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Summary

Al support and interactive 3D planning (HepatoScan Al) in the surgery of focal liver lesions ’ |
improve diagnostic accuracy and enhance key intraoperative outcomes, particularly in - kﬂ
anatomically complex cases.

Materials and methods

CT + Al-assisted segmentation
3D volumetry

TROPH-L stratification =] Retrospective

cohort (standard)
n=100

Neural network—based CT segmentation + interactive Comparison of diagnostic efficacy and perioperative
3D liver reconstruction parameters

X . Al +3D Standard _ Al+3D Standard
Outcomes Diagnostic efficacy (n=104) (n=100) Surgery (TROPH-L I1-I11) (n=104) (n=100)
Sensitivity, % 933 A 84.2 Operative time, min 160 V 180
Specificity, % 91.8 88.5 Blood loss, mL 280 V 400
AUROC 0.95 0.89 Blood transfusion, units 4 v 13
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Aim. Evaluation of the diagnostic and clinical effectiveness of the HepatoScan Al system, integrating neural network-
based computed tomography (CT) analysis and interactive three-dimensional (3D) preoperative modeling in real-
world clinical practice.

Materials and methods. A single-center comparative study was conducted, including a prospective cohort with
artificial intelligence-assisted (Al) preoperative planning (n = 104) and a purposefully matched retrospective cohort
undergoing standard preoperative planning (n = 100). In the Al-assisted group, automated liver and lesion segmentation,
3D volumetry, and stratification of anatomical complexity using the TROPH-L (Tumor - Regional capsule - Outflow
veins - Portal vein - Hepatic bile - Localization) classification were applied. Diagnostic performance was assessed
at the patient level using sensitivity, specificity, and AUROC (area under the receiver operating characteristic curve),
with histopathological confirmation for malignant tumors and expert interpretation of multiphasic CT for benign
lesions. Clinical effectiveness was analyzed in patients classified as TROPH-L II-1II.

© Shabunin A.V,, Tavobilov M.M., Karpov A.A., Aladin M.N., Lantsynova A.V., Abramov K.A., Kudryash E.B., 2025

4 CEYEHOBCKW BECTHUK T. 16, Ne 4, 2025 / SECHENOV MEDICAL JOURNAL VOL. 16, No. 4, 2025


https://crossmark.crossref.org/dialog/?doi=10.47093/2218-7332.2025.16.4.4-19&domain=pdf&date_stamp=2025-12-30

____________________________________________________________________| XUPYPT U4

Results. The compared groups were well balanced in terms of demographic and clinical characteristics, lesion
parameters, and distribution of TROPH-L categories. In the overall cohort, the use of HepatoScan Al was associated
with a higher sensitivity of preoperative diagnosis compared with the standard approach (93.3% vs. 84.2%; p = 0.008),
while maintaining high specificity. The AUROC was higher in the Al group (0.954 vs. 0.892), although the difference
was not statistically significant; a similar trend was observed across nosological subgroups.

Among patients classified as TROPH-L lI-Ill (n = 54 in the Al group and n = 55 in the standard planning group),
Al-assisted planning was associated with a shorter operative time (160 vs. 180 minutes; p = 0.01) and reduced
intraoperative blood loss (280 vs. 400 mL; p = 0.004). In addition, a higher rate of RO resections (100% vs. 91.3%) and
lower rates of postoperative complications and in-hospital mortality were observed in the Al group, although these
differences were not statistically significant.

Conclusion. Integration of the HepatoScan Al system with interactive 3D preoperative planning is associated with
improved diagnostic performance and favorable intraoperative metrics in patients with liver tumors, particularly in
anatomically complex cases (TROPH-L II-ll). These findings highlight the strong potential of the proposed digital
technologies to optimize preoperative planning and warrant further prospective multicenter validation.

Keywords: computed tomography; medical image segmentation; surgical outcomes; diagnostic accuracy; volumetric
analysis; clinical decision support systems; TROPH-L classification
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Llenb. OLeHka AMarHoCTMYECKO 1 KNMHUYeCKon ahdeKTnBHOCTY cucTembl HepatoScan Al, 06beanHsAIOLLIEA HEApo-
CETEBOIA aHann3 KoMnboTepHbIX ToMorpamm (KT) n nHTepakTBHOE TpexmepHoe (3D, three-dimensional) npegone-
pauUMOHHOE MOZIENIMPOBAHUE B PeasibHOW KIMHUYECKOW NMPaKTHKe.

Matepuanbl u MeToAbl. BbiNoNHEHO OAHOLEHTPOBOE CPaBHUTENBHOE UCCNef0BaHME C MPOCMNEKTUBHOW KOTOPTOM
NauKeHTOB, Y KOTOPbIX NMpeAonepaunoHHoe NAaHnpoBaHue BbIMONHANIOCH C NOAAEPXKKON UCKYCCTBEHHOMO UHTES-
nekta (MW, n = 104) n ueneHanpaBneHHO NOA0GPAHHOI PETPOCMEKTMBHON KOrOpTOi CTaHAApTHOrO NAaHNpoBaHus
(n = 100). B rpynne NI npuMeHsnnch aBToMaTYecKas CerMeHTaLus neyeHn n oyaros, 3D-BOMOMETPUS W CTPa-
TUdUMKaLMS aHaTOMKUYeCKoit cnoxHocTh no wkane TROPH-L (Tumor - Regional capsule = Outflow veins - Portal
vein — Hepatic bile - Localization, onyxonb — OTHOLUEHWE K Kancyne neyeHn — neyeHoUHble BEHbl — BOPOTHas
BEHA — XKENYHble MPOTOKW — NokKanuaauus). [inarHocTuyeckyro ahdeKTMBHOCTb OLEHWBANN Ha YpOBHE MmauyeHTa
C UCMONb30BaHMEM NoKa3aTeneit YyBCTBUTENBHOCTY, creuuduyHocTyh 1 niowwaamn nog ROC-kpusoit (AUROC, area
under the receiver operating characteristic curve) ¢ ncnonb3oBaH1eM MopdONOr1YecKoi BepudrKaLmm Ans 310Ka-
YeCTBEHHbIX OMyX0/elt 1 3KCNEepPTHOro 3akkyeHnsa no MynbTudasHon KT ans 4obpokayecTBeHHbIX 06pa30BaHuii.
KnuHuyeckyto ahGekTUBHOCTb aHanmManpoBanu y nauneHtos kateropuii TROPH-L [1-111.

Pe3ynbratbl. CpaBH/BaeMble rpynnbl ObIAKM CONOCTaBUMbI N0 AEMOrPAGUYECKUM W KNMHUYECKUM XapaKTepucTy-
KaM, napaMeTpaM 04aroB ¥ pacnpeaeneHuto kateropuii TROPH-L. B obuleit Bbi6opke npumeHeHne HepatoScan
Al conpoBOXanoch YBENNYEHWEM HYBCTBUTENIbHOCTY NPeaonepaLnoHHON AnarHocTukn Ao 93,3% no cpaBHEHMIO
CO CTaHAapTHbIM MoAXoAoM (84,2%; p = 0,008) npu coxpaHeHuu BbICOKOIA cneumdnyHocTn. AUROC 6bina Bbllle
B rpynne VK (0,954 npotne 0,892), 0HAKO pasnnums He AOCTUMM 3HAYUMOCTI; B HO30/10MMYECKMX NOATPYnnax oT-
Meyanacb cxodHas TeHaeHums. Cpean naumnenTos ¢ TROPH-L II-III (n = 54 - rpynna MW, n = 55 - cTanaapTHOe nNna-
HWpoBaHuWe) npumeHeHre NI accounmpoBanock ¢ cokpalleHuem anutensHocTy onepauun (160 npotvs 180 MuH;
p =0,01) n o6bema UHTpaonepaloHHoi kposonoTepu (280 npotue 400 Mn; p = 0,004), 6onee BbICOKOI YacToTOM
RO-pesexumit (100% npotne 91,3%) 1 MeHblUE! YacTOTO NOCNEONEPaALIMOHHBIX OCNOXHEHWA 1 BHYTPUrocnuTab-
HOVi NeTanbHOCTH, 6€3 JOCTUXEHNSA CTAaTUCTUYECKO 3HAUMMOCTH.

3aknioyenue. HTerpauna cuctemol HepatoScan Al u nHTepakTnBHoro 3D-npefonepaLyoHHOro naaHnpoBaHus
accouuMmupyeTcs ¢ NoBblLWEHWEM ANArHOCTUYECKON 3QMEKTUBHOCTU W yyHLWEHNEM OTAENbHbIX MHTPaonepawMoH-
HbIX NOKa3aTeseit y NaLUnMeHTOB C ONyXONSiMM NMeYeHn, 0COBEHHO NPU aHAaTOMKUYECKN CNOXHBIX cnyyasx (TROPH-L
[I=111). TTony4yeHHble pe3ynbTaTbl NOATBEPXAAIOT BbICOKMIA NOTEHLMAN NPEANOXEHHBIX LMDPOBbIX TEXHOMOT WA
ANS ONTUMU3aLMK NpeAonepauyoHHOrO NNaHUPOBaHNA W TPebyOT AanbHelwed NPOCNEKTUBHON MHOTOUEHTPO-
BOW BanugaLuuu.

KnioyeBble cfioBa: KOMMbIOTEPHAA TOMOFpaCDVIFI,’ CerMeHTauna MegnumnHCKux M3o6pa>Kean71; XVPYPrnyeckme mnc-

X0[bl; AMarHOCTUYECKAA TOYHOCTb; BOSIKOMETPUYECKMNIA aHaNN3; CUCTEMbI MOALEPXKKM NMPUHATUS KITMHUYECKUX pe-
LeHnit; knaccndukaums TROPH-L
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HIGHLIGHTS

HepatoScan Al enables objective preoperative assessment by providing automated segmentation and quantitative evaluation of the liver's

anatomical and volumetric parameters.

Integration of HepatoScan Al into the diagnostic workflow for liver tumors increases the sensitivity of preoperative detection of focal liver

lesions while maintaining high specificity.

The TROPH-L classification standardizes the assessment of the anatomical complexity of focal liver lesions and improves the

reproducibility of surgical planning.

The use of artificial intelligence-assisted support and three-dimensional planning in patients with TROPH-L -1l lesions is associated
with improved intraoperative metrics and more accurate delineation of organ-preserving R0 resection.

Liver tumors represent a major global healthcare
challenge and remain one of the leading causes of cancer-
related mortality worldwide [1]. In routine clinical
practice, modern tertiary care centers are increasingly
required to make rapid, accurate, and evidence-based
diagnostic and therapeutic decisions when managing
patients with focal liver lesions [2]. This group of
diseases remains particularly complex: radical treatment
is often associated with a high risk of intraoperative and
postoperative complications, while long-term outcomes
are frequently suboptimal [3].

Importantly, comprehensive diagnostic assessment
and surgical planning are required not only for malignant
tumors but also for benign focal liver lesions. Large
hemangiomas, adenomas, focal nodular hyperplasia
(FNH), and complex cystic lesions may, in selected
cases, cause significant pain, carry a risk of rupture, or
lead to compression of vascular and biliary structures. As
a result, these conditions can become clinically relevant
and necessitate detailed preoperative evaluation [4].

In this context, there has been a growing interest in
the integration of artificial intelligence (AI) technologies
and three-dimensional (3D) modeling into clinical
hepatobiliary surgery [5]. The combined use of Al-based
tools and 3D visualization fundamentally transforms
clinical decision-making by shifting it from subjective
image interpretation toward objective, quantitative data
analysis [6]. Contemporary deep learning algorithms
have already demonstrated the ability to automatically
segment hepatic structures on contrast-enhanced
computed tomography (CT) images with an accuracy
of up to 92-94%, improving diagnostic reproducibility
while significantly reducing interpretation time [7].

The synergistic application of Al services and 3D
modeling enables the creation of highly accurate,
patient-specific virtual reconstructions of the liver,
allowing detailed visualization of focal lesions and
their anatomical relationships with vascular structures
and the biliary tree [8]. This approach contributes to a
more efficient diagnostic workflow, reducing the need
for certain invasive procedures and decreasing the
overall burden on the patient [9]. Clinical studies have
shown that the use of 3D navigation and reconstruction
techniques is associated with a significant reduction in
operative time and a lower incidence of R1 resections,

thereby directly improving the safety and oncological
quality of surgical interventions [4, 10]. Consequently,
digital technologies not only streamline the diagnostic
and planning stages but also enhance the overall quality
of surgical care for patients with liver tumors [11].

Objective of the study: to evaluate the diagnostic
and clinical effectiveness of the HepatoScan Al clinical
decision support system which integrates neural
network-based medical image analysis with interactive
3D visualization, in real-world clinical practice.

MATERIALS AND METHODS

Development of the neural network algorithm

The development and validation of the clinical
decision support system HepatoScan Al for focal liver
lesions was carried out in collaboration between Botkin
Hospital and the Research and Practical Clinical Center
for Diagnostics and Telemedicine Technologies. The
system is officially registered in the Russian Federation
as computer software [12].

A detailed description of the training process
and the performance metrics for the classification of
benign and malignant liver lesions has been published
previously [13].

Development of the TROPH-L clinical and

instrumental classification

To standardize the description of morphological and
anatomical characteristics of focal liver lesions and to
unify preoperative planning, we developed the TROPH-L
classification (Tumor - Regional capsule - Outflow
veins — Portal vein - Hepatic bile — Localization). This
classification is designed for the systematic analysis of
spatial relationships between the tumor and the major
hepatic structures, based on data derived from 3D
modeling and neural network-based segmentation.

The TROPH-L classification integrates morphological
and topographic-anatomical features obtained from
patient-specific virtual 3D models with clinically
relevant resectability parameters. The classification
criteria include:

e T (Tumor size and growth type) - lesion size and
growth pattern.

e R (Relation to capsule) - relationship of the lesion to
the hepatic capsule.
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¢ O (Outflow veins involvement) - involvement of the
hepatic veins.

e P (Portal vein involvement) - degree of involvement
of portal vein branches.

e« H (Hepatic bile involvement) -
relationship with the biliary tree.

¢ L (Localization) - anatomical localization according
to the Couinaud segmental system, specifying the
lobe and segment.

anatomical

Algorithm for three-dimensional preoperative

modeling

For preoperative planning, a dedicated 3D modeling
workflow was used, including the calculation of
volumetric liver parameters and subsequent patient
stratification according to the TROPH-L classification.
Contrast-enhanced preoperative CT scans were imported
into the 3D Slicer software environment in NIfTI format.
At this stage, anatomical reconstruction of the liver was
performed with semi-automatic segmentation of vascular
and biliary structures [14].

In the second stage, the Slicer-Liver extension
was applied to automatically delineate Couinaud liver
segments and to calculate centerlines of the vascular
trees. This was followed by virtual liver resection
planning. Using the Resections module, the proposed
resection plane was defined, with automatic calculation
of hepatic parenchymal volumes, including total liver
volume (TLV), resection volume (RV), remnant liver
volume (RLV), and tumor volume (TuV).

The relative future liver remnant volume (aFLR,
adjusted future liver remnant) was calculated
automatically, reflecting the proportion of functionally
preserved parenchyma and serving as a key safety
criterion for the planned intervention (optimal
threshold > 30%). The finalized 3D models were
exported in STL format, underwent post-processing in
Blender software (Blender Online Community, version
4.0.2) with color labeling of anatomical structures, and
were subsequently converted into gITF (.glb) format
for use in 3D visualization and augmented reality
systems!.

The entire 3D modeling workflow was performed by
surgeons from the specialized hepatopancreatobiliary
surgery department with experience in 3D modeling,
in close collaboration with a radiologist from Botkin
Hospital. The initial automatic CT segmentation
generated by the HepatoScan AI system was
reviewed and, when necessary, manually corrected
by the head of the radiology department (Maxim P.
Onishchenko).

Final construction of the virtual liver models and
determination of the planned RV were conducted
through close interdisciplinary collaboration between the

XUPYPI'UNA

operating surgeons (Mikhail M. Tavobilov, Alexey A.
Karpov, Aysa V. Lantsynova, Mark N. Aladin, Kirill A.
Abramov, Evgeny B. Kudryash) and the 3D modeling
specialist (Mark N. Aladin). The average time required
to generate an individualized 3D liver model was
approximately one hour (Fig. 1).

Patient stratification according to the TROPH-L

classification

The proposed TROPH-L classification enables
structured characterization of the morphologic and
anatomical features of focal liver lesions and allows
stratification of patients into three categories of
surgical complexity, which is of critical importance for
determining the extent of resection and selecting the
optimal treatment strategy (Table 1).

This stratification makes it possible to anticipate the
scope and technical complexity of surgery, the potential
need for extended or combined resections, and the
expected risk of postoperative complications. Integration
of the TROPH-L classification with the HepatoScan
Al system and 3D modeling algorithms provides a
comprehensive  preoperative planning framework

Contrast-enhanced CT images of the liver

!

Automated neural network analysis with
expert verification

& J
v

4 . . N\

3D reconstruction of focal lesions

L and key hepatic anatomical structures )
A 4

( . . . . \

Virtual 3D modeling of liver resection and
L volumetric analysis )

v

Resectability assessment and anatomical
complexity stratification (TROPH-L)

\§ J
v
4 R R N\
Selection of the type and extent of surgical
L intervention )

FIG. 1. Workflow of three-dimensional preoperative modeling
in the surgical management of focal liver lesions.

Note: CT - computed tomography; TROPH-L - Tumor - Regional
capsule - Outflow veins - Portal vein — Hepatic hile - Localization;
3D - three-dimensional.

! Blender Foundation. Blender — free and open-source 3D creation suite. Amsterdam: Blender Foundation; 2025. https://www.blender.org

(access date: 24.10.2025).
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based on objective anatomical and functional data. This
approach ensures greater accuracy and consistency of
surgical decision-making compared with traditional,
largely subjective assessment methods.

Study design

A single-center comparative real-world study
including a prospective Al-assisted cohort and a
purposively matched retrospective cohort treated with
conventional preoperative planning.

Sample size calculation

The required sample size was calculated based
on the primary endpoint-differences in diagnostic
performance, specifically sensitivity for detection and
differential diagnosis of focal liver lesions. According
to published data, the implementation of Al algorithms
in radiological diagnostics is associated with an 8-12%
increase in diagnostic sensitivity. Assuming an expected
sensitivity improvement of at least 8%, a two-sided
significance level of a = 0.05, and a study power of 80%,
the minimum required sample size was estimated to be
no fewer than 90 patients per group.

Patient enroliment

All patients who underwent surgical treatment
in the specialized Hepatopancreatobiliary Surgery
Department of Botkin Hospital between January 21,
2021, and June 27, 2025, were screened for eligibility.

Inclusion criteria:

e age > 18 years;

e written informed consent for study participation;

e presence of a focal liver lesion requiring surgical
treatment;

e availability of preoperative multiphasic contrast-
enhanced abdominal CT;

e availability of intraoperative assessment data and/or
histological verification.

Exclusion criteria:

e parasitic liver cysts;

¢ metastatic liver tumors and primary hepatic sarcomas;
¢ diagnostically non-informative CT images;

¢ incomplete clinical or radiological data.

The prospective Al-assisted cohort included
patients treated between February 1, 2023, and
June 27, 2025, in which the HepatoScan Al clinical
decision support system integrated with 3D modeling

Table 1. Surgical complexity categories according to the TROPH-L classification

Characteristic I (low risk) Il (moderate risk) Il (high risk)
Lesion size and growth <5 em, peripheral location 5-10 cm centrally located or multifocal
pattern tumor

Relationship of the lesion
to the hepatic capsule

Hepatic vein involvement

Portal vein branch
involvement

Biliary hypertension

Surgical planning

Volumetric assessment

Segmentation example

Coding example

subcapsular
none

none
none

technically safe RV

not required

TcTR100POHO - L4b

subcapsular or intraparenchymal
invasion of segmental veins

invasion of segmental branches

segmental or sectoral hypertension

use of 3D modeling to define the
resection plane

calculation recommended: TLV, RV,
RLV, TuV, aFLR

Ti4R0O1P2H1 - L7

subcapsular or intraparenchymal
invasion of major hepatic vein
branches

invasion of major portal vein
branches

lobal hypertension

detailed 3D reconstruction and
assessment of the aFLR

mandatory calculation: TLV, RV,
RLV, TuV, aFLR

=31

1

%)
s

Ti3RTO3P3H3R - L4-L7

Notes: green indicates the biliary ducts, purple represents the hepatic venous system, blue corresponds to the portal venous system, and yellow

denotes the focal lesion.

aFLR - adjusted future liver remnant; RLV - remnant liver volume; RV - resection volume; TLV - total liver volume; TuV - tumor volume; 3D —

three-dimensional.
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was used during preoperative planning. Initially, 148
patients were assessed for inclusion; 44 patients met
the exclusion criteria. A total of 104 patients were
included in the final analysis (Fig. 2). The distribution
by pathology was as follows: liver carcinomas (n =
30), including cholangiocarcinoma (CCA, n = 11)
and hepatocellular carcinoma (HCC, n = 19), liver
hemangiomas (n = 22), simple liver cysts (n = 30),
and FNH (n = 22).

To minimize the impact of differences in pathological
composition on diagnostic and surgical outcomes, a
purposefully matched retrospective cohort was formed
in accordance with established methodology for
comparative surgical studies. Matching was performed
at the subgroup level according to lesion type, with
consideration of lesion size and key demographic
characteristics.

For inclusion in the standard preoperative
planning group (retrospective cohort), 174 patients
with focal liver lesions who underwent surgical
treatment between January 21, 2021, and January
25, 2023, were evaluated. Seventy-four patients
were excluded based on the exclusion criteria. The
final retrospective cohort consisted of 100 patients
with the following diagnoses: liver carcinomas (n =
27), including CCA (n = 7) and HCC (n = 20), liver
hemangiomas (n = 23), simple liver cysts (n = 30),
and FNH (n = 20). Patient inclusion and allocation
are illustrated in Figure 2.

Analysis of diagnostic effectiveness

All patients from both cohorts were included in the
analysis of diagnostic effectiveness. For each patient, a
unified preoperative diagnostic conclusion regarding the
nature of the focal liver lesion was established and used
to calculate diagnostic performance metrics. In patients
with multiple lesions, analysis was performed at the
level of the clinically dominant lesion that determined
the surgical strategy.

Comparison of HepatoScan Al-assisted results
with the reference standard was performed by expert
assessment at the level of the final clinical diagnostic
conclusion.

The reference standard varied depending on lesion
type. For suspected malignant tumors, diagnostic
accuracy was assessed by comparing the preoperative
HepatoScan Al conclusion with results of preoperative
morphological  verification  (biopsy), followed
by confirmation of the final diagnosis based on
histopathological examination of the resected specimen.
For benign focal liver lesions, the reference standard
was the conclusion of an experienced radiologist based
on multiphasic contrast-enhanced CT, corroborated by
intraoperative findings and the clinical course of the
disease.

XUPYPI'UNA

Analysis of clinical effectiveness

The analysis of clinical effectiveness of the
HepatoScan AI clinical decision support system
included patients from both cohorts with anatomically
complex focal liver lesions corresponding to TROPH-L
categories II-III.

Patients with TROPH-L category I lesions
were excluded from this analysis: 50 patients from
the prospective cohort and 45 patients from the
retrospective cohort. All patients with simple liver cysts
in both cohorts were excluded; all of them underwent
cyst fenestration.

The final clinical effectiveness analysis included 54
patients from the prospective cohort and 55 patients
from the retrospective cohort with liver carcinomas,
hemangiomas, and FNH. The compared groups were
evaluated with respect to operative time, intraoperative
blood loss, and the rate of blood transfusions. In
addition, oncological radicality in patients with liver
carcinomas (rate of RO resections), postoperative
complication rates - including severe complications
graded III-V according to the Clavien-Dindo
classification - length of hospital stay, and in-hospital
mortality were analyzed.

Surgical technique

All surgical procedures were performed using
standard surgical techniques. The choice of surgical
approach (open or laparoscopic) was determined
on an individual basis, taking into account lesion
localization, size, relationships with vascular and
biliary structures, and the planned extent of resection.
Liver parenchymal transection was carried out using
an ultrasonic dissector and bipolar coagulation; in
selected cases, an ultrasonic aspirator-destructor was
employed with stepwise identification and control of
vascular and biliary structures. The Pringle maneuver
was applied selectively and only when indicated,
in cases with an anticipated risk of significant
intraoperative blood loss.

Statistical analysis

Statistical analysis was performed using IBM
SPSS Statistics software version 30.0 (SPSS: An IBM
Company, USA) and the R programming language
(version 4.4.1), with the use of specialized packages
pROC (version 1.18.0) and stats (base R package).

Quantitative variables were initially assessed for
normality using the Shapiro-Wilk test. Depending
on the distribution, data are presented as mean with
standard deviation (M * SD) or median with interquartile
range (Me (Q1; Q3)). Between-group comparisons of
continuous variables were performed using Student’s
t-test for normally distributed data or the Mann-Whitney
U test for non-normally distributed data.
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Patients with focal liver lesions who underwent surgery
between 21.01.2021 and 27.06.2025
N =322

y

Prospective cohort
Al-assisted preoperative

Retrospective cohort
Standard preoperative

planning planning
01.02.2023-27.06.2025 21.01.2021-25.01.2023
(n=148) (n=174)
Non-inclusion criteria
n=17 parasitic liver cysts n=20
n=14 metastatic .liver tumors and n=21
hepatlc sarcomas
) n=13 non-informative CT images n=23 ¢

n=0 incomplete data n=10
{ Diagnostic effectiveness analysis y
i \ 4 Carcinomas A 4
i _ Simple cysts _ i
n =104 Hemangiomas Ll |
H FNH i

Exclusion criteria
—p n=50 TROPH-L category [ n=45 |(q¢—]

{ Clinical effectiveness analysis 3
| Y Carcinomas Y
n=>54 Hemangiomas n=>55 i
i FNH i

FIG. 2. Flow diagram of patient inclusion in the study.

Note: Al - artificial intelligence; CT - computed tomography; TROPH-L - Tumor - Regional capsule - Outflow veins - Portal vein - Hepatic

bile - Localization; FNH - focal nodular hyperplasia.

Categorical variables are presented as absolute and
relative frequencies and were compared using Pearson’s
X? test or Fisher’s exact test when expected cell counts
were below five. Comparisons of blood transfusion rates
between groups were performed using aggregated data
and a Poisson regression model to calculate incidence
rate ratios (IRR).

Diagnostic performance of the HepatoScan Al
system was evaluated on a per-patient basis and included
calculation of sensitivity, specificity, and the area under
the ROC curve (AUROC), with corresponding 95%
confidence intervals (CI).

For malignant focal liver lesions, the reference standard
was based on preoperative morphological verification
(biopsy) followed by confirmation of the final diagnosis
through histopathological examination of the resected
specimen. For benign focal liver lesions, the reference
standard consisted of the radiologist’s conclusion based
on multiphasic contrast-enhanced CT, corroborated by
intraoperative findings and the clinical course of the
disease. Comparisons of AUROC values between groups
were performed using the nonparametric DeLong test.

Differences were considered statistically significant
at p < 0.05.
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RESULTS

Diagnostic performance of the HepatoScan Al

system

The study groups did not differ significantly with
respect to key demographic characteristics, including
age, sex, and the presence of comorbid or background
diseases. No statistically significant differences were
observed between groups in terms of lesion size,
number, multiplicity, or anatomical localization.
Retrospective assessment of case complexity in
the standard preoperative planning group using the
TROPH-L classification demonstrated a distribution of
risk categories comparable to that of the prospective Al-
assisted preoperative planning group (Table 2).

When individual nosological subgroups were
analyzed, no statistically significant differences in
sensitivity, specificity, or AUROC of the ROC curve
were observed between the groups. Across all subgroups,
a consistent trend toward higher diagnostic performance
metrics was noted in the Al-assisted preoperative
planning group; however, due to the limited size of the
subgroups, these differences did not reach statistical
significance. When diagnostic metrics were compared
across all types of focal liver lesions, integration of the
HepatoScan Al system was associated with improved
diagnostic sensitivity for focal liver lesions compared
with the standard diagnostic approach (Table 3).

Clinical effectiveness of the HepatoScan Al
system and three-dimensional preoperative
modeling

The use of 3D modeling was most clinically justified
in patients classified as TROPH-L categories II and III.
This subgroup included 54 patients from the prospective
cohort and 55 patients from the retrospective cohort.
The compared groups did not differ significantly in
terms of key clinical and demographic characteristics,
prevalence of comorbidities, lesion size, anatomical
localization, lesion multiplicity, or - among patients
with carcinomas - tumor stage and histological grade
(Table 4).

At the surgical stage, integration of the neural
network-based clinical decision support system
HepatoScan Al in combination with 3D preoperative
modeling had a meaningful impact on the choice of
surgical strategy in patients classified as TROPH-L
categories II-III. In the Al-assisted preoperative
planning group, a trend toward a more parenchyma-
sparing approach was observed: extended anatomical
liver resections were performed less frequently (27.8%
vs 38.2% in the standard preoperative planning group),
while the proportion of non-anatomical (atypical)
resections was higher (55.6% vs 45.5%). The frequency
of segmentectomies did not differ significantly between
groups (Table 5).

XUPYPI'UNA

In the subgroup of patients with carcinomas, RO
resection was achieved in all patients in the Al-assisted
preoperative planning group (100%) compared with
91.3% in the standard preoperative planning group;
however, this difference did not reach statistical
significance (p = 0.18).

The use of AI technologies and 3D modeling was
associated with improved intraoperative parameters. In
the Al-assisted preoperative planning group, the mean
operative time was reduced by approximately 20 minutes.
A more pronounced effect was observed for intraoperative
blood loss: mean blood loss in the Al-assisted group was
120 mL lower than in the standard preoperative planning
group. In the Al-assisted preoperative planning group, a
total of 4 units of packed red blood cells were transfused
in 54 patients, corresponding to 0.07 units per patient,
whereas in the standard preoperative planning group
13 units were transfused in 55 patients (0.24 units per
patient). Accordingly, the rate of blood transfusion use
was approximately 3.2 times higher in the standard
preoperative planning group (incidence rate ratio 3.19;
95% CI 1.04-9.76).

The reduction in intraoperative surgical trauma was
reflected in postoperative outcomes. In the Al-assisted
preoperative planning group, a trend toward a lower
overall rate of postoperative complications (28% vs
40%) as well as severe complications (Clavien-Dindo
grades III-V: 9% vs 18%) was observed compared with
the standard preoperative planning group; however,
given the sample size, these differences did not reach
statistical significance (p = 0.17).

In the Al-assisted preoperative planning group,
severe complications were recorded in five patients and
included postoperative bleeding (n = 3), pulmonary
embolism (n = 1), and a biliary fistula Grade B according
to the International Study Group of Liver Surgery
(ISGLS) classification (n = 1) requiring percutaneous
drainage under ultrasound guidance. No cases of acute
postoperative liver failure were observed in this group.
In the standard preoperative planning group, severe
postoperative complications (n = 10) included acute
postoperative liver failure (n = 3), clinically significant
postoperative bleeding (n = 4), pulmonary embolism (n =
1), and biliary complications in the form of ISGLS Grade
B biliary fistulas (n = 2), which required percutaneous
drainage under ultrasound guidance.

In-hospital mortality was observed only in the
standard preoperative planning group (n = 2); in both
cases, death was attributable to progression of acute
postoperative liver failure following extensive liver
resections.

DISCUSSION
The results of the present study demonstrate that
integration of Al technologies into the diagnostic
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Table 2. Baseline characteristics of patients in the study groups
Parameter AI-a?::tfglgroup Convenho(r;al;;lgg;ung group p value
Age, years 59.7 +11.1 60.3£10.5 0.62
Male / female 56 / 44 (54% / 46%) 53/ 47 (53% / 47%) 0.67
BMI, kg/m? 27.1 (24.4;29.8) 26.8 (24.0;29.6) 0.51
Arterial hypertension 52 (50%) 49 (49%) 0.89
Type 2 diabetes mellitus 21 (20.2%) 19 (19%) 0.83
Chronic liver disease 10 (9.6%) 13 (13%) 0.45
Cardiovascular diseases 30 (28.8%) 28 (28%) 0.89
ASA physical status, class
-l 64 (61.5%) 58 (58%)
0.61
1l 40 (38.5%) 42 (42%)
Lesion diameter, mm 65 (45; 85) 60 (43;77) 0.61
Multiple lesions (> 2) 26 (25%) 20 (20%) 0.39
Lesion localization
right lobe 62 (60%) 65 (65%)
left lobe 31(30%) 25 (25%) 0.71
both lobes 11 (10%) 10 (10%)
TROPH-L categories
I 50 (48%) 45 (45%)
1 40 (38.5%) 40 (40%) 0.90
Il 14 (13.5%) 15 (15%)
Carcinomas, stage n=30 n=27
I 12 (40%) 10 (37%)
1 13 (43%) 12 (44%) 0.97
Il 5(17%) 5(19%)
Carcinomas, histological grade n=30 n=27
high 9 (30%) 8 (30%)
medium 15 (50%) 13 (48%) 0.98
low 6 (20%) 6 (22%)

Notes: quantitative variables are presented as mean with standard deviation (M + SD) or median with interquartile range (Me (Q1; Q3)),
categorical variables are presented as the absolute number of patients with the characteristic and the proportion within the group, expressed

as a percentage (in parentheses).

Al - artificial intelligence; ASA - American Society of Anesthesiologists; BMI = body mass index; TROPH-L — Tumor - Regional capsule -

Outflow veins - Portal vein = Hepatic hile - Localization.

workflow for liver tumors is associated with improved
detection of focal liver lesions. Compared with the
standard diagnostic approach, use of the HepatoScan
Al system resulted in a statistically significant increase
in the sensitivity of preoperative diagnosis for all focal
liver lesions by 9.1% (from 84.2% to 93.3%), while
maintaining a high level of specificity (91.8%).

The observed improvement in diagnostic accuracy
with Al assistance is consistent with current literature.
Several studies have shown that deep learning models are
capable of detecting hepatic tumor lesions with accuracy
comparable to expert radiologist assessment and, in some
cases, identifying additional lesions not recognized during
conventional visual analysis [6, 9]. Moreover, it has been
reported that the combined use of expert interpretation and
Al algorithms increases the sensitivity of focal liver lesion
detection from approximately 80% to 88% [15].

Visualization of the liver as an interactive 3D
model enables “virtual navigation” within the organ,
precise calculation of RV, and prediction of the risk of
postoperative liver failure - features that are particularly
important in cases of complex tumor localization. The
TROPH-L classification developed and first introduced
in this study integrates Al-based segmentation with 3D
reconstruction and illustrates the feasibility of using
objective morphological and topographic-anatomical
parameters for standardized stratification of surgical
risk. Overall, this approach aligns with the global trend
toward personalized surgical treatment based on large-
scale data analysis and the application of Al [16].

In the present study, automated 3D reconstruction
of liver anatomy demonstrated clear clinical benefits
in patients with moderate and high surgical risk,
corresponding to TROPH-L categories II-III. Compared
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Table 3. Diagnostic performance of the HepatoScan Al system in determining the nature of focal liver lesions

Al-assisted group

Conventional planning group

(n = 104) (n = 100) p value

Carcinoma n=30 n=27

sensitivity 92.9 (78.7-98.2) 81.5(63.3-91.8) n.s.

specificity 93 (85.1-97.1) 90 (81.5-95.3) n.s.

AUROC 0.95 (0.89-1.00) 0.88 (0.79-0.97) n.s.
Focal nodular hyperplasia n=22 n=20

sensitivity 88.2 (66.7-95.3) 78.6 (58.4-91.9) n.s.

specificity 90.5 (81.9-95.0) 88 (78.5-93.1) n.s.

AUROC 0.93 (0.85-1.00) 0.87 (0.77-0.97) n.s.
Hemangioma n=22 n=23

sensitivity 96.3 (78.2-99.2) 85 (67.9-95.5) n.s.

specificity 94.2 89.5(80.8-94.6) n.s.

AUROC 0.97 (0.92-1.00) 0.90 (0.81-0.99) n.s.
Simple liver cyst n=30 n=30

sensitivity 98.1(83.3-99.4) 92 (78.7-98.2) n.s.

specificity 95.3(86.9-97.9) 90.8 (82.5-96.0) n.s.

AUROC 0.98 (0.94-1.00) 0.93 (0.86-1.00) n.s.
All types of focal liver lesions

sensitivity 93.3 (88.2-97.1) 84.2 (77.1-90.3) 0.008

specificity 91.8 (86.7-96.4) 88.5(82.4-93.7) n.s.

AUROC 0.95 (0.90-1.00) 0.89 (0.81-0.98) n.s.

Notes: sensitivity and specificity data are presented as percentages with 95% CI (in parentheses), and AUROC as a value with a 95% Cl (in

parentheses).

Al - artificial intelligence; AUROC - area under the receiver operating characteristic curve; Cl - confidence interval; n.s. - not significant.

with standard preoperative planning, the Al-assisted
group showed more favorable intraoperative and
postoperative outcomes: operative time was reduced
by an average of 11%, intraoperative blood loss was
approximately 30% lower, and the need for blood
transfusions was reduced by about 3.2-fold. These
findings reflect improved selection of surgical approach
and extent of resection based on detailed preoperative
3D anatomical analysis.

Our results are consistent with data from multicenter
studies demonstrating that the use of 3D visualization
in liver resection planning leads to statistically
significant reductions in operative time and blood
loss, lower rates of postoperative liver failure and
other complications, and shorter hospital stays [10,
11]. In particular, a recent prospective study showed
that preoperative assessment using 3D reconstruction
is associated with reduced surgical trauma and faster
postoperative recovery compared with standard two-
dimensional navigation [11].

The impact of 3D planning on oncological outcomes
should also be emphasized. According to published
data, the use of 3D navigation facilitates more accurate
definition of resection margins and increases the rate
of RO resections [17]. In the present study, no cases of
positive surgical margins (R1 resections) were observed

in the group undergoing 3D reconstruction, whereas
such cases occurred, albeit infrequently, in the standard
preoperative planning group (2 of 23 patients, 8.7%).
These findings are in agreement with meta-analyses
demonstrating that 3D-assisted liver resections are
associated with wider resection margins and lower
recurrence rates [11, 16, 17].

Furthermore, more accurate calculation of the aFLR
and detailed 3D visualization of tumor relationships with
vascular and biliary structures may have contributed to
a higher rate of parenchyma-sparing yet oncologically
radical resections, avoiding unjustifiably extensive
liver resections. This approach was associated with a
trend toward a lower incidence of severe postoperative
complications (Clavien-Dindo grade > III) and the
absence of perioperative mortality, reflecting improved
surgical safety [17, 18].

Taken together, these findings suggest that integration
of neural network-based algorithms and 3D modeling
can serve as an effective decision-support tool for
personalized surgical planning. Such an approach has the
potential to enhance the quality of preoperative diagnosis
and improve short-term surgical outcomes in patients
with focal liver lesions, making operative planning more
objective and reproducible and surgical interventions
safer and more effective.
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Table 4. Baseline characteristics of patients in the study groups with TROPH-L complexity categories II-lll

Al-assisted group

Conventional planning group

Parameter (n = 54) (n = 55) p value

Age, years 60.5+10.2 61.2+9.8 n.s.
Male / female 29 /25 (54% / 46%) 29/ 26 (53% / 47%) n.s.
BMI, kg/m? 27.4 (24.5;31.2) 27.0 (24.0; 30.8) n.s.
Arterial hypertension 27 (50%) 27 (49%) n.s.
Type 2 diabetes mellitus 11 (20%) 10 (18%) n.s.
Chronic liver disease 5(9%) 7 (13%) n.s.
Cardiovascular diseases 16 (30%) 15 (27%) n.s.
ASA physical status, class

-1l 33(61%) 32 (58%) ns

[ 21 (39%) 23 (42%) ”
Lesion diameter, mm 75 (55; 95) 70 (50; 90) n.s.
Multiple lesions (> 2) 17 (32%) 14 (25.5%) n.s.
Lesion localization

right lobe 32 (59%) 36 (65.5%)

left lobe 16 (30%) 14 (25.5%) n.s.

both lobes 6 (11%) 5(9%)
TROPH-L categories

I 40 (74%) 40 (73%)

[ 14 (26%) 15 (27%) s
Carcinomas, stage n=26 n=23

| 8 (31%) 6 (26%)

1 13 (50%) 12 (52%) n.s.

[ 5 (19%) 5(22%)
Carcinomas, histological grade n=26 n=23

high 8(31%) 7 (30%)

medium 13 (50%) 11 (48%) n.s.

low 5 (19%) 5 (22%)

Notes: quantitative variables are presented as mean with standard deviation (M + SD) or median with interquartile range (Me (Q1; Q3)),
categorical variables are presented as the absolute number of patients with the characteristic and the proportion within the group, expressed

as a percentage (in parentheses).

Al - artificial intelligence; ASA — American Society of Anesthesiologists; BMI - body mass index; n.s. = not significant; TROPH-L - Tumor -
Regional capsule — Outflow veins — Portal vein — Hepatic bile — Localization.

At the same time, widespread implementation of these

systems requires further investigation and resolution
of several organizational and technical challenges. It
should be acknowledged that most studies on Al-based
liver imaging are based on retrospective data from
relatively small cohorts [19], which limits the strength
of conclusions. Nevertheless, the rapid advancement of
machine learning technologies and the accumulation of
prospective clinical data provide grounds to anticipate
an increasingly prominent role for such tools in routine
clinical practice.

Limitations

When interpreting the results of this study, several
limitations should be considered. First, the comparison
between a retrospective cohort (2021-2023) and a
prospective cohort (2023-2025) may reflect not only

the impact of digital technology implementation but
also temporal changes in surgical techniques and
perioperative patient management. Second, the relatively
small sample size - particularly after stratification
by nosological subgroups and TROPH-L complexity
categories — limits the statistical power of the analysis
and the ability to detect differences in certain clinical
outcomes. In addition, different reference standards
were applied for different types of focal liver lesions, and
comparisons involving the HepatoScan Al system were
performed at the level of the final clinical diagnostic
conclusion, which does not fully exclude the influence
of expert interpretation. Finally, the single-center design
of the study and the use of the proprietary TROPH-L
classification may limit the generalizability of the
findings and their direct comparability with results from
other studies.
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Table 5. Clinical effectiveness of the HepatoScan Al system and three-dimensional preoperative modeling

Al-assisted group  Conventional planning group

Characteristic (n = 58) (n = 55) p value

Type of surgical procedure

extended anatomical liver resection 15 (28%) 21 (38%)

non-anatomical (atypical) resection 30 (56%) 25 (46%) n.s.

segmentectomy 9 (17%) 9 (16%)
Operative time, min 160 (135; 190) 180 (150; 210) 0.01
Intraoperative blood loss, mL 280 (200; 400) 400 (300; 600) 0.004
Blood transfusions, number of packed red blood cell units, n 4 13 0.04
RO resection for liver carcinomas, number of patients 26 out of 26 (100%) 21 out of 23 (91%) n.s.
All postoperative complications, number of patients 15 (28%) 22 (40%) n.s.
Severe complications (Clavien-Dindo grades Ill-V), number of patients 5(9%) 10 (18%) n.s.
Length of hospital stay, days 11(9; 13) 12 (10;15) n.s.
In-hospital mortality, number of patients 0 2 (3.6%) n.s.

Notes: quantitative variables are presented as median with interquartile range (Me (Q1; Q3)), categorical variables are presented as the absolute
number of patients with the characteristic and the proportion within the group, expressed as a percentage (in parentheses).

Al - artificial intelligence; n.s. = not significant.

CONCLUSION

In this single-center comparative study, integration
of neural network-based CT analysis with interactive
3D preoperative modeling (HepatoScan AI) was
associated with increased sensitivity for detection
and classification of focal liver lesions compared
with the standard approach. Automated segmentation,
quantitative 3D volumetry, and the TROPH-L
classification enabled standardized assessment of
anatomical complexity and resectability, which
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Validation of a test setup for measuring compression load under
elements of multilayer bandages: an in vitro study
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SECHENOV sdati : :
MEDICAL JOURNAL //\ Validation of a test setup for measuring compression load under elements

& of multilayer bandages: an in vitro study
Summary The developed laboratory test setup allows assessment of compression load distribution and
evaluation of the impact of material stiffness in multilayer compression bandages.

Materials and methods

1 Bandage sample fixation

2 Tonometer cuff application

3  Creation of a pressure of 40 mmHg

4 Recording data from the SGS

Compression
element

Compression load level depending on the materials of the multilayer bandage

Compression element Fixing fabric Stiffness Load
Latex foam sheet + Polyester (high density) low A
Foamed polyethylene + Viscose / polyester medium AA

Dense non-woven material

N g — + Polyester (perforated) high AAA
Zazulin S.K,, Titkova S.M., Anurov M.V., Gabuzov G.G., Chizh E.Yu., Brovkin A.E. Validation of a test setup 14 minutes E
for measuring compression load under elements of multilayer bandages: an in vitro study. Sechenov Medical d =
Journal. 2025; 16(4): 20—30. https://doi.org/10.47093/2218-7332.2025.16.4.20-30 to rea .

SGS - strain-gauge sensors

At |

Aim. To develop and validate a test setup for measuring the load under compression elements (CE) of multilayer
bandages composed of materials with different stiffness.

Materials and methods. Prototypes of multilayer bandages were fabricated in the laboratory by combining three
types of CEs (foam polymer and dense nonwoven viscose material) with three types of fixing fabrics (FF) based on
polyester and viscose/polyester. The test setup consisted of an upper-limb model made of rigid plastic covered with
artificial skin and a block with two strain-gauge sensors that recorded the load in gram-force (gf) under the CE area
and in a control zone without a CE at an external pressure of 40 mmHg. For each CE-FF combination, 10 repeated
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measurements were performed in two regions of the sample (60 values per sensor per group), and the data were
analysed using nonparametric statistical tests.

Results. The load under the CE differed significantly between groups (p < 0.001) and depended on the type and
stiffness of the material: the median load under type 3 CE with the highest stiffness was 259.4 (252.6; 263.3) df,
whereas under type 1 CE with the lowest stiffness it was 149.9 (145.1; 171.9) gf. Type 2 CE produced intermediate
values of 241.7 (206.4; 259.3) gf. Testing of the FFs also showed statistically significant differences in pressure in
the absence of a CE (p < 0.001): the highest load was recorded under type 2 FF (viscose/polyester) at 141.0 (140.2;
142.1) gf, and the lowest under type 1 FF made of polyester with higher surface density at 14.5 (14.3; 15.6) gf; type
3 FF provided an intermediate level of 65.7 (64.9; 69.3) gf.

Conclusion. The developed in vitro setup shows high sensitivity to differences in CE stiffness and FF properties and
can be used as a screening tool for quantitative comparative assessment of multilayer bandage prototypes with
locally differentiated compression areas prior to in vivo studies.

Keywords: peripheral edema; lymphedema; compression therapy; complex decongestant therapy, short-stretch
bandage; differentiated compression

MeSH terms:

EDEMA - THERAPY

COMPRESSION BANDAGES

LYMPHEDEMA - THERAPY

For citation: Zazulin S K., Titkova S.M., Anurov M.V, Gabuzov G.G., Chizh E.Yu., Brovkin A.E. Validation of a test setup
for measuring compression load under elements of multilayer bandages: an in vitro study. Sechenov Medical Journal.
2025; 16(4): 20-30. https://doi.org/10.47093/2218-7332.2025.16.4.20-30
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Banupgauusa ucnbiTaTeNbHOro cTeHAa AN U3MepeHus
KOMMNPEeCCUOHHOM Harpy3Ku nop, 3a/fieMeHTaMu MHOIOCJIOMHbIX
NoBA3OK: UccrnepgoBaHue in vitro
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AH H 0T Ly

Lenb. Pa3paboTtarb v BanyAMpOBaTb UCMbITATENbHbIA CTEHA ANS U3MEPEHWS HArpy3KM MOA KOMMPECCUOHHbBIMY
anemeHTamu (K3) MHOroCNOAHbIX MOBA30K, COCTOSLLMX U3 PA3INYHbIX MO XKECTKOCTY TUNOB MaTepuana.
Marepuanbl u meTogbl. J1TabopaTOPHO M3rOTOBAEHBI MPOTOTUMbI MHOFOC/OMWHbIX MOBA30K MYTEM COYETAHNS TPeX
TNoB K3 (13 neHononMmMepa v NA0THOr0 HETKAHOro MaTepuana 13 BIUCKO3bl) 1 TPeX TUMOB DUKCHPYHOLIMX NONOTEH
(®IM) Ha ocHoBe NonMadupa 1 BUCKO3bl/Nonnadupa. McnbiTaTenbHblidi CTEHA NPeACcTaBAs COB0I MaKeT BEPXHE
KOHEYHOCTM 13 TBEPAOr0 NNACTMKA C UCKYCCTBEHHOM KOXET 11 BIOKOM 13 ABYX TEH30PE3UCTUBHBIX AaTHYUKOB, peru-
CTPUPYIOLLMX HarpysKy B rpaMmax cunbl (rc) nof y4acTkom ¢ K9 1 KOHTPONbHOM 30HOM 6e3 KO npy BHeLIHEM AiaB-
neHun 40 mm pr. cT. [Ans kaxaoi kombuHaumn K3—®OrN BbinonHsanv no 10 NOBTOPHbLIX M3MePEHUIA B IBYX 30HaX 06-
pa3ua (60 3HaueHuiA ¢ gaTynKa B rpynne); aHaan3 NPOBOAUIN C UCMONb30BAHNEM HeNnapaMeTpUYECKNX KpUTEPHEB.
Pesynbratbl. Harpyska nog K9 ctaTucTuyecku 3Ha4MmMo pasnuyanacb Mexay rpynnamu (p < 0,001) u 3aBucena
OT TWMa W XECTKOCTW MaTepuana: MefnaHa Harpysku nog K3 3-ro tuna ¢ MakcumanbHOM XeCTKOCTbO COCTaBwIa
259,4 (252,6; 263,3) rc, Toraa kak nog K9 1-ro Tmna ¢ MUHMManbHOi )ecTkocTbio — 149,9 (145,1;171,9) rc. K9 2-ro
TMNa GOPMMPOBAN NPOMEXYTOYHbIE 3HaueHns — 241,7 (206,4; 259,3) rc. VicnbiTaHus O nokasanu CTaTUCTUYECKN
3HauMMble pas3nuuus aaBneHus B otcyteTeue K3 (p < 0,001): MakcmanbHas Harpyaka 3apeructpuposana nog el
2-ro Tuna (Buckosa/nonunacdup) — 141,0 (140,2; 142,1) rc, MuHumansHas — nog @1 1-ro Tvna u3 nonnadmpa c 601b-
LIeil NOBEPXHOCTHOI NNOTHOCTbIO — 14,5 (14,3; 15,6) rc; ®I1 3-ro Tvna o6ecneynBano NPOMeXXYTOYHbIA YPOBEHb —
65,7 (64,9; 69,3) rc.

3aknioueHue. PaspaboTaHHbIi in vitro CTEHA AEMOHCTPUPYET BbICOKYH) YYBCTBUTEABHOCTb K Pa3NnNunaM XKECTKO-
ct K3 1 ceorct O U MOXET UCMOMb30BaTbCA KaK CKPUHUHIOBbIA MHCTPYMEHT ANS KONMYECTBEHHON CPaBHU-
TeNIbHOM OLiEHKM NMPOTOTUMOB MHOTOCNOMHBIX MOBA30K C y4YacTkamu AnddepeHuUMpoBaHHON KOMNPECCUM 0 Npo-
BeJEeHNS uccnefoBaHuii in vivo.

KnioueBble cnoBa: nepudepuyeckme oTeku; nuMmdenema; KOMNpeccuoHHas Tepanus; KOMNIeKcHas AeKOHrecTHB-
Has Tepanus, BUHT KOPOTKOW PacTHXKUMOCTH; AnhdepeHLMpoBaHHas KOMNPECCHs

Py6pukn MeSH:

OTEK - TEPAMUS

KOMMPECCWOHHbBIE MOBA3KM

JTMMOELEMA - TEPAMNNA

Ona yntnpoBanusa: 3asynuH C.K., TutkoBa C.M., AHypoB M.B., Mabysos I, Ymx E.10., bpoBkuH A.E. Banupa-
UMA UCMbITaTeNbHOTO CTeHAa ANF M3MEepeHWUst KOMMPECCUOHHOW Harpy3ku noj 37eMeHTaMu MHOTOCIONHbIX
NoBSI30K: MccneaoBaHnue in vitro. CeyeHoBcKniA BecTHUK. 2025; 16(4): 20-30. https://doi.org/10.47093/2218-
7332.2025.16.4.20-30
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CooTBeTCcTBME MPUHIMIIAM 3THKI. VcciienoBanyie GbIIO TIOCBSIIEHO Pa3spaboTKe U in Vitro VCIbITAHMSIM 9KCIIEPYMEHTAIbHOTO CTeH A
M HEe BKJTIOYAJIO SKCIIEPUMEHTDI C YIaCTIEM JIFOIEN VUM SKUBOTHBIX, TOITOMY OHOOPEHMEe STMUECKOTO KOMUTETA He TPeGOBaIOCh.

JoCTym K JAaHHBIM MCC/IeA0BaHMs. [JaHHbIe, TOATBEPsKAAIOIINE BEIBOIbI 3TOTO MICCIIEIOBAHNST, MOKHO TIOJTYUUTh Y aBTOPOB 10 060CHO-
BaHHOMY 3arpocy. [laHHbIe U CTaTUCTUUECKIe METOIbI, TPEICTABIEHHbIE B CTaThe, MPOIILIM CTATUCTUUECKOE PelleH3MPOBaHIe PeIaKTo-

POM JKypHaJIa — CepTUOUIMPOBAHHBIM CITEIMAICTOM 0 6MOCTaTUCTHKE.
KoudukT MHTEpecoB. ABTOPbI 3asIBJISIIOT 06 OTCYTCTBMM KOHQIIMKTA MHTEPECOB.
dunancupoBaHme. VccienoBaHye BBIIIOJHEHO 3a cueT rpanTa Ponpa comerictsus naHoBanysm Ne 89526 or 11.12.20232%

IMocrymmra: 13.09.2025
IIpunsra: 25.11.2025
Hara meuarn: 30.12.2025

Abbreviations:

CE - compression element

DC - differentiated compression
FF - fixing fabric

gf — gram-force
HSC - hardware and software complex
SGS - strain-gauge sensor

Placement of two strain-gauge force sensors on the test bench enables simultaneous measurement of the applied load under
standardized external pressure beneath distinct components of a multilayer bandage, including a compression element and a fixation

nonwoven fabric.

The load distribution across bandage components is significantly influenced by both the stiffness of the compression elements and the
type of the fixation nonwoven fabric. These factors should be taken into account in prototype design and material selection.

The proposed model represents a reproducible screening tool for the comparative assessment and optimization of multilayer bandage
prototypes with differential compression zones during in vitro development.

Peripheral edema is a general clinical term used to
describe chronic edema persisting for more than three
months and characterized by complex, multivariate
pathogenesis [1]. The prevalence of this condition
reaches 20% among the working-age population,
resulting in significant medical, social, and economic
burden [2], including a significant reduction in
patients' quality of life [3]. In clinical practice,
peripheral edema often develops as a complication of
anticancer treatment [4] and may be accompanied by
the development of panniculitis [5] and progressive
tissue fibrosis [6].

One of the leading clinically significant forms of
peripheral edema is lymphedema, characterized by the
accumulation of protein-rich interstitial fluid in the skin
and subcutaneous tissue due to primary or secondary
lymphatic drainage impairment [7]. According to
literature data, over the past 10-15 years, the prevalence
of lymphedema worldwide has been estimated at 140-250
million people [8-10]. In the Russian Federation, official
statistics on lymphedema are not maintained. However,

according to estimates by the Russian Association of
Lymphologists, based on data from the World Health
Organization, the number of patients with lymphedema
in the country may could be as high as 10 million [11].
Over the past decade, there has been an increase in the
incidence of lymphedema which is associated with an
ageing population and the increase in the number of
patients with cancer [4].

Due to its chronic nature, lymphedema requires long-
term, step-by-step treatment based on the anatomical and
functional characteristics of the lymphatic system [12].
Modern approaches to lymphedema therapy are based
on the principles of Complex Decongestive Therapy,
developed by M. Foldi [13], which includes compression
bandaging as a key component. Compression therapy
determines the effectiveness of reducing the volume of
limb edema [14].

To improve patient self-care and prevent recurrence
of edema, multilayer compression bandaging techniques
are widely used. In recent years, new materials and design
solutions have been developed for the formation of

2 Mowup copmericTBus MHHOBaLMsIM. https://online.fasie.ru/m/user-projects/registry (mara o6patenus: 25.09.2025).
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multilayer compression bandages, including mobilizing
systems with volumetric elements that perform a
compressive function and generate locally differentiated
pressure; hereinafter referred to as compression elements
(CE). Examples of such systems that implement the
principle of locally differentiated pressure through the
use of foam polymer elements placed between layers of
nonwoven materials are described in the literature. When
exposed to external compression, areas of increased
pressure are formed in the area of the volumetric
elements, which facilitates the redistribution of edema
fluid to surrounding areas with lower pressure and
improves its reabsorption into venules and lymphatic
capillaries [15, 16].

Currently, there are no registered mobilizing
multilayer compression systems of this design on the
Russian market, limiting the potential for comprehensive
anti-edema therapy for lymphedema and edema of other
etiologies. The development and commercialization of
domestically produced alternatives is hampered, in part
due to the lack of standardized testing methods and test
setups for objectively evaluating the effectiveness of
prototypes under development.

Aim. To develop and validate a test model for
measuring the load beneath CE of multilayer bandages
composed of materials with different stiffness.

MATERIALS AND METHODS

The study was conducted in two stages: the first
stage (June 24, 2024-October 18, 2024) involved
the production of multilayer compression bandage
prototypes and the development of a test setup; the
second stage (November 8, 2024-November 22, 2024)
involved testing the developed model.

Stage 1

Manufacturing multilayer compression bandage

prototypes

Nine multilayer bandage samples were laboratory-
fabricated to replicate the differentiated compression
(DC) achieved by similar compression bandages
from foreign manufacturers. Each multilayer bandage

consisted of a CE placed between two layers of fixing
fabric (FF). Three types of CE and three types of FF were
used in the study (Table).

Each multilayer bandage consisted of CE placed
between two layers of FF. Nine types of multilayer
bandages were studied: each of the three types of CE
was married with each type of FF. The analysis used
aggregated data separately by CE type or by FF type.

Development of a test setup

To simultaneously record pressure under various
components of a multilayer bandages with DC areas, a
test setup simulating a human limb was developed. The
model is made of hard plastic covered with artificial
skin. The setup has a rigid platform (mounting socket)
for a block with two strain-gauge sensors (SGSs) and
contact pads above them (Fig. 1). This block is placed
inside the mounting socket. Herewith the SGSs are at
the level of artificial leather and record in grams-force
(gf) the applied load of the test object (compression
bandages), placed under the cuff of a tonometer that
generates external pressure.

To convert signals coming from the SGSs, a
hardware and software complex (HSC) recorder was
developed and manufactured. The HSC includes an
ESP32 microcontroller (Espressif Systems, China),
two analog-to-digital conversion modules based on
the HX711 microcircuit (integrated circuit: Avia
Semiconductor (Xiamen), China; module manufacturer:
Shanghai Ruichi Industry Co., China), with a built-
in programmable amplifier with a gain of up to 128
and 24-bit operation, as well as two MLC616C SGSs
(Manyyear Technology Company Limited, China) with
a permissible measurement range from 0 to 5 kg. The
developed HSC is connected to a personal computer via
a USB cable to receive power and transmit the recorded
signals. A load recording system consisting of two SGSs
and two contact pads above them, supports, and a unit
with recording electronic devices was manufactured and
mounted.

The developed microcontroller program code the
initial initialization of the two SGSs and the amplifier

Table. Characteristics of the components used in compression bandages

Components 40;(’::[? e
compression Material Density def P Production
bandages eformation,
kg/cm?

CE-1 Latex foam sheet 0.177 kg/cm? 0.082 Experimental sample made by the authors
CE-2 Foamed polyethylene 0.225 kg/cm? 0.123 Experimental sample made by the authors
CE-3 Dense non-woven material based on viscose  0.225 kg/cm? 0.147 Experimental sample made by the authors
FF-1 Non-woven fabric - polyester 100% 45 g/m? Avangard LLC, Russia
FF-2 Non-woven fabric - viscose/ polyester 30/70% 40 g/m? Avangard LLC, Russia
FF-3 Non-woven perforated fabric - polyester 100% 40 g/m? Medline LLC, China

Note: CE - compression element of type 1, 2 or 3; FF - fixing fabric of type 1, 2 or 3.
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FIG. 1. Test setup simulating a human limb.

Note: 1 and 2 - strain-gauge sensors, 3 — mounting socket.

chips with analog-to-digital converters. Then,
readings are taken sequentially from the two SGSs,
first from the first, then from the second, with a one-
second interval between readings. The following data
is transmitted to the PC via a USB cable and COM
port every second: the measurement time elapsed
since the HSC was turned on (in seconds), and the
load values recorded on the first and second SGS
(in gf). The accuracy of the SGSs readings is 0.01 gf.
The data received from the HSC is written to a text file
on the personal computer for subsequent processing
and analysis.

Stage 2

Calibration of the developed model

The developed model was calibrated under
experimental conditions before each series of tests. The
load on the first SGS was recorded without a load and
with a load equivalent to 5g. Before testing each of the
three types of CE, five calibration tests were performed
without the CE on the SGS I and with the CE secured
on the SGS II without fixing bandage. For all tests, the
CE size indicated the size of the sensor contact pad.
The load was recorded during the first five seconds
(Supplementary materials on the journal’s website
https://doi.org/10.47093/2218-7332.2025.16.4.20-30-
annex).

Testing multilayer bandages prototypes

In three groups of samples, each grouped based on the
type of CE material and the type of FF used, 10 repeated
load measurements were taken in two randomly selected
areas of each Prototype (a total of 60 readings from
each sensor for each group). The Prototype size for the
measurements was determined by assuming a clinically
significant difference in load under the different CE

XUPYPI'UNA

types of 25% at a significance level of 0.05 and a power
of 80% (B = 0.20).

During the study, the load values recorded on the first
and second SGSs (in gs) were recorded every second
for 10 minutes after applying the cuff of a mechanical
tonometer and creating a pressure of 40 mmHg in it.

The strain gauge test protocol included the following
steps:

1. Fixing the multilayer bandage sample to the test
stand (Fig. 2A).

2. Mechanically removing the CE in the SGS I
projection.

3. Fixing the sample to the test stand using a Peha-
haft® cohesive self-adhesive bandage (Paul Hartmann
AG, Germany).

4. Applying the mechanical tonometer cuff (Fig. 2B).

5. Inducing a predetermined pressure level
in the cuff, simulating the pressure generated by
a compression bandage on the specimen under a
multilayer bandage.

This protocol allowed for simultaneous recording
of the load under the area with CE and the control
area without CE, allowing for a comparison of the
contribution of the multilayer bandage construction
and the applied FF to local pressure formation. This
allowed for the evaluation of the effectiveness of
different CE types under simulated imitation of local
pression load. This allowed for the evaluation of the
effectiveness of different CE types under simulated
compression load.

Statistical analysis

Quantitative indicators were assessed for normal
distribution using the Kolmogorov-Smirnov test.
Descriptive statistics were presented as medians and
interquartile ranges (25th and 75th percentiles) for

CEYEHOBCKU BECTHUK T. 16, Ne 4, 2025 / SECHENOV MEDICAL JOURNAL VOL. 16, No. 4, 2025 25



SURGERY

FIG. 2. Stages of strain gauge tests on the developed test setup.

A. Fixing the multilayer bandage sample to the simulator of a human upper limb.
B. Applying the cuff of a mechanical tonometer to the upper bandage to create an external pressure of 40 mm Hg.

Note: T — multilayer bandage; 2 - cuff of a mechanical tonometer; 3 — a hardware and software complex that records signals from strain-gauge

sensors and transmits data to a personal computer.
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FIG. 3. Load recorded during the study of compression
element sample.

Note: CE - compression element type 1, 2 or 3; gf — gram-force.

continuous variables with a non-normal distribution.
Since the data were non-normally distributed, the
Kruskal-Wallis test was used to compare results
between groups. If statistically significant differences
were detected between groups, paired comparisons
were additionally performed using Dunn's post-hoc test.
Differences in indicators were considered statistically
significant at a significance level of p < 0.05. Statistical
analysis was performed using Statistica 13.3 (StatSoft.
Inc., USA).

RESULTS

The load recorded on the SGS II under the CE
differed statistically significantly between groups
and depended on the type and stiffness material of
the CE (p < 0.001). The maximum load was recorded

under the type 3 FF, characterized by the highest
stiffness, and amounted to 259.4 (252.6; 263.3) gf.
The minimum load was observed under the type 1 FF
with the minimum stiffness - 149.9 (145.1; 171.9) gf
(Fig. 3).

The type 2 FF occupied an intermediate position: the
recorded load was 241.7 (206.4; 259.3) gf and statistically
significantly differed from both the values obtained for
the type 1 and type 3 FF. The data obtained showed
that an increase in the CE stiffness was accompanied
by an increase in the local load recorded beneath it, all
other conditions being equal. The load recorded beneath
the blended nonwoven viscose-polyester FF (FF-2)
combined with CE 2 made of polyethylene foam was 1.6
times greater than the load recorded beneath the sample
with FF-1 made of polyester nonwoven fabric combined
with CE-1 made of latex foam.

The test setup also allowed us to record statistically
significant differences in the load on the TSG I generated
by different types of FF (p < 0.001). The highest load
was recorded under FF type 2, made of a blended non-
woven material (viscose/polyester), and amounted to
141.0 (140.2; 142.1) gf.

The minimum load was recorded under FF type 1,
made of polyester with the highest surface density -
14.5 (14.3; 15.6) gf. FF type 3, also made of polyester
but with a lower density, generated an intermediate
load level - 65.7 (64.9; 69.3) gf, which was statistically
significantly different from the values for FF types 1
and 2 (Fig. 4).

DISCUSSION

One of the modern methods for treating peripheral
edema, in whose pathogenesis lymphedema plays a
significant role, is Complex Decongestive Therapy,
and its effective component is compression bandaging
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[15] using a multilayer bandage with areas of DC [16].
The development and production of such a product is
associated with difficulties. It is necessary to select a
material for each component (CE and FF), and also to
study its compressive properties. While determining the
mechanical properties of each component individually
is not difficult, evaluating the effectiveness of a finished
prototype of a multilayer bandage with areas of DC
is currently practically impossible due to the lack of
model setups and standard requirements for testing such
products.

We developed a test setup consisting of simulating a
human upper limb (a hard plastic covered with artificial
skin) with a rigid platform for a block with two SGSs
capable of simultaneously recording the load under
various components of a multilayer bandage. The
setup's design enables synchronous load recording in
two zones: in the CE projection and in the zone under
the FF in the absence of the CE. This measurement
scheme is aimed at comparing the local CE impact
with the "background" pressure of the multilayer
structure, thereby enabling a more practical selection
of prototypes.

In vitro pressure and stiffness measurement is a
well-known method used to classify medical elastic
compression devices. This relatively simple approach
allows for easy reproducibility and recording of
results [17-20]. There are models that measure
pressure using a strain gauge and a pressure gauge.
However, the sensors in these models record the
overall pressure, not the selective pressure of the CE,
while the external pressure gauge records the pressure
on the surface of the limb [21, 22]. At the same time,
it is the ratio of the pressure under the CE to the
pressure under other zones of the multilayer bandage
that can become a determining indicator for assessing
the potential effectiveness of the product and selecting
prototypes for further testing. Since it is assumed that
multiple CEs, which are placed in a certain order in
the bandages, create a significant pressure difference
between the area in the projection of the CE and the
area surrounding it, which improves lymph flow in the
affected limb [23].

The developed test setup proved to be a sensitive
instrument, allowing us to record statistically significant
differences in the load under CEs with different
stiffnesses, both when the stiffness difference reached
1.8 times (between CE types 1 and 3) and when the
stiffness difference did not exceed 1.1 times (between FE
types 2 and 3). Statistically significant differences were
also recorded between the loads exerted by different
types of FFs. The maximum load in the absence of
FEs (141.0 gf) was demonstrated by a blended viscose/
polyester nonwoven fabric.
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FIG. 4. Load recorded during the study of fixing fabric sample.
Note: FF - fixing fabric type 1, 2 or 3; gf - gram-force.

In the trials, a pressure of 40 mmHg was chosen
to simulate the pressure generated by a multilayer
compression bandage. The literature notes that lower
pressure may be preferable for upper limb lymphedema,
while the range of 40-60 mmHg appears to be more
effective for lower limb lymphedema or when targeting
specific areas of the upper limb (forearm, back of hand)
[24, 25].

An original experimental model for recording
pressure under the components of a multilayer bandage
for in vitro studies has been developed. Comparison with
existing international developments is difficult: despite
the widespread use of SGS for assessing the functional
characteristics of compression devises in preclinical and
clinical studies [26, 27], no systems capable of recording
selective pressure generated by individual layers of CE
have been identified in the available literature.

An additional element of novelty is the choice of the
limb model. Rigid limb mannequins are traditionally
used to reproduce the conical shape of the limb [28].
However, even when using polyurethane foam pads,
such systems do not consider natural skin turgor which
can lead to significant discrepancies between the results
and in vivo data. According to existing publications,
similar approaches to experimental modeling have not
been described; standardized data on protocols, device
design, measurement methods, software, as well as the
accuracy and permissible errors of pressure recording
are also lacking [24].

Taken together, this allows us to consider the
proposed model as an important intermediate link
between the assessment of the properties of individual
materials and subsequent studies of the functionality of
multilayer compression bandages under conditions as
close as possible to clinical ones.
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Study limitations and directions for further

research

The tests performed using the developed setup were
conducted under experimental conditions and were static
tests. This approach ensures standardization of external
influences and comparability of results between samples
but does not reflect the dynamic characteristics of
compression textiles during limb movement and position
changes.

This protocol did not evaluate changes in load with
limb volume fluctuations, nor the possible evolution of
the texture and mechanical properties of the materials
over time. Furthermore, an in vitro model cannot
fully reproduce the influence of physiological factors,
including variability in soft tissue properties, skin turgor,
and limb contour heterogeneity, which can alter load
distribution under the bandage components.

A promising direction for further work could be to
conduct a series of tests at different levels of external
pressure to evaluate the load generated by individual
components of a multilayer bandages with DC areas.
It is also advisable to develop protocols that simulate
dynamic conditions (movement, change in position and
change in limb volume) and evaluate the stability of the
load during long-term use of the bandage.
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Development and validation of an environmental protocol
to enhance sleep and pain outcomes in intensive care
unit patients
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& and pain outcomes in intensive care unit patients 1Z
Summary Sleep disturbance and pain are major burdens in intensive care units, and a multimodal h
environmental assessment protocol was developed and validated, preliminary x__
associations with sleep quality and pain intensity evaluated over three nights. 2 U SN
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Waladani B., Setianingsih E., Hidayah M.N.W. Development and validation of an environmental protocol
to enhance sleep and pain outcomes in intensive care unit patients. Sechenov Medical Journal.
2025; 16(4): 31-40. https://doi.org/10.47093/2218-7332.2025.16.4.31-40

Abstract

Aim. To develop a multimodal environmental modification protocol for the intensive care unit (ICU) and evaluate its
feasibility and preliminary associations with sleep quality and pain intensity in patients.

Materials and methods. A quasi-experimental, single-arm study involving 152 adult patients was conducted from
June to August 2025 in the ICU of a Type B hospital in Central Java, Indonesia. Environmental modifications included
six interventions: earplugs, eye masks, music therapy, lavender aromatherapy, lighting adjustments, and noise
reduction measures, which were applied daily for three consecutive nights (content validity = 0.94). Sleep quality
was measured using the Richards-Campbell Sleep Questionnaire (RCSQ), and pain intensity was measured using
the numeric rating scale (NRS). Paired t-tests, 95% confidence intervals (Cl), and Cohen's d were used to describe
intervention effectiveness. Normality of distribution was tested using the Shapiro—-Wilk test.

Results. All 152 ICU participants completed the three-day protocol, with overall adherence being 94%. Mean RCSQ
scores improved from 34.6 with 11.3 to 51.8 with 10.6 (95% Cl: 15.46-18.94; paired t-test, p < 0.001; Cohen's d =
1.57). Mean NRS scores decreased from 4.7 with 1.8 to 2.8 with 1.3 (95% Cl: -2.15 to -1.65; paired t-test, p < 0.0071;
Cohen's d = 1.21). No adverse events were noted. Objective environmental monitoring (subsample n = 40) showed a
mean reduction in noise and lighting levels at the patient's bedside during the intervention.

Conclusion. The protocol for creating a positive environment in the ICU was feasible, acceptable, and resulted in
subjective improvements in sleep quality and pain intensity in patients.

© Waladani B., Setianingsih E., Hidayah M.N.W., 2025

CEYEHOBCKU BECTHUK T. 16, Ne 4, 2025 / SECHENOV MEDICAL JOURNAL VOL. 16, No. 4, 2025 31


https://crossmark.crossref.org/dialog/?doi=10.47093/2218-7332.2025.16.4.31-40&domain=pdf&date_stamp=2025-12-30

SURGERY ____________________________________________________________________|

Keywords: intensive care unit; environmental modification; sleep quality; pain management; feasibility study

MeSH terms:

DYSSOMNIAS - DIAGNOSIS

DYSSOMNIAS - THERAPY

DYSSOMNIAS - ETIOLOGY

ENVIRONMENTAL EXPOSURE — ANALYSIS

ENVIRONMENTAL EXPOSURE - PREVENTION & CONTROL

INTENSIVE CARE UNITS

SLEEP QUALITY

For citation: Waladani B., Setianingsih E., Hidayah M.N.W. Development and validation of an environmental protocol
to enhance sleep and pain outcomes in intensive care unit patients. Sechenov Medical Journal. 2025; 16(4): 31-40.
https://doi.org/10.47093/2218-7332.2025.16.4.31-40

CONTACT INFORMATION:

Barkah Waladani, Assistant Professor, Department of Critical Care Nursing, Faculty of Health and Science, Universitas Muhammadiyah
Gombong (UNIMUGO).

Address: 461, Yos Sudarso str. Gombong, Kebumen, 54412, Indonesia

E-mail: barkah.waladani@gmail.com

Ethics statements. The study was conducted in accordance with the ethical principles outlined in the World Medical Association
Declaration of Helsinki for biomedical research involving human subjects. The protocol was reviewed and approved by the Health
Research Ethics Committee of Universitas Muhammadiyah Gombong, Approval No. 110.6/11.3.AU/F/KEPK/V/2025. Written informed
consent was obtained from all patients included in the study or their legally authorized representatives.

Data availability. The data that support the findings of this study are available from the corresponding authors on reasonable request.
Data and statistical methods used in the article were examined by a professional biostatistician on the Sechenov Medical Journal editorial
staff.

Conflict of interest. The authors declare that there is no conflict of interests.

Financing. The study was supported by a research grant from the Ministry of Education, Culture, Research, and Technology of the
Republic of Indonesia (Kemendiktisaintek), Grant No. 0070/C3/AL.04/2025".

Received: 03.10.2025
Accepted: 09.12.2025
Date of publication: 30.12.2025

VIK 616.8-009.836.14-084

Paspa6oTka 1 BanupaLmsa NpoToKona MoauduKaLmm oKpyXKaioLlen
cpepnpbl, BNUsIIOLLEe Ha KAYeCTBO CHa U MHTEHCUBHOCTb 601U
y NauMeHTOB OoTAEeNEeHUsI UHTEHCUBHOM Tepanum

B. Banagaun™’, D. Cernannuarcux, M.H.B. Xupas
Vuueepcumem Myxammadus 8 I'ombonze (UNIMUGO)
yn. Hoc Cydapco, 0. 461, 2. TomGone, Kebymen, 54412, Hndonesus

AHH 0T Ly 11—

Llenb. Paspa6oTaTb MynbTUMOAANbHbIA NPOTOKON MOANMUKALMN OKpYXXatoLLEel cpefbl AN OTAENeHUs peaHuMa-
LW 1 UHTEHCKBHON Tepanun (OPWT), NnpoBecTy OLEHKY ero ocyl|eCTBMMOCTY U NPeABapUTENbHbIX CBA3EN C Kaye-
CTBOM CHA M MHTEHCMBHOCTbBIO 60N Y NaLEHTOB.

Matepuanbl n metogbl. KBasnaKcneprMeHTanbHOe OfHOTPYNMNOBOE UCCNefoBaHue C yyacTvem 152 B3pOCIbIX
NaLWeHTOB NPOBOAMNOCH C MOHSA No aBrycT 2025 roga B OPUT 601bHMUBI TUNa B B NpoBMHLMK LieHTpanbHas fBa,
NHpoHesus. Moandukaumns oKpyxatoLeit cpefbl BKIKYana 6 MHCTPYMEHTOB: 6epyLUn, MacKn ANs ras, My3blkoTe-
panus, apomarepanus ¢ 1aBaH/oN, perynnpoBKa OCBELLEHUA Y MEPbI MO CHKEHUIO LWYMa, KOTOPble MPUMEHSUCH

! List of Research Program Funding Recipients 2025, Indonesia. Number: 0070/C3/AL.04/2025. Grant No. 127/C3/DT.04.00/PL/2025 (access
date: 12.12.2025).
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eXelHEBHO B TeYEHMe Tpex NocneoBaTebHbIX HoYelt (cofepxaTtenbHas BanuaHocTb = 0,94). KayecTBo CHa M3meps-
NOCb C MOMOLLbHO OMPOCHMKa cHa Puyapaca — Kamnéenna (RCSQ, Richards — Campbell Sleep Questionnaire), a UHTeH-
CMBHOCTb 60/11 — C MOMOLLIbO YACNOBOIA peiiTuHroBol wkanbl (NRS, numeric rating scale). ins onncaqns ahhexTms-
HOCTM BMeLLaTeNbCTBa 1CMo/b30BaNNCh napHble t-kputepui, 95% AoBepuTeNbHble MHTepBanbl (M) v cTaHgapTHOe
OTK/IOHeHKe d KosHa. HopManbHOCTb pacnpefefieHns npoBepsaiach ¢ NoMoLLbio kputepus Lannpo — Yunka.
Pe3ynbratbl. Bce 152 yyacTHuka OPUT 3aBepimnamn TpexaHeBHbIA NPOTOKOA, 06LLas NPUBEPXEHHOCTb COCTaBMNa
94%. CpepnHue 6annbl no wkane RCSQ ynyywmnucs ¢ 34,6 + 11,3 no 51,8 + 10,6 (95% [AN: 15,46-18,94; napHbiii
t-kpuTepuid, p <0,001; koadduumeHT KosHa d = 1,57). CpegHne 6annbl no wkane NRS cHmanancb c 4,7+ 1,8 10 2,8 +
1,3 (95% W: o1 -2,15 no -1,65; napHbiit t-kputepuid, p < 0,007; koadduumeHT KosHa d = 1,21). HexenaTenbHbIx
ABNEHMI He 0TMeYeHo. O6BEKTUBHbIA MOHUTOPUHT OKpYXKatoLleit cpeabl (noaBbibopka n = 40) nokasan cpefHee
CHVKEHWE YPOBHS LyMa 11 OCBELLEHUS Yy NOCTENN 60/IbHOMO B Yacbl NPOBEAEHUS BMELLaTeNbCTBa.

3akntoueHmne. pOTOKO/ MO CO3AaHWIO BnaronpuaTHoi cpedbl B OPYT oka3ancsa ocywecTB/MbIM, NPUEMIEMbIM
n obecneynn cybbekTUBHOE YyuULeHNe Ka4eCTBa CHa U CHIKEHWE MHTEHCUBHOCTY 60N Y NaLMEHTOB.

KnioueBble cnoBa: oTfiefieHVie MHTEHCUBHOI Tepanuy; MoanduKaLms OKpyXatoLLei cpefbl; KayeCcTBO CHa; 06e360-
JIMBAHVE; @aHaNN3 OCYLLECTBUMOCTH

Py6puku MeSH:

JNCCOMHNA = ANATHOCTUKA

JNCCOMHUA - TEPATINA

JNCCOMHUA - 3TNOM0Tnd

OKPY)KAIOLLEEV CPEbI ®AKTOPBI BO3AENCTBUA — AHANN3

OKPYYKAIOLLEEV CPEbl ®AKTOPbHI BO3AENCTBUA — MPOGUITAKTUKA W KOHTPO/b

WHTEHCWBHOW TEPANW OTAENEHNE

CHA KAYECTBO
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KaLn OKpYXatoLLeii cpefbl, BAMSAIOLLEHA Ha Ka4eCTBO CHa W MHTEHCUBHOCTb 60K Y NALMEHTOB OTAENEHNS NHTEH-
CUBHOIA Tepanun. CeyeHoBckuiA BecTHUK. 2025; 16(4): 31-40. https://doi.org/10.47093/2218-7332.2025.16.4.31-40
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Abbreviations:
AE - adverse events
ICU - intensive care unit

NRS - numeric rating scale
RCSQ - Richards-Campbell sleep questionnaire
SD - standard deviation

HIGHLIGHTS KNIOYEBBIE MOJIOXKEHUA

Despite advances in critical care technologies, nurses continue
to face constant stress, heavy workloads, and limited capacity to
address patients' non-pharmacological needs.

Routine clinical priorities often focus on physiological stabilization
of patients, while environmental factors such as sleep disturbances
and pain sensitivity receive less systematic attention.

In resource-limited intensive care settings, the absence of
standardized, nurse-led environmental protocols further limits the
integration of holistic care into daily practice.

Addressing these gaps requires feasible, structured, and context-
appropriate interventions that can be consistently implemented by
bedside nurses.

Sleep disturbance and pain management remain major
issues in intensive care unit (ICU) worldwide [1, 2]. A
systematic review and meta-analysis A. Ashghab et al.
[3] reported that approximately 66% of critically ill adult
patients experienced sleep disturbance during their ICU
stay, with these disturbances persisting for months after
discharge. Another large observational study L. Alegria
et al. [4] involving non-sedated ICU patients suggested
that not only pain, but also environmental lighting, noise,
and frequent nighttime care interventions were strongly
correlated with poor sleep quality; similar findings have
been reported previously [5, 6]. Sleep disturbances have
been linked to impaired respiratory performance, an
increased risk of delirium, longer duration of mechanical
ventilation, and higher ICU mortality [7-10].

Despite growing awareness, most interventions
assessed in recent years focused on single-component
strategies such as earplugs, eye masks, noise
suppression, or music therapy [11, 12]. In many studies,
these interventions produced modest improvements, but
standardization of combined environmental modification
was lacking. Reviews called for multicomponent
protocols, validated tools, and feasibility data to
implementation guide [13]. Studies assessing the
content validity of such interventions, adherence, and
acceptability among ICU patients under real-world
constraints were often lacking in healthcare settings in
low- and middle-income countries [14-17].

The novelty of this study remained in designing
integrated, validated environmental protocols and
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HecMoTpsi Ha AOCTUXEHUS B 06N1ACTW TEXHOMOTUI UHTEHCUBHOIA
Tepanuu, MeAULMHCKME CECcTpbl MO-MPEXHEMy CTalKuUBakOTCA
C MOCTOSIHHbIMM CTPECCOBbIMU (hakTopamu, BbICOKON paboyeit
HarpysKom 1 OrpaHNYeHHbIMU BO3MOXHOCTAMU [/ YL,OB/IETBOPEHMS
HeMe[MKaMEeHTO3HbIX NOTPeGHOCTEl NaLNeHTOB.

MpuopuUTETbI  PYTUHHOM  KIMHMYEcKoi  pa6oTbl  YacTo
COCPEef0TOYEHbI Ha (PM3MONOTMYECKOIi CTabUNN3aLMM NALMEHTOB,
B TO BPeMsl Kak HapyleHWsl UX CHa U BOCMPUMMYMUBOCTb 6oy,
CBfi3aHHble C OKpYXatlolwumu (akTopamu, MoayyaoT MeHblue
CMCTEMATUYECKOr0 BHUMaHUS.

B YyC/IOBUAX OrpaHNYeHHbIX PecypcoB B OTAENeHUAX MNHTEHCUBHON

Tepanuu  OTCYTCTBME  CTaHAAPTU3UPOBAHHbIX  MPOTOKOJOB
Mo  YNyylEeHUIO  OKpyXawweit  cpedbl,  pa3paboTaHHbIX
MefcecTpamy, eule Gonblle  OrpaHMYMBAET  WHTErpaLuio

LieNI0CTHOTO MOAXOAA K YXOAY B MOBCELHEBHYO MPAKTUKY.

[ins ycTpaHeHns aTuXx MpoGenoB HEo6XO[MMbI OCYLIECTBUMbIE,
CTPYKTYpPUPOBaHHble " COOTBETCTBYIOWME  KOHTEKCTY
BMELLATE/IbCTBA, KOTOPble MOTYT MOCNEA0BaTeNbHO BHEAPATHCS
MeZACeCTpamm y NocTenn 60/1bHOrO.

evaluating them for feasibility before large-scale trials.
The development of intervention was informed by
environmental theory in nursing, particularly the work
of Florence Nightingale, which emphasizes the role
of external factors such as light, noise, and ventilation
in supporting patient recovery [18, 19]. Concepts
from behavioral sleep medicine, including stimulus
control and relaxation theory, also guided the selection
of intervention components [20-22]. By integrating
these theoretical foundations, the protocol combined
environmental modifications and sensory stimulation
to create conditions conducive to improved sleep and
reduced pain, thereby addressing the multifactorial
challenges faced by ICU patients.

Aim of the study: to develop and clinically test a
comprehensive environmental modification protocol in
ICU and to evaluate its feasibility, acceptability, and
preliminary associations with subjective sleep quality
and pain intensity in adult patients. Secondary aims
were to estimate effect sizes and to document adherence,
safety, and operational issues relevant to the design of
future randomized trials.

MATERIALS AND METHODS

This study used a quasi-experimental, single-arm
design with pre- and post-intervention feasibility
assessment conducted between June and September 2025
in the ICU of a Type B accredited hospital in Central
Java, Indonesia. Eligible patients were identified daily
and consecutively recruited during the study period.
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Patient Enrolimen

A total of 180 patients were screened between June
and August 2025, of whom 152 met the inclusion criteria
and were consecutively enrolled in the study (Fig.).

28 patients were excluded (did not meet criteria or

declined).

Inclusion criteria were:

e age >18 years;

¢ being conscious and able to communicate verbally;

e expected ICU stay of >3 consecutive nights with
hemodynamically stability during data collection,
defined as mean arterial pressure >65 mmHg with no
escalating vasopressor requirement in the previous
12 hours (low-dose vasopressor use of <0.05 pug/kg/
min was permitted).

Exclusion criteria were:

e deep sedation (Richmond Agitation—-Sedation Scale
S -3);

¢ continuous mechanical ventilation;

e severe cognitive impairment or delirium at screening.
Lavender/essential oil allergy screening involved a

baseline question regarding known allergies to fragrances

or essential oils — patients with known allergy were
excluded from the study. For patients without a known

All ICU admissions during
study period were screened
n =180

=
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2
g
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Met all criteria and provided
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allergy a 5-minute bedside inhalation tolerance test was
performed prior to the first night; if any adverse reactions
occurred, aromatherapy was withheld.

Protocol for environmental modification in ICU

The intervention protocol consisted of multiple non-
pharmacological tools applied simultaneously: 1) Eye
masks: soft cotton fabric eye masks (Lanaform, Belgium)
with elastic bands, designed to block ambient light;
2) Earplugs: disposable polyurethane foam earplugs
(3M™ 1100, USA) providing noise reduction rating of
29 dB; 3) Music therapy: instrumental relaxation music
(tempo 60-80 beats per minute, volume 40-50 dB),
delivered via bedside loudspeakers (Sony SRS-XB12,
Japan). Music tracks were selected from a standardized
relaxation playlist validated in prior ICU studies,
consisting of slow-tempo instrumental music designed
to promote relaxation and reduce environmental stress
[23]; 4) Lavender aromatherapy: pure lavender essential
oil (Lavandula angustifolia, Now Foods®, USA) diluted
to 2% concentration in distilled water, was administered
using an ultrasonic diffuser (InnoGear®, China) placed
1.5 m from the patient’s bed; 5) Lighting adjustment:
overhead ICU fluorescent lamps were dimmed to
<50 lux at patient bedside using adjustable dimmer

Did not meet inclusion
criteria or declined

informed consent
n=152

Screening

A 4

Multimodal environmental
modification protocol
applied
n=152

A 4

Eligibility

Three-night intervention
completed, no drop out
n =152

A\

Analysed for sleep quality
(RCSQ) and pain intensity
(NRS) outcomes
n=152

=
9
1d
=
<
g
<

FIG. TREND flowchart.

participation
n=28

Note: ICU - intensive care unit; NRS — numeric rating scale; RCSQ - Richards-Campbell sleep questionnaire.
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switches installed in each cubicle; 6) Noise reduction:
non-essential alarms and conversations near the patient
were minimized. Staff were instructed to maintain voice
levels <50 dB during nighttime hours. Noise reduction
was implemented through staff education and the
creation of an appropriate environment. ICU nurses
received brief instructions to silence non-essential
alarms when clinically appropriate, promptly responding
to active alarms, and limiting non-urgent conversations
at the patient's bedside during nighttime hours. Visual
reminders were posted at the patient's bedside, and
compliance with these rules was monitored by the nurse
on duty during each shift.

The protocol was implemented over three consecutive
nights from 21:00 to 06:00. Each night at 21:00, patients
were assisted with the application of eye masks and
earplugs, lavender aromatherapy diffuser was activated,
lights were dimmed, and background music was played
for 30 minutes prior to the sleep period. Earplugs
and eye masks were maintained throughout the night
unless removed by the patient. ICU staff adhered to a
“quiet hours” policy to reduce avoidable disturbances.
Intervention fidelity was monitored by bedside nurses
and recorded in feasibility logs. The intervention was
delivered individually at the bedside for each patient. All
procedures were implemented by trained ICU nurses,
under the supervision of the research team. To enhance
protocol compliance, nurses assisted patients in applying
earplugs and eye masks, monitored patient comfort
throughout the night, and documented compliance
using structured checklists. The individual ICU patient
served as the unit of analysis, consistent with the unit of
assignment.

Critical alarms remained active at all times. The
protocol required that only non-critical alarms could be
minimized (e.g., lowering non-urgent monitor volumes
or relocating equipment alarms) while continuous
physiological monitoring and rapid alarm escalation
procedures were maintained. Nurses were instructed to
immediately return devices to full volume if any clinical
deterioration was observed. Adverse events (AE) were
recorded using a structured AE log; trial staff reviewed
logs daily. For aromatherapy intervention, patients
underwent the pre-exposure tolerance check (5 minutes)
under observation; any signs of respiratory distress, rash,
or intolerance led to immediate discontinuation and
reporting. No intervention-related AE occurred in this
cohort.

The protocol, assessed by five experts, demonstrated
high content validity across four criteria: relevance
(1.00), clarity (0.92), simplicity (0.88), and applicability
(0.96) with an overall average scale-level content validity
index (S-CVI/Ave) of 0.94.

Validated tools for feasibility assessment
Data were collected using validated instruments
to assess the feasibility of the intervention and its

preliminary associations with sleep quality and pain
intensity. Sleep quality was measured using the
Richards-Campbell sleep questionnaire (RCSQ) [24], a
widely used five-item visual analog scale ranging from 0
(very poor) to 100 (excellent): sleep depth, sleep latency,
number of awakenings, efficiency of returning to sleep,
and overall sleep quality. Pain intensity was evaluated
daily using the numeric rating scale (NRS) [25], a simple
and reliable tool in which patients rated their pain from 0
(no pain) to 10 (worst possible pain).

Primary feasibility outcomes were: recruitment rate,
protocol completion (defined as participant completion
of all 3 nights), per-component adherence (checklist),
acceptability, and AE. Secondary exploratory outcomes:
subjective sleep quality (RCSQ) and pain intensity
(NRS). Objective environmental measures (bedside
LAeq noise and bedside light level) were recorded in
a subsample (n = 40) using calibrated instruments. The
sample size was pragmatic for a feasibility study and
included all eligible patients during the 3-month period
(n = 152). No formal power calculation for hypothesis
testing was performed; effect size estimates from this
cohort will inform sample size calculations for future
randomized controlled trials.

Blinding was not implemented in this study due
to the nature of the intervention, which required ICU
patients and nurses to be aware of the environmental
modifications. Participants were informed of the
interventions they received, and ICU nurses were
responsible for administering and monitoring the
protocol. Outcome assessment relied on validated self-
report instruments (RCSQ and NRS), which minimized
observer bias, but neither patients nor assessors were
blinded to study condition.

Statistical Analysis

Pre-post differences were assessed with paired
t-tests (unless otherwise stated). Normality of difference
scores was checked wusing Shapiro-Wilk tests;
approximate normality supported use of parametric
tests. We report means with standard deviations (SD),
mean differences with 95% confidence intervals,
paired t-statistics and p-values, and conservative
Cohen’s d effect sizes calculated using the pooled
SD: d = (Mean _post — Mean pre) / SD_pooled,
where SD_pooled = V[(SD_pre? + SD_post?)/2]. For
categorical pre-post changes (e.g., RCSQ category
shifts), McNemar tests were used to formally assess
whether observed category transitions were statistically
significant beyond descriptive visualization. Missing
data: none (all 152 completed). A significance level of
a = 0.05 (two-tailed) was used. Data were analyzed
using IBM SPSS Statistics 31.

RESULTS
A total of 152 adult patients were consecutively
enrolled during the study period. Baseline characteristics
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are shown in Table 1. All 152 participants completed the
full 3-night protocol (100% completion). Adherence was
calculated as the proportion of scheduled components
correctly delivered per patient across 3 nights (component
checklist). Overall adherence was 94%. Component
adherence (n = 152) included: eye mask 98%, earplug
96%, music therapy 92%, aromatherapy 94%, lighting
adjustment 95%, staff quiet hours 88%. No intervention-
related AE were recorded. Objective environmental
monitoring in a subsample (n = 40) indicated reductions
in bedside noise and light levels during intervention
hours; however, quantitative logs were incomplete, so
the results are presented descriptively.

Sleep quality, measured by the RCSQ, increased
markedly after the intervention, while pain intensity,
assessed with the NRS, decreased substantially (Table 2).
Both outcomes demonstrated large effect size estimates,
indicating potential benefit within this feasibility context.
Confidence intervals for mean changes indicated the
precision of these estimates. No null or negative results
were observed, and no mediation or causal inference
analyses were performed, as the study was designed to
assess feasibility and preliminary effects only.

The clinical significance of these improvements is
further illustrated in Table 3, which shows categorical
shifts in outcome distributions. The proportion of patients
reporting high sleep quality more than tripled, while
the number experiencing mild pain nearly doubled. At
the same time, the incidence of severe pain decreased
significantly, demonstrating its clinical relevance within
this feasibility context.

XUPYPI'UNA

DISCUSSION

This single-center feasibility study demonstrates that
a standardized multimodal environmental protocol can
be implemented with high completion and adherence
rates in an ICU setting and is associated with preliminary,
clinically meaningful improvements in patient-reported
sleep quality and reductions in pain intensity. Given the
single-arm design, these results should be interpreted
as preliminary associations rather than as evidence of
effectiveness. These results are consistent with our initial
expectation that the protocol would be feasible, acceptable,
and associated with preliminary improvements in patient
outcomes. The absence of AE and the 100% completion
rate suggest that the intervention was well tolerated,
indicating that the protocol may be suitable for integration
into routine ICU care pending further evidence [23-25].
Importantly, the large effect sizes observed highlight
the potential value of environmental interventions when
structured into a combined protocol.

The novelty of this study lies in the systematic
development and validation of a protocol that integrated
earplugs, eye masks, music therapy, aromatherapy,
noise reduction, and lighting adjustment into a single
intervention. Previous research has generally examined
individual non-pharmacological components in isolation,
such as earplugs, eye masks, music, or noise reduction
strategies, often reporting modest or inconsistent effects
on sleep and pain-related outcomes [26-28]. While
fragmented interventions address only single aspects
of the ICU environment, this multimodal approach

Table 1. Demographic and clinical characteristics of intensive care unit patients

Variable Value %
Age, years, mean t SD 56.2114.7
Sex
male, n (%) 89 58.6
female, n (%) 63 41.4
Diagnosis at admission?
stroke 41 27.0
sepsis 33 21.7
cardiac disease 28 18.4
respiratory failure 25 16.4
others 25 16.4
Intensive care unit length of stay, days, mean + SD 6.8+2.5

Notes: @ presented as mutually exclusive primary diagnoses assigned at intensive care unit admission. Percentages do not represent a single
diagnostic category because the study population consisted of patients with diverse clinical conditions admitted to the intensive care unit.

SD - standard deviation.

Table 2. Changes in sleep quality and pain intensity before and after intervention

Pre-intervention Post-intervention

H o o D

Outcome (Mean £ SD) (Mean £ SD) Mean difference 95% Cl p-value Cohen's d
RCSQ (sleep quality) 346+11.3 51.8+10.6 +17.2 15.46-18.94 <0.001 1.57
NRS (pain intensity) 47+1.8 2.8+1.3 -1.9 -2.15..-1.65 <0.001 1.21

Note: Cl - confidence intervals; NRS — numeric rating scale; RCSQ - Richards-Campbell sleep questionnaire; SD - standard deviation.
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Table 3. Categorical changes in sleep quality and pain intensity pre- and post-intervention

Outcome (category) Pre-intervention, n (%) Post-intervention, n (%) p-value

RCSAQ (Sleep quality)

low (0-25) 46 (30.3) 17 (11.2)

moderate (26-50) 81 (53.3) 56 (36.8) <0.001

high (>50) 25 (16.4) 79 (52.0)
NRS (Pain intensity)

severe (7-10) 29 (19.1) 6 (3.9)

moderate (4-6) 86 (56.6) 45(29.6) <0.001

mild (1-3) 37 (24.3) 101 (66.5)

Notes: p-values derived from McNemar tests assessing within-subject pre-post category changes.
NRS - numeric rating scale; RCSQ - Richards-Campbell sleep questionnaire.

integrates multiple strategies. In this feasibility study, the
combined protocol was associated with larger pre- and
post-intervention changes, although synergistic effects
cannot be confirmed within the context of a single-arm
feasibility design [29-31].

The observed improvements could be related to
reductions in environmental stressors such as noise
and light, as well as sensory and relaxation effects of
aromatherapy and music therapy. However, alternative
explanations cannot be ruled out, including reassurance
and increased staff engagement [26, 27]. These
mechanisms align with previous international studies
reporting improved sleep quality with earplugs and eye
masks [11, 12] and reduced anxiety and pain with music
therapy and lavender inhalation [27, 28, 32]. However,
increased patient calming and staff attention may also
have contributed.

Implementation fidelity was high: adherence
exceeded 94% and no safety concerns reported.
Minor barriers included occasional discomfort from
earplugs or masks, which required reassurance from
nurses. Overall, these results underscore the feasibility
of integrating environmental modifications into
ICU workflows as a non-invasive, low-cost adjunct
to pharmacological management. Clinically, such
interventions have the potential to influence broader
patient outcomes, as suggested by previous literature
[33, 34], although these aspects were not assessed in
this feasibility study.

The intervention protocol demonstrated high
feasibility and acceptability in this setting, suggesting
its potential applicability to broader ICU environments
pending further evaluation. Because the protocol
consisted of simple, low-cost, and non-invasive
environmental modifications, it could be readily
adopted in a variety of healthcare settings, including
hospitals in low- and middle-income countries where
pharmacological options may be limited or carry greater
risks. The high completion rate achieved without
financial incentives underscores the relevance of these
findings to real-world practice. Although the study was
conducted in Type B hospital with a short follow-up
period, the intervention components are universally

applicable and can be easily integrated into ICU care
packages worldwide. Future multicenter studies will be
valuable to confirm these results and to guide global
policy development in this area.

Limitations of the study

Key limitations include the single-center, single-
arm pre-post study design, short follow-up period (three
nights), subjective outcome measures, and potential
expectancy/observer bias as the intervention was
administered by staff and patients were informed about
it. Objective measures were included for a subsample

but full objective sleep assessment (actigraphy/
polysomnography) and multicenter randomized
controlled trials are recommended.

Directions for further research

Future studies should employ randomized

controlled designs with appropriate control groups to
strengthen causal inference regarding the intervention’s
potential effectiveness. To complement self-reported
outcomes, objective measurements, such as actigraphy,
polysomnography, or physiological biomarkers should be
included. Multicenter trials are recommended to enhance
generalizability of results across diverse ICU environments
and patient populations. In addition, longer-term follow-
up periods are needed to evaluate the sustained impact of
environmental modifications on clinical recovery, delirium
incidence, ICU length of stay, and post-discharge quality
of life. Exploring cost-effectiveness and integration into
standard ICU protocols may also provide valuable insights
for broader implementation.

CONCLUSIONS

The validated multimodal environmental modification
protocol demonstrated both feasibility and acceptability
in this ICU study and was associated with significant
improvements in patient-reported sleep quality (by
17.2% in 3 nights) and reductions in pain intensity (by
1.9% in 3 nights). These preliminary results support
progression to larger randomized controlled trials with
objective sleep measures and longer follow-up periods
to evaluate potential effectiveness and generalizability.
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Management of a massive retrosternal goiter after prior
thyroid surgery: a clinical case

Didiek D.T. Setyo, Iwan Sidharta™
Airlangga University, Dr. Soetomo Regional General Hospital
47, JI. Mayjen Prof. Dr. Moestopo, Surabaya, 60131, Indonesia

SECHENOV N : : : . .
MEDICAL JOURNAL Ma;pa.gellnent of a massive retrosternal goiter after prior thyroid surgery:
- a clinicaf case

Summary Massive retrosternal adenomatous goiter after prior thyroid surgery caused severe airway

compression and dysphagia, and was safely treated by thyroidectomy via a combined
transcervical approach and median sternotomy.

Diagnosis Symptoms Computed tomography Workup

progressive anterior neck mass large goiter y fine-needle aspiration biopsy —
adenomatous goiter

11 x10x7cm e
palpitations dysphagia 7 | \ ultrasonography — TI-RADS 1
mediastinal extension : .
’ thyroid function— normal FT4
retrosternal pressure cough

tracheal compression 1 with low TSH

Treatment

Airway risk + inferior mediastinal

: Parathyroid
extension — sternotomy

preservation

Recurrent laryngeal nerve ical | drai
identification and preservation . Cervical + retrosternal drains

Outcomes Early postoperative outcome Hospital course Follow-up plan
e Airway stable; symptoms relieved Day 1: Levothyroxine initiated, o
© No hoarseness / vocal changes transferred to ward ® Monthly TSH monitoring
® No dysphagia Day 4: Drains removed e Clinical review every 6 months
® Normocalcemia Day 5: Discharged

Setyo D.D.T., Sidharta I. Management of a massive retrosternal goiter after prior thyroid surgery:
a clinical case. Sechenov Medical Journal. 2025; 16(4): 41-48. https://doi.org/10.47093/2218- ® e
7332.2025.16.4.41-48 0 rea :

8 minutes :

' FT4 — free thyroxine, TI-RADS — Thyroid Imaging Reporting and Data System, TSH — thyroid-stimulating hormone

At |

Adenomatous goiter is a common benign thyroid condition that can become surgically challenging when it extends
into the mediastinum, including in patients with a history of partial thyroid surgery. Retrosternal goiter is often
diagnosed at a late stage, and its management is frequently complex due to distorted mediastinal anatomy.

Case report. A 58-year-old woman with a history of left isthmolobectomy performed in 2006 presented with a
rapidly enlarging right-sided neck mass accompanied by dysphagia. Although the cervical findings initially suggested
right thyroid lobe involvement, contrast-enhanced computed tomography revealed a massive retrosternal goiter
originating from residual left thyroid tissue. The lesion extended retrosternally into the anterior mediastinum, resulting
in significant tracheal narrowing, displacement of the esophagus, and close anatomical relationships with major
mediastinal vessels. Management was undertaken by a multidisciplinary team, and the patient underwent complete

thyroidectomy using a combined transcervical approach and median sternotomy, achieving complete resection of
the retrosternal component.

© Setyo D.D.T,, Sidharta I., 2025
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Discussion. This case highlights delayed retrosternal progression of adenomatous goiter after partial thyroid
surgery. Cross-sectional imaging guided surgical planning, and median sternotomy enabled safe complete resection,
underscoring the importance of long-term follow-up and multidisciplinary management.

Keywords: adenomatous goiter; thyroidectomy; sternotomy; recurrent case
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CtpaTterus ne4yeHuss MaCCMBHOIO peTpoCTepHaNbHOro 306a
nocne paHee nepeHecCeHHOM onepauum Ha LUMTOBUAHOM Xenese:
KNUHUYECKUIK cnyvai

IO.0.T. Cerno, . Cugxapra””
Vuusepcumem Aiipnanzea, Pezuonanvnas 6onvruya obwezo npoguna umenu dokmopa Cymomo
yn. Meiidacen npogh. 0-pa Mycmono, 0. 47, 2. Cypabas, 60131, Undone3us

AHH 0T Ly 5

AneHoMaTo3HbI 306 ABNSETCA PacnpOCTPaHEHHbIM A0OPOKAYECTBEHHbBIM 3a60/1eBaHNEM LLMTOBUAHON Xenesbl,
KOTOpPOEe MOXET MPeACTaBAsTb 3HAYUTEbHbIE XMPYPruYecKue TPYAHOCTW NpK PacnpoCTpaHeHn B CPeOCTEHME,
B TOM YiC/e Y NALMEHTOB C aHAMHE30M YaCTUYHOW TMPEOMAIKTOMIMN. PeTpocTepHanbHbIi 306 4acTO BbISBASETCS
Ha NO3AHWX CTaMsAX, @ ero IeYeHne HepeaKo OCNOXHAETCA MUSMEHEHHON aHaTOMMEN LWEen 1 CPefoCTEeHNS.
Knunuyecknii cnyyait. MaumeHTka 58 net ¢ aHaMHE30M yaneH1s NeBoi 40N WMTOBWUAHO Xenesbl v nepeLleiika,
BbINOAHeHHO B 2006 roay, 06patiiacb N0 NOBOAY BbICTPO YBEAMUYMBAIOLLErOCA NPaBOCTOPOHHEr0 06Pa30BaHNS
Lew, ConpoBOXAatoLLerocs ancdarueit. KnuHnyeckne aaHHble ykasdblBanu Ha BOBIEYEHVE NPaBoii 40U WNTOBWA-
HOJA Xenesbl, BMECTe C TeM N0 AaHHbIM KOMMbIOTEPHOK TOMOrpadun ¢ KOHTPACTVPOBAHWEM BbISIBEH MaCcCKB-
Hblii PETPOCTEPHANbHbIA 306, UCXOAALUMIA M3 OCTATOMHOM TKaHW neBoii gonn. 06pa3oBaHKe pacnpoCTpaHaNoCh
PETPOCTEPHANbHO B NepeaHee CpejoCTEHNE, Bbi3blBasd BbIPaXEHHOE CY)XXEHWE Tpaxew, CMeLLeHe NULLEBOAA, U Ha-
X0AMNOCh BOM3M MarncTpanbHbIX COCYA0B CpeaocTeHns. MynbTUAMCUMNAUHAPHOK KOMaHLOoM NauneHTKe 6bina
BbIMOHEHA TOTaNbHAsA TMPEOUASKTOMUS C UCMNONb30BaHMEM KOMOUHMPOBAHHOMO WERHOrO A0CTYNa U MenaHHOiA
CTEPHOTOMMM, YTO NO3BOAMO A0BUTHCS NOMHOMO YAaNeHNs peTPOCTEPHANbHOO KOMNOHEHTA.

© Cetbo .4.T., Cupxapta W., 2025
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06cyxpaeHue. peaCcTaBaEHHbIA KNMHUYECKWIA CyYaid JeMOHCTPUPYET OTCPOYEHHOE PeTPOCTEPHAIbHOE Pacnpo-
CTpaHeHve aaeHoMaTO3HOro 306a Nocne YaCcTUYHON TUPEeOoMAIKTOMMUM. MeToabl y4eBON AMArHOCTUKM Cbirpanu
KNHOYEBYO POSb B MNaHUPOBAHMM XMPYPruieckoro BMeLaTeNbCTBa, a MeAnaHHas CTepHOTOMMS obecneynna 6e3-
OnacHoe W paguKanbHoe yaaneHne 06pa3oBaHus, YTO NOAYEPKMBAET HEO6XOAUMOCTb ANNTENbHOMO HabNoAEHMS

N MYNbTUAMCLMNAMHAPHOTO NOAX0AA K BEIEHWIO TaknNX NaLMEHTOB.

KnioueBble cnoBa: ajeHOMaTo3Hblii 306; TUPEOUAIKTOMMS; CTEPHOTOMMUS; PELIMANBUPYIOLLMIA CyYail

MeSH terms:
OMUCAHWE CNYYAEB
306 SArPYAUHHBIV = AMATHOCTUKA

306 3ArPYANHHBIN - ANATHOCTUYECKOE M30BPAXKEHNE

306 3ATPYAVHHbI - XUPYPTUS
PELIMAMB
TUPEOUIOKTOMUSA - METOZb

Ona uutupoeanua: Cetbo [.[.T., Cuaxapta W. CTpaTerns neyeHns MacCMBHOr0 PETPOCTEPHANBHOMO 306a nocne
paHee NepeHeceHHO onepaLm Ha LMTOBUAHOI Xenese: KNMHUYecKuii cnyyail. CeuyeHoBCkuiA BeCTHUK. 2025; 16(4):
41-48. https://doi.org/10.47093/2218-7332.2025.16.4.41-48
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HIGHLIGHTS KJTIOYEBDIE MOJIOXXEHKNA

A retrosternal goiter can remain asymptomatic until the late
stages, when the mediastinal extension becomes life-threatening
by compressing the airway, compromising the vascular system and
causing dysphagia.

Contrast-enhanced computed tomography is essential for assessing
mediastinal extent and preoperative planning in substernal goiter.

Safe management of retrosternal goiter depends on meticulous
surgical technique, preservation of vital structures, and coordinated
multidisciplinary planning.

Use of standardized classification systems, such as the Mukhtar
et al. metric, improves decision-making regarding the need for
sternotomy in retrosternal goiter.
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PeTpocTepHasnbHbli 306 MOXET [JIUTENbHOE BpeEMs OCTaBaTbCs
GECCUMNTOMHBIM; Ha MO3AHUX CTaguAX €ro MeAwacTUHabHOe
pacrpocTpaHeHWe CTAHOBUTCA JKU3HEYTpOXatoWuUM BCeLCTBUE
KOMMPECCUM AbIXaTesbHBIX MyTeid, COCYANCTBIX CTPYKTYP W NULLEBOAA.

KomnbloTepHasi ToMorpadusi ¢ KOHTPacTUpPOBaHMEM — KIHOUYEBOWA
METOf AN  OLUEHKM MEeMacTUHANbHOTO  PacrpoCTpaHeHus
1 NpefonepaLyMoHHOro NIaHUPOBaHMs NpY PETPOCTEPHANbHOM 306€.

be3onacHoe  XMpYpruyeckoe JNeyeHue PeTpoCTepPHanbHOro
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Wcnonb3oBaHWe  CTaHAApPTU3MPOBAHHbIX  KacCUhUKALMOHHDBIX
CUCTEM, TaKuMX Kak MeTpuyeckas knaccudukaums Mukhtar
11 COaBT., CNOCOG6CTBYET 60/1ee 060CHOBAHHOMY NPUHSATUIO PELLEHNI
0 Heo6X0ANMOCTIM CTEPHOTOMMUN NPU PETPOCTEPHANIBHOM 306€.
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Retrosternal goiter (RSG), also referred to as
substernal or intrathoracic goiter, remains a rare but
clinically significant condition, often emerging many
years after prior thyroid surgery. Its extension into
the mediastinum can lead to airway compression,
dysphagia, and cardiovascular compromise, creating
both diagnostic and operative challenges [1]. Residual
thyroid tissue after hemithyroidectomy or incomplete
resection can progressively enlarge, representing a major
cause of goiter recurrence [2]. Such recurrence typically
manifests many years after the initial surgery, often
presenting with progressive compressive symptoms and
mediastinal extension, as in the present case.

Advances in cross-sectional imaging have improved
the ability to determine the extent of retrosternal
involvement and predict surgical risks. Computed
tomography (CT) is particularly valuable in delineating
mediastinal spread and airway narrowing, allowing
surgeons to plan operative strategy with greater accuracy
[3, 4]. Such imaging data are critical because RSGs
have been shown to be associated with perioperative
morbidity compared with purely cervical counterparts,
reinforcing the importance of meticulous preparation
and multidisciplinary planning [3, 5].

Thyroidectomy is the treatment of choice for RSG
[6]. In parallel with these technical developments,
operative excellence has become central in modern
endocrine surgery. Classification systems provide
structured guidance in complex cases, and the recently
proposed metric classification by Mukhtar H. et al. [7]
offers standardized criteria for determining the necessity
for sternotomy. This framework not only enhances
surgical safety but also supports reproducibility and
staff training in high-risk thyroid surgery. This report
describes a case of bilateral recurrent adenomatous RSG,
presenting nearly two decades after isthmolobectomy,
successfully managed with combined thyroidectomy
and sternotomy.

CASE REPORT

The patient, a 53-year-old woman, presented with
a right-sided neck mass and dysphagia. She first noted
bilateral thyroid nodules in 2000 and underwent a left
isthmolobectomy in 2006 because of enlargement of
the left lobe, while the right-sided nodules were small
and asymptomatic; histopathological data from the
initial surgery were unavailable. The right-sided nodules
remained stable and asymptomatic for many years and
therefore did not initially require surgical treatment.

Following the initial surgery, the patient was placed
on levothyroxine replacement therapy at a dose of 100
pg/day, with a target thyroid-stimulating hormone (TSH)
level of 1-2 mIU/L. She remained asymptomatic until
2009, when gradual enlargement of the right thyroid

lobe was noted. However, no clinical or imaging follow-
up was performed between 2009 and early 2025, as the
patient remained asymptomatic and did not seek further
evaluation until the right-sided neck mass began to
enlarge.

By February 2025, the neck mass had shown
progressive enlargement, and dysphagia had developed
and worsened, requiring liquid intake to facilitate
swallowing; this was accompanied by retrosternal
discomfort described as a sensation of chest pressure,
intermittent pain, and palpitations, while excessive
sweating and voice changes were denied.

On examination, the patient was in good general
condition and hemodynamically stable, with normal
body mass index, no respiratory distress, no significant
cardiovascular, pulmonary or metabolic comorbidities,
and no overt hyperthyroidism, so she was considered
suitable for major surgery including possible sternotomy.
Physical examination revealed a large right-sided
cervical mass that moved with deglutition. The overlying
skin was unremarkable. On palpation, the mass measured
approximately 6x3x3 cm, firm-elastic in consistency,
with a smooth surface, well-defined margins, and mobile
over the underlying structures. The lower pole was not
palpable. The lesion was non-tender, and no cervical
lymphadenopathy was detected.

Laboratory examination revealed suppressed TSH
levels (0.215 mIU/L; reference range 0.4-4.0 mIU/L)
with normal free thyroxine (FT4) concentrations (1.23
ng/dL; reference range 0.8-1.8 ng/dL), consistent with
subclinical hyperthyroidism.

Neck ultrasonography on February 18, 2025
demonstrated bilateral purely anechoic cystic nodules —
benign, cystic type, with smooth margins, absent internal
vascularity, and no suspicious cervical lymphadenopathy.
The findings were consistent with benign cystic lesions
and classified as American College of Radiology Thyroid
Imaging Reporting and Data System (ACR TI-RADS)
category 1' (Figs. 1A, B) [8].

Fine-needle aspiration biopsy of the cervical mass
confirmed adenomatous goiter. A bone survey revealed
no lytic or blastic lesions, thereby excluding metastatic
bone disease. Thyroid scintigraphy was not performed.
Contrast-enhanced CT scan of the cervicothoracic
region performed on July 25, 2025 demonstrated a large
retrosternal thyroid mass measuring approximately
11x10%7 cm, predominantly solid with areas of necrosis
and coarse calcification.

The lesion originated from the left thyroid lobe and
extended retrosternally into the anterior mediastinum,
causing severe tracheal narrowing and posterior and
lateral displacement of the esophagus. It was in close
relation to major mediastinal vessels, including the
aortic arch, common carotid, subclavian artery, and

! American College of Radiology. Thyroid Imaging Reporting and Data System. https://www.acr.org/Clinical-Resources/Clinical-Tools-and-
Reference/Reporting-and-Data-Systems/TI-RADS (access date: 25.09.2025).
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FIG. 1. Neck ultrasonography of a 58-year-old female patient with massive retrosternal goiter.

A. Transverse ultrasound image of the right thyroid lobe showing a purely anechoic cystic nodule (arrow) with smooth margins
and absent internal vascularity

B. Longitudinal ultrasound image of the left thyroid lobe demonstrating a similar benign-appearing cystic nodule (arrow) with
smooth margins and no evidence of cervical lymphadenopathy

FIG. 2. Contrast-enhanced computed tomography of the cervicothoracic region in a 58-year-old female patient with massive
retrosternal goiter.

A-C. Coronal sections: enlarged left thyroid lobe (white arrow) and large retrosternal thyroid mass (blue arrow) compressing the
trachea (yellow arrowhead) and displacing the esophagus (green arrowhead).

D-F. Axial sections: inferior extension of the mass (blue arrow) into the anterior mediastinum with close anatomical relationship
to the aorta arch and the branchs (yellow arrowhead) (green arrowhead).

brachiocephalic trunk, while the margins with these Preoperative planning was conducted through
structures remained preserved. Additional findings a multidisciplinary team discussion involving head
included minimal right pleural effusion, multiple hepatic = and neck surgery, anesthesiology, radiology, and
cysts, and left-sided nephrolithiasis (Figs. 2A-F). pathology. The team reviewed contrast-enhanced CT
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findings demonstrating severe tracheal narrowing and
mediastinal extension, ultrasound results confirming
bilateral benign cystic nodules, and fine-needle
aspiration biopsy indicating adenomatous goiter. Based
on these evaluations, the team agreed that a combined
transcervical approach with median sternotomy was
necessary to achieve complete resection and ensure
airway safety.

The clinical diagnosis was recurrent bilateral
retrosternal adenomatous goiter with concomitant
subclinical hyperthyroidism in a patient with a history of
left isthmolobectomy.

On July 31, 2025, a complete thyroidectomy with
sternotomy was performed under general anesthesia
with endotracheal intubation. The operative sequence
included a cervical collar incision followed by right
lobectomy with preservation of the recurrent laryngeal
nerve and parathyroid glands; the isthmus was absent.

Dissection then proceeded to the deeply located left
lobe, during which the left recurrent laryngeal nerve was
identified and protected, although the left parathyroid
glands were not visualized. The inferior retrosternal
extension of goiter necessitated median sternotomy to
expose the lower trachea, esophagus, and aortic arch,
enabling downward traction and blunt dissection, while
the contralateral mediastinal extension was released
using finger dissection.

Intraoperatively, the left thyroid gland remnant was
found extending into the anterior mediastinum, compressing
the trachea and displacing the esophagus. Careful dissection
allowed for complete removal of the goiter mass, and after
excision of the retrosternal component the final surgical
field demonstrated the exposed trachea and preserved
mediastinal structures (Figs. 3A-D).

The goiter mass was successfully removed, despite
the dense adhesions to the posterior thoracic wall

S

FIG. 3. Complete thyroidectomy with sternotomy in a 58-year-old female patient with massive retrosternal goiter
A. Right thyroid lobectomy (1) with preservation of the recurrent laryngeal nerve (2) and parathyroid glands (3); the isthmus was

absent.

B. Dissection of the deeply located left thyroid lobe; the left recurrent laryngeal nerve was identified and protected (2), while the

parathyroid glands were not visualized.

C. Retrosternal component (4) mobilized with downward traction and blunt dissection, including contralateral release using finger

dissection.

D. Tumor bed following complete resection of the retrosternal thyroid component, showing the exposed trachea (5) and preserved
mediastinal structures such as aortic arch (6), and Heart (7) after median sternotomy.

E. Final wound closure with placement of cervical and retrosternal drains

F. Gross specimen showing the resected bilateral thyroid gland (8) with massive retrosternal extension (9).
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which added technical difficulty. The excised specimen
confirmed bilateral retrosternal adenomatous goiter
(Fig. 3E). Recurrent laryngeal nerve preservation
was performed anatomically, as intraoperative
neuromonitoring was unavailable. Parathyroid glands
were carefully identified and preserved in situ with their
vascular supply whenever possible. Auto-transplantation
into the sternocleidomastoid muscle was performed only
in cases of devascularization. Fiberoptic laryngoscopy
was used at the end of surgery to confirm vocal fold
mobility. Hemostasis was secured, drains were placed in
the cervical and substernal regions, and the sternum was
closed with wire (Fig. 3F).

Postoperative care included routine monitoring for
bleeding, pain, airway stability, recurrent or superior
laryngeal nerve injury symptoms, and early signs of
hypocalcemia. Levothyroxine replacement therapy
was initiated on the first postoperative day at a dose of
100 mcg/day, with a target TSH level of 1-2 mIU/L.
During hospitalization, the patient remained stable, with
stepwise transfer from the intensive care to the general
ward, and drains were removed on the fourth day.
Patient was discharged on the fifth postoperative day
without dysphagia, hoarseness, or hypocalcemia. After
discharge, the planned follow-up consisted of monthly
TSH monitoring and clinical evaluations every six
months.

DISCUSSION

RSG presents unique diagnostic and operative
challenges due to mediastinal extension, tracheal
compression, and close relation to great vessels, resulting
in higher perioperative morbidity compared with purely
cervical goiter [2, 3]. Although this case of adenomatous
goiter in a patient with a history of left isthmolobectomy
was initially described as a recurrence, the absence of
imaging or operative records from the patient's first
surgery in 2006 makes it impossible to exclude a pre-
existing retrosternal component. Therefore, the present
clinical case may more accurately represent a progression
of longstanding multinodular goiter with retrosternal
extension rather than a true recurrence. This distinction
has been clarified in order to align terminology with the
underlying clinical uncertainty. A recent international
multicenter evaluation confirmed higher rates of
transient hypoparathyroidism and surgical complications
in RSG patients, underscoring the need for meticulous
preparation and high-level surgical expertise [3].

Compared withthetranscervical approach, sternotomy
carries higher risks of bleeding, wound complications,
and transient hypocalcemia [3, 9, 10]. In the present case,
these risks were mitigated through multidisciplinary
planning, optimized anesthetic and airway preparedness,
careful anatomical preservation of the recurrent laryngeal
nerves, protection and selective auto-transplantation of
the parathyroid glands, and meticulous hemostasis. All of

XUPYPI'UNA

this also ensured an uncomplicated postoperative course.
This multidisciplinary planning involved coordinated
assessment by head and neck surgery, anesthesiology,
radiology, and pathology, ensuring consensus on
airway preparedness, the need for sternotomy, and the
safest operative trajectory. Cross-sectional imaging is
indispensable in modern RSG management. Contrast-
enhanced CT provides an accurate assessment of cranio-
caudal extent, tracheal narrowing, and anatomical
relationships with mediastinal structures, which are
essential for airway and surgical planning [4]. Recent
series report tracheal deviation in ~60% and compression
in ~40% of large RSG, with postoperative hypocalcemia
and airway-related events not infrequent, highlighting
the tight coupling between imaging severity and
perioperative risk [10]. In this case, CT demonstrated
significant airway narrowing and mediastinal spread,
making sternotomy the most reliable and safe approach
for complete resection.

Newer classification frameworks, such as the metric
system proposed by Mukhtar H. et al. [7], provide
standardized criteria for determining the need for
sternotomy. The metric classification showed that Grade I
(<3 cm) rarely required sternotomy, whereas most Grade
IIT (>6 cm) did. Applied to this case, the extent and airway
compromise met criteria favoring sternotomy, improving
team alignment and reproducibility of decisions.

Not all RSG demand sternotomy; many are resectable
transcervically, and complication profiles vary with gland
size, previous thyroid surgery, and tracheal deviation. A
2019-2023 cohort study found transient hypocalcemia
as the most common complication; however, malignancy
and larger glands were independently associated with
surgical outcomes, reinforcing the role of individualized
risk stratification beyond access planning [9].
Comparative series similarly show that RSG patients
represent a different risk phenotype than cervical goiter
patients [3].

Surgical excellence, including meticulous
dissection, preservation of the recurrent laryngeal
nerves and parathyroid glands, effective hemostasis,
and coordinated multidisciplinary airway planning,
remains essential for optimizing outcomes in patients
with RSG, particularly in cases with severe tracheal
compression [3, 9, 10]. Although most RSG are benign
multinodular or adenomatous lesions, several reports
suggest that their oncologic risk profile differs from
that of cervical multinodular goiters [6, 11]. Therefore,
total thyroidectomy remains the treatment of choice
for symptomatic or compressive RSG, ensuring both
oncologic safety and long-term airway relief. Hybrid
approaches, such as transcervical combined with video-
assisted thoracoscopic surgery (VATS), may reduce chest
wall morbidity in selected patients; however, sternotomy
remains indispensable for massive mediastinal disease or
when adhesions to vascular structures are extensive [12].
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CONCLUSION

The atypical recurrence of a RSG almost two
decades after partial thyroidectomy highlights the
unpredictability of the long-term course of thyroid
disease. Contrast-enhanced CT and metric-based
classifications are essential to determine mediastinal
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Familial co-occurrence of diffuse leiomyomatosis and Alport
syndrome: a clinical case report
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SECHENOV E - 9 : : o
MEDICAL JOURNAL (/\ Fallx‘nl.lallco occurrence of diffuse leiomyomatosis and Alport syndrome:
K a clinical case report
Summary This case illustrates the co-occurrence of Alport syndrome-diffuse leiomyomatosis (AS-DL) and
highlights that early pedigree assessment, combined with integrated clinicopathologic and genetic
evaluation facilitates timely diagnosis of atypical familial AS-DL and improves clinical management.
Diagnosis

16-year-old proband Electron microscopy of the kidney

hematuria . -
proteinuria Alternating GBM thinning and

grade 3 hearing loss thickening with prominent

myopia lamellation and splitting

Proband's mother X-linked transmission

Hematuria since . ‘

adolescence Flinter criteria
Uterine leiomyoma

Benign bladder tumor n n

No prior genetic testing

Outcomes Long-term
21-year-old proband Upper endoscopy Whole-exome sequencing
New symptoms
. . 2025
) o e hemizygous missense
e epigastric pain A 2-cm submucosal variant in COL4A5 “
¢ hausea gastric leiomyoma ® a COL4A6 exon 1-2
e vomiting deletion

Boltaboeva M., Haydarov A., Ganieva M., Kholmatov D., Efimenko O., Rakhmanova L. Familial co-occurrence 10 minutes E .
of diffuse leiomyomatosis and Alport syndrome: a clinical case report. Sechenov Medical Journal. =
2025; 16(4): 49-57. Epub ahead of print 12.12.2025. https://doi.org/10.47093/2218-7332.2025.16.4.1344 toread :

CKF — chronic kidney failure, GBM — glomerular basement membrane

At |

Alport syndrome (AS) is a hereditary nephropathy caused by mutations in the COL4A3, COL4A4, and COL4A5 genes.
Rare contiguous COL4A5-COL4A6 alterations cause AS with diffuse leiomyomatosis (AS-DL).

Case report. A 16-year-old male had mild proteinuria, hematuria, hearing loss and myopia since childhood. Estimated
glomerular filtration rate was 82.8 mL/min/1.73 m?2. Kidney biopsy showed segmental mesangial sclerosis;
immunofluorescence was negative. Electron microscopy demonstrated diffuse glomerular basement membrane
thinning and podocyte foot-process effacement. Two deceased brothers had end stage kidney disease; the mother
had hematuria, uterine myoma, and a benign bladder tumor. A diagnosis of X-linked AS was established according to
the Flinter criteria and nephroprotective treatment was initiated. Since 2024, the patient had complained of epigastric
symptoms. An endoscopy revealed a 2-cm gastric submucosal lesion. A whole-exome sequencing identified a
hemizygous missense variant in COL4A5 and a COL4A6 exon 1-2 deletion, confirming AS-DL.
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CEYEHOBCKU BECTHUK T. 16, Ne 4, 2025 / SECHENOV MEDICAL JOURNAL VOL. 16, No. 4, 2025 49


https://crossmark.crossref.org/dialog/?doi=10.47093/2218-7332.2025.16.4.1344&domain=pdf&date_stamp=2025-12-30

INTERNAL DISEASES _____________________________________________________________|

Discussion. This case demonstrates the co-occurrence of AS-DL and shows that early pedigree assessment,
combined with integrated clinicopathologic-genetic evaluation in a multidisciplinary framework, enables a timely
diagnosis of atypical familial AS-DL and improves clinical management.

Keywords: leiomyoma; nephritic syndrome; uterine neoplasms; X-linked genetic diseases; smooth muscle tumors
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CemeitHoe covyeTaHue audPpysHoro nevoMmmomaTtosa
U cuHapoMma AnbnopTa: KNIMHUYECKUIX cnyvyam
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AHH 0T Ly 5

CuHapom Anbnopta (CA) — HacneAcTBeHHas HedponaTus, 06ycnoBAEHHas MyTauusamu B reHax COL4A3, COL4A4
n COL4AS5. Pepikne cMexXHble BapuaHTbl COL4A5-COL4A6 BbisbiatoT CA ¢ anddy3HbiM neiommomatosoM (CA-LT).
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Onucanue cnyvas. Y 16-71€THero nauueHTa ¢ AeTCTBa OTMeYanuChb yMEepeHHasa NpoTenHypus, remaTtypus, CHIXe-
Hue cnyxa v Muonus. PacueTHas CK® - 82,8 ma/muH/1,73 M2 broncusa NoYKK: CerMeHTapHbIA Me3aHrnanbHblii
CKNepos; UMMYHHas (GIHo0pecUeHUUs oTpuLaTesbHa. SNeKTPOHHAA MUKPOCKOMUA: AN(DdY3HOe UCTOHYEHWE [10-
MEpYNAPHON 6a3anbHOA MeMbpaHbl 1 CANSIHYE HOXEK NOLOUMTOB. [1BOe 6paTbeB C TEPMUHANbHOW NOYEYHON He-
AO0CTaTO4YHOCTbIO YMEpAY B NOAPOCTKOBOM BO3PACTE; y MaTepy — remaTypusi, M1omMa MaTku 1 J06POKa4ecTBeHHas
OMyX0/1b MOYeBOro Ny3blps. narHos X-cuennenHoro CA ycTaHoBEH MO KpuTepuam GanHTepa; Hayata Hehponpo-
TekTuBHas Tepanus. C 2024 roga NosBUAMCH aNMracTpanbHble Xanobbl; SHAOCKONMS BbiSiBMAA NOACAN3NCTOE 06-
pa30BaHMe Xenyaka pasmepom 2 cM. [oNHOreHOMHOe CEKBEHMPOBaHME 0BHAPYXIN0 FEMU3NTOTHbIA MUCCEHC-Ba-
puaHT B COL4AS5 v neneunto ak30HoB 1-2 COL4A6, yto noateepauno CA-[J1.

06cyxpaeHue. 1peACTaBNEHHbIA CnyYait AeMOHCTpUpYeT codeTaHne CA ¢ [1/1 1 NoKa3blBaeT, YTO paHHWiA cemeii-
HbIl CKPUHUHT B COYETaHUU C MYIbTUANCUMMANHAPHBIM KIMHUYECKAM, TMCTONATONOMMYECKUM U TEHETUYECKUM
obcnenoBaHnemM 06ecneynBaeT CBOEBPEMEHHYIO AMArHOCTMKY aTUMMYHbIX ceMeiHbix dopm CA-IJT n ynydwaeT
TaKTWKY BefleHNs NauneHToB.

KnioueBble cnoBa: neiioMnoma; HehpUTUYECKMIA CUHAPOM; OMYXOAK MaTKK; X-CLiENEHHbIe reHeTuYecKne 3abone-
BaHWS; OMyX0u rnafgKkoi MycKynartypbl

Py6puku MeSH:

OMMCAHWE CITYYAEB

NEVOMUOMATOS3 - TEHETUKA

NENOMWOMATO3 - INATHOCTUKA

NEVOMUOMATOS - MATONOr M4

HE®OPUT HACNEZCTBEHHbBIV - TEHETUKA

HE®OPUT HACNELCTBEHHbIVI = AMATHOCTUKA

HE®OPUT HACNEACTBEHHbIV - MATONOM M4

FEHETVYECKWE METObI

JNATHOCTWKA PAHHAA

FMCTONTOTMYECKME METO/bI

MATKW HOBOOBPA30BAHUA - TEHETUKA

MATK HOBOOBPA30BAHWA - ANATHOCTKA

MATKW HOBOOBPA30BAHWA — MATOM0I N4
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HOe coyeTaHmne AMddY3HOro nenomMmnomarosa v CUHApoMa Anbnopta: KIMHUYECKUi cnyyain. Ce4eHOBCKMNIA BECTHUK.
2025; 16(4): 49-57. Epub ahead of print 12.12.2025. https://doi.org/10.47093/2218-7332.2025.16.4.1344
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HIGHLIGHTS KNIOYEBBIE MOJIOXKEHUA

In settings with limited molecular access, X-linked Alport syndrome
can be diagnosed according to the Flinter criteria by integrating
clinical phenotype, renal histopathology, and a compatible family
history.

Familial X-linked Alport syndrome may coexist with diffuse
leiomyomatosis in 2-5% of cases, typically due to combined
mutations in COL4A genes.

Early pedigree analysis combined with coordinated multidisciplinary
care such as genetic counseling, and organ-specific surveillance
by nephrology, audiology, ophthalmology, and gastroenterology,
accelerates diagnosis, enables risk stratification, and improves
outcomes.

Alport syndrome (AS) is a hereditary disease defined
by progressive kidney failure, sensorineural hearing loss,
and ocular abnormalities. AS results from pathogenic
variants in COL4A3, COL4A4, or COL4A5 genes,
which encode type IV collagen, a structural component
essential to the integrity of the glomerular basement
membrane [1-4]. The most frequent form is X-linked
AS caused by COL4AS5 variants; COL4A3 and COL4A4
variants typically underlie autosomal-recessive disease.
The prevalence of AS is estimated at approximately
1 per 5000-10,000 individuals; but the true burden
is probably higher because of late recognition and
atypical presentations, particularly among females with
lyonization-mediated variability [5, 6].

A subset of individuals with X-linked AS develop
diffuse leiomyomatosis (DL) due to contiguous deletions
involving COL4A5 and COL4A6, with reported rates of
roughly 2-5% [7]. By 2021, only around 30 families
with genetically confirmed AS-DL had been described
worldwide [8]. DL is more frequently observed in

55
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FIG. 1. Pedigree chart of family Alport syndrome with diffuse
leiomyomatosis

Mpy HeAOCTYMHOCTI MOJIEKYNAPHO-TEHETUYECKOTO TECTUPOBAHMUS
CUHAPOM ANbMOpPTa, CLEM/IEHHbI C X-XPOMOCOMOW, MOXHO
[AMarHocTUpOBaTb Ha  OCHOBaHMM  Kputepues  dnuHtepa
MpU HaJMYMK y NaLMEeHTa XapaKTEPHOro KIMHUYECKOro GeHoTuna,
rUCTONATONOTMYECKUX W3MEHEHUIA MOYEK W COOTBETCTBYHLLErO
CeMEeiiHOro aHamHesa.

CemeiiHas X-cuenneHHas ¢opma cuHapoma Anbnopta B 2-5%
CNyyaeB MOXET coyeTatbC C AUPGDY3HbIM neiioMUoMaTo30M
BC/IeICTBME CMEXHbIX MyTaLunii B reHax COL4A.

PaHHMIA  aHanM3  pOJOCMOBHOA M CKOOPAMHUPOBAHHbII
MHOrONpOGUAbHbIA  TMOAXOA,  COYETAlLWMA  TeHETUYECKOe
KOHCYNbTMpOBaHue, HabntoeHne Hedponora, 0TOPUHONAPUHIONOrA,
odTanbMonora W racTpo3HTEPONOra, YCKOPSET AUArHOCTUKY,
ynyywaeT KAWHUYECKME WCXOAbl W 3DHEKTUBHOCTb BefeHus
MawLyueHToB.

women and most often involves the esophagus, trachea,
and genital tract, requiring multidisciplinary care [9, 10].

Heterozygous COL4A3 or COL4A4 variants may
manifest with isolated proteinuria and focal segmental
glomerulosclerosis, without the classic ocular and
auditory symptoms, which can often lead to misdiagnosis
[11-14]. Recent studies also implicate digenic
inheritance, mosaic variants, and deep intronic changes
as contributors to disease pathogenesis and to the breadth
of phenotypes observed. These findings support the
incorporation of expanded genetic testing into routine
evaluation, especially when the clinical picture is atypical
[9, 15, 16]. In a recent paper, a child with X-linked AS
was diagnosed with esophageal DL, emphasizing the
usefulness of integrating clinical evaluation, histology,
and family studies for early detection of non-renal
manifestations [17].

The aim of this case report is to describe a rare familial
co-occurrence of AS and DL, and to emphasize the
diagnostic value of combining genealogical assessment
with clinical examination, renal histology, and genetic
testing.

CASE REPORT

A 16-year-old patient had been followed for eleven
years at the Nephrology Department of the Andijan
Regional =~ Multidisciplinary ~ Children’s  Medical
Center for suspected AS. He reported long-standing
microscopic hematuria, mild proteinuria, progressive
decline in hearing, and myopia. Maternal pregnancy was
complicated by first-trimester toxicosis; the patient was
delivered at term with a birth weight of 4200 g and was
breastfed until three years of age. Past medical history
included pneumonia, recurrent tonsillitis, and repeated
upper-respiratory infections (6-8 episodes per year).

The pedigree suggested X-linked transmission
(Fig. 1). Two elder brothers died in adolescence from end-
stage kidney disease attributed to glomerulonephritis.
The patient’s mother had adolescent-onset hematuria,
underwent surgery for symptomatic uterine myoma at
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age 36 after unsuccessful medical therapy, and three
years before the proband’s evaluation was found to
have a benign bladder tumor (histologic subtype not
available). Chemotherapy was recommended at that
time and was followed by increased hematuria. She had
not undergone genetic testing for AS, and no additional
genealogic information from maternal grandparents or
siblings was available.

In 2019 proband underwent a kidney biopsy. Three
renal cores (total length 37 mm) were obtained, witha 1.5-
mm cortical fragment reserved for electron microscopy.
Light microscopy demonstrated a mesangial and
sclerosing pattern with segmental mesangial sclerosis
(Fig. 2A). Interstitial fibrosis involved approximately
10% of the cortical area. Immunofluorescence showed
no specific glomerular deposition (Fig. 2B). Congo
red staining for amyloid was not performed. Electron
microscopy revealed diffuse thinning of glomerular
basement membrane with podocyte foot-process
effacement, consistent with AS (Fig. 2C).

Attenuated
i

BHYTPEHHWE BOJIESHU

Electrocardiography revealed sinus rhythm with a
normal electrical axis. Renal ultrasonography demonstrated
diffuse parenchymal changes without hydronephrosis.
An ophthalmologic assessment showed grade II myopia;
anterior lenticonus and dot-and-fleck retinopathy were not
documented. Audiometry demonstrated bilateral grade III
mixed hearing loss (Fig. 3).

Integrating the clinical phenotype (hematuria,
proteinuria, mixed hearing loss, myopia), the
histopathologic features, and the family history of
adolescent renal failure in male relatives, a diagnosis of
X-linked AS was established according to Flinter criteria
[18]. At that time, molecular testing was not available.
Nephroprotective treatment with angiotensin converting
enzyme inhibitors was initiated.

Since 2024, the patient complained of fatigue,
epigastric pain, nausea, and vomiting. A cardiopulmonary
examination did not show up anything.

Laboratory testing indicated moderate anemia -
hemoglobin 89 g/L, red blood cells 3.6x10'%/L (RBC)

FIG. 2. Kidney biopsy of proband with Alport syndrome and diffuse leiomyomatosis

A. Light microscopy (hematoxylin and eosin, magnification x400). A total of 30 glomeruli were identified, of which 4 were
globally sclerosed. Some glomeruli showed segmental sclerosis with adhesions to Bowman’s capsule. Mesangial hypercellularity:
mild. Mesangial matrix expansion: mild. Glomerular hypertrophy: moderate. Tubular epithelial cells contained reabsorption
droplets. Tubular atrophy involved approximately 10% of the cortical area. Interstitial inflammation involved about 3% of the
cortex. The interstitium showed fibrosis and mononuclear cellular infiltrates with numerous foam cells. Arteries and arterioles

appeared unremarkable.

B. Immunofluorescence study (paraffin-embedded kidney blocks, magnification x200). No specific fluorescence for IgA, IgG,

IgM, C3, or Clq.

C. Electron microscopy (one glomerulus, magnification x10,000). Diffuse effacement of podocyte foot processes. Glomerular
basement membranes exhibited areas of thinning and thickening with marked lamellation and splitting.
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FIG. 3. Audiogram of proband with Alport syndrome and diffuse leiomyomatosis

Note: air conduction (red), bone conduction (blue).

and mild leukopenia (leukocytes 3.9x10°%L). Serum
biochemistry showed total protein 54 g/L., creatinine 116
umol/L, urea 9.2 mmol/L, with an estimated glomerular
filtration rate of 82.8 mL/min/1.73 m?2. Urinalysis
revealed protein 0.33 g/L, white blood cells 6-8 per
high-power field, dysmorphic RBCs 10-12, isomorphic
RBCs 4-6, and hyaline casts 2-5.

In July 2025, an upper endoscopy was performed
and identified a 2-cm submucosal lesion in the body
of the stomach (Fig. 4). The endoscopic appearance
was consistent with a smooth-muscle neoplasm, and
surgical resection was recommended. The patient

remained clinically stable under a joint follow-up by
gastroenterology and pediatric surgery while preoperative
work-up was arranged.

FIG. 4. Upper endoscopy of proband with Alport syndrome
and diffuse leiomyomatosis

Note: submucosal gastric lesion located in the body of the stomach
measuring 2 cm (arrow).

In light of the clinical features suggestive of AS
and the additional identification of a gastric smooth
muscle neoplasm consistent with DL, molecular
genetic testing was warranted to confirm the diagnosis
and guide appropriate clinical management. Whole-
exome sequencing identified two  pathogenic
alterations: a hemizygous missense variant in COL4A5
(NM_000495.5:¢.2879G>A, p.Gly960Asp), consistent
with X-linked AS and affecting the a5(IV) collagen
chain, and a deletion encompassing exons 1-2 of
COL4A6 (NM_000096.4), indicative of a contiguous
COL4A5-COL4A6 rearrangement on the X chromosome
that underlies DL associated with AS. Both variants were
classified as pathogenic based on current annotations
in the OMIM (Online Mendelian Inheritance in Man)
database! and interpreted according to the American
College of Medical Genetics and Genomics guidelines?.
The classification may be subject to revision as additional
evidence accumulates.

DISCUSSION

AS is a progressive congenital nephropathy caused
by type IV collagen defects and classically involves
kidneys, hearing, and eyes. The X-linked dominant
form is more common [8]. Our patient showed the
renal-auditory phenotype early on and, at 16 years,
developed epigastric symptoms. An endoscopy
revealed a 2-cm submucosal lesion in the gastric body,
compatible with smooth-muscle proliferations seen in
AS with DL.

Family history strengthens the inference of X-linked
inheritance: two elder brothers died in adolescence from
end-stage kidney disease, and the patient’s mother had
adolescent-onset hematuria, underwent surgery for

! An Online Catalog of Human Genes and Genetic Disorders. https://www.omim.org/ (access date: 12.06.2025).
2 American College of Medical Genetics and Genomics guidelines. 2018. https:/www.acmg.net (access date: 12.06.2025).
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uterine myoma at 36 years, and later a benign bladder
tumor. These clinical features may suggest a rare form of
AS potentially caused by microdeletions in the COL4A5
and COL4A6 genes [7, 19]. However, a direct association
between uterine fibroids and AS has not been clearly
demonstrated at either the clinical or genetic level.
Moreover, uterine fibroids are common, and a direct
causal relationship with AS cannot be assumed without
genetic confirmation. This case may also be a possible
example of AS being milder disease expression in
females compared to males.

The mother’s nonspecific symptoms and the
occurrence of end-stage kidney failure in two brothers
reflect severe outcomes of delayed genetic assessment.
The pedigree supports X-linked inheritance and
illustrates variable multi-organ involvement. Concurrent
involvement of kidneys, ears, eyes, stomach, and uterus
is syndromic and underscores need for multidisciplinary
consultation. These observations reinforce the value
of multidisciplinary management in AS-DL, with
regular follow-up by nephrologists, audiologists,
ophthalmologists, and gastroenterologists to facilitate
early detection and timely intervention.

Clinicopathologic  correlation ~was consistent.
A kidney biopsy showed segmental mesangial sclerosis
with 10% interstitial fibrosis and classic ultrastructural
abnormalities of the glomerular basement membrane.
Immunofluorescence revealed no immunoglobulin
or complement deposition, supporting a structural
basement-membrane disorder rather than immune-
complex disease. An audiometry confirmed bilateral
grade III mixed hearing loss, and ophthalmologic
assessment documented myopia, aligning with the
recognised extra-renal spectrum of AS. Recurrent
upper-respiratory infections may indicate underlying
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