posterior 
pharyngeal wall and soft palate showed no signs of active 
inflammation. Regional cervical lymph nodes were not 
enlarged. The clinical picture was verified as chronic 
tonsillitis in remission.

No signs of involvement of the caudal group of 
cranial nerves (dysarthria, dysphagia, or dysphonia) 
were detected. The functions of the oculomotor group, 
trigeminal nerve, and facial nerve were preserved, 
without pathological changes. Gustatory sensitivity 
was intact. No spontaneous nystagmus was observed. 
Mild static ataxia (slight unsteadiness) was noted in the 
Romberg position.

Conclusion. Suspected right-sided late post-
traumatic paradoxical nasal CSF rhinorrhea; right-sided 
chronic mixed hearing loss; right-sided hyposmia of 
mixed etiology.

Ophthalmological examination (25 Nov 2025). Visual 
acuity: OD = 1.0, OS = 1.0. Visual fields were unchanged. 
The optic discs were pale pink with well-defined margins; 
the retinal arteries were narrowed and tortuous. 
Hypertensive retinal angiopathy was diagnosed.

Internal medicine examination (25 Nov 2025). 
Grade II, stage III arterial hypertension with a risk of 
developing heart failure grade 0–I. Grade II obesity.

MSCT of the brain (07 Nov 2025). A non-united 
fracture of the calvarial bones and skull base on the 
right was identified, with fragment diastasis of up 
to 9 mm, extending to the petrous part of the right 
temporal bone with fragment diastasis of up to 4 mm 
and communication between the middle ear structures 
(canals) and an intracranial focus of encephalomalacia 
in the right temporal lobe, which communicated with the 
posterior horn of the right lateral ventricle. The right 
middle ear cavity and mastoid air cells were filled with 
fluid-colloid content. Foci of encephalomalacia measuring 
52 × 34 mm were detected in both frontal lobes and 
the right temporal lobe. Periventricularly and diffusely 
within the cerebral white matter, foci of leukoaraiosis and 
enlarged perivascular spaces of the basal ganglia were 
observed bilaterally. The cortical sulci of the cerebral 
hemispheres and cerebellum were clearly visualized. 
The ventricular system was asymmetric and dilated. The 
convexital cerebrospinal fluid spaces, insular and basal 
cisterns were irregularly enlarged, and the sulci were 
deepened. Midline structures were not displaced (Fig. 1).

 An elective surgical procedure was 
performed on 26 November, 2025.
The patient was positioned in the left lateral 

decubitus position. A lumbar drain was inserted. 
Following skin preparation with antiseptic solutions, a 
horseshoe-shaped incision of the soft tissues was made 
in the right temporo-occipital region. A free bone flap was 
created from a single burr hole using an electric trephine. 
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The dura mater was tense, and cerebral pulsation was 
absent. The dura mater was opened in an arcuate 
fashion. Access to the posterior surface of the petrous 
part of the temporal bone was achieved. During the 
approach, a porencephalic cyst communicating with the 
temporal horn of the right lateral ventricle was opened. 
Revision of the temporal bone revealed an old fracture 
line extending into the petrous part of the temporal bone, 
with formation of CSF fistula in the region of the posterior 
surface of the petrous temporal bone. Diastasis of the 
bony edges extending into the petrous temporal bone 
was identified. The porencephalic CSF cyst was adjacent 

to the bony defect of the petrous temporal bone wall, 
with formation of a meningoencephalocele measuring 
0.5 × 2.0 cm extending into the petrous cavity. The 
bony defect was reconstructed using a temporalis 
muscle graft, Surgispon® sponge, and TachoComb® 
collagen sponge fixed with butyl cyanoacrylate glue. 
Satisfactory cerebral pulsation was noted. Interrupted 
sutures were placed on the dura mater. The dural defect 
was repaired using a TachoComb® sponge. The bone 
flap was repositioned and secured with bone sutures. 
Layered closure of the soft tissues was performed. An 
aseptic dressing was applied.

Fig. 2. Dynamics of pure-tone threshold audiometry for air and bone conduction  
(0.25–8.0 kHz): blue line — preoperative assessment (25 Nov 2025); red line — postoperative 
follow-up (09 Dec 2025). Left ear: preservation of hearing thresholds within 0–20 dB for 
both air and bone conduction at frequencies of 250–8000 Hz before and after surgery. Right 
ear: preoperatively, mixed hearing loss with predominance of conductive and high-frequency 
sensorineural components was observed. Air conduction thresholds remained within normal 
limits (≤20 dB) at frequencies up to 2000 Hz, with gradual elevation of thresholds to 60 dB at 
frequencies up to 8000 Hz. The air–bone gap within the 3000–8000 Hz range was 15–25 dB 
(mean 16–20 dB). Postoperatively, positive dynamics were observed due to a reduction in the 
conductive component (decrease in the air–bone gap) while the sensorineural deficit persisted

Fig. 1. MSCT of the patient’s temporal bones: A — axial projection in the bone 
window; B — 3D reconstruction. Arrows indicate the fracture line of the petrous 
part of the right temporal bone with marked fragment diastasis

А В
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Given the presence of a porencephalic cyst and 
associated meningoencephalocele, the risk of recurrent 
CSF leakage was considered moderately high. To prevent 
CSF hypertension and ensure watertight closure of 
the defect, an external lumbar drain was maintained 
postoperatively for 7 days. Concurrent dehydration 
therapy was administered. Following drain removal, no 
clinical signs of nasal CSF leakage were observed. No 
CSF leakage was detected.

Otolaryngology consultation (09 Dec 2025): positive 
clinical dynamics were noted. Audiometric findings 
demonstrated improvement in hearing function of the 
conductive type (Fig. 2). The glucose provocation test 
using the Valsalva maneuver was negative, indicating 
the absence of CSF leakage after surgical intervention.

The patient was discharged in satisfactory condition 
with marked positive clinical dynamics, including the 
absence of nasal CSF leakage, regression of the cephalgic 
syndrome, and objective restoration of auditory 
function. A course of acetazolamide was recommended 
for correction of CSF dynamics, along with adherence 
to a protective regimen avoiding physical exertion and 
continued follow-up by specialists.

Discussion
The presented clinical case demonstrates a complex 

pathogenetic relationship between traumatic injury to 
the skull base structures and the development of delayed 
post-traumatic paradoxical CSF leakage. Analysis of 
this case revealed insufficient diagnostic vigilance 
regarding nasal CSF leakage at the outpatient stage 
of otorhinolaryngological care. Despite pronounced 
rhinorrhea, specific diagnostic evaluation and differential 
diagnosis aimed at excluding a CSF fistula were not 
performed in a timely manner. This highlights the need 
to improve awareness among primary- and secondary-
care physicians regarding the management algorithms 
for patients with suspected CSF leakage, particularly in 
cases of atypical rhinosinusitis.

A key diagnostic indicator in this case was the 
combination of characteristic rhinorrhea with a specific 
audiometric pattern, namely mixed hearing loss on the 
affected side. This finding suggested the presence of 
cerebrospinal fluid within the middle ear cavity despite 
an intact tympanic membrane. The conductive defect 
caused by impaired sound transmission in the middle 
ear was combined with a sensorineural component. Such 
an audiometric configuration is typical of chronic otitis 
media, otosclerosis, or post-traumatic changes involving 
both peripheral and conductive structures of the auditory 
analyzer. The air conduction curve demonstrated a 
descending configuration. The audiogram pattern served 
as an indirect sign of the presence of CSF within the 
tympanic cavity. The observed postoperative dynamics 
corresponded to partial restoration of middle ear 
functional status following surgical intervention while 
preserving the sensorineural deficit. Postoperative 
monitoring confirmed the effectiveness of the selected 
surgical strategy, which resulted in cessation of CSF 
leakage and partial regression of the conductive 
component of hearing loss.

A limitation of this clinical observation is the absence 
of laboratory verification using β2-transferrin testing, 
which is considered the reference standard for confirming 

the presence of cerebrospinal fluid in nasal secretions. In 
Ukraine, this test has not been implemented in the routine 
practice of specialized neurosurgical centers, possibly 
because of the requirement for expensive equipment, 
the need for methodological validation, and logistical 
and organizational challenges. Consequently, alternative 
diagnostic approaches were employed. It should be noted 
that qualitative glucose testing is characterized by low 
specificity and a risk of false-positive results in cases 
of contamination of the sample with blood or purulent 
discharge. Therefore, the diagnostic concept was based 
on a systematic approach involving comprehensive 
analysis of clinical and instrumental otoneurological 
examination findings, neuroimaging data, and dynamic 
patient monitoring.

The pathogenesis of CSF leakage in this case was 
associated with the combination of several critical 
factors. First, the patient had a growing skull fracture, 
a rare pathology in the adult population. According to 
the literature, the incidence of this condition ranges 
from 0.05 to 1.0% among skull fracture cases, with the 
majority of observations (approximately 90%) occurring 
in children younger than 3 years of age. Detection of this 
pathology in an adult patient is considered exceptional 
and requires heightened clinical vigilance [4]. The second 
critical factor was the presence of a porencephalic cyst 
communicating with the inferior horn of the right lateral 
ventricle. This resulted in herniation of brain tissue 
and formation of a meningoencephalocele through the 
fracture diastasis of the petrous temporal bone (Fig. 3).

 In the available scientific literature, the combination 
of a growing skull fracture with concurrent formation 
of a meningocele or meningoencephalocele has been 
described only in isolated clinical case reports, confirming 
the rarity of this pathology. In particular, G.W. Britz et al. 
(1998) reported a rare case of CSF leakage in an adult 
patient in whom a parietal bone defect was associated 
with the formation of a meningocele, thereby confirming 
the possibility of development of this pathology in 
adulthood [5, 6]. This substantially limits the possibility 
of extrapolating the available data to formulate universal 
conclusions regarding pathogenetic mechanisms and 
optimal treatment strategies in adult patients.

From a clinical perspective, such a combination of 
pathological changes is fundamentally important because 
the presence of a meningo(encephalo)cele modifies the 
surgical strategy. In particular, there is a need not only 
for reconstruction of the bony defect but also for reliable 
watertight repair of the dura mater, which is critical for 
the prevention of recurrent CSF leakage and ascending 
intracranial infectious complications [7].

For diagnostic verification, combined neuroimaging 
is recommended: computed tomography for precise 
assessment of bony destruction and magnetic resonance 
imaging for verification of dural defects, objective 
evaluation of the extent of prolapse, and assessment 
of parenchymal status. According to the literature, 
magnetic resonance imaging enables differentiation 
between prolapse patterns (isolated herniation of brain 
tissue, leptomeningeal cyst, or combined variants), which 
is critically important for preoperative planning.

When a meningo(encephalo)cele is confirmed, the 
primary surgical objective is watertight duraplasty. In 
adult patients, the choice of material for cranioplasty 
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should be based on assessment of the risk of resorption, 
cosmetic requirements, and the presence of associated 
factors (history of infection, need for revision surgery).

Analysis of the literature data indicates a high 
incidence of postoperative infectious complications and 
recurrent CSF leakage.

Conclusions
The diagnosis of delayed post-traumatic paradoxical 

nasal CSF leakage remains a challenging issue in clinical 
practice. Delayed verification of this pathology may 
lead to severe intracranial complications, including fatal 
outcomes.

The presented clinical case highlights the necessity 
of considering paradoxical nasal CSF leakage in the 
differential diagnosis of rhinorrhea of unclear etiology 
in patients with a history of traumatic brain injury, 
even many years after the trauma. Confirmation of 
the diagnosis and selection of the optimal treatment 
strategy require coordinated collaboration among 
the otolaryngologist, radiologist, and neurosurgeon. 
Treatment efficacy directly depends on a multidisciplinary 
approach and timely diagnosis.
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Fig. 3. MSCT of the brain. Porencephalic cyst of the temporal region


