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Summary

Combined PET-CT, supplemented by 3D visualization of DICOM files using the 3D Slicer
program, allows for precise determination of tumor invasion of the paragastric tissue
in locally advanced gastric cancer.

Materials and methods

Tgl e

4 men and 4 women CT and PET-CT study 3d Slicer Accuracy evaluation
Age: 51 to 81 years (before and after surgery) (marking of tumor boundaries) (voxel-wise comparison)

Results of PET-CT and CT
Parameters PET-CT (95%Cl) CT (95%Cl)

Sensitivity 0.88 (0.76-0.97) 0.88(0.47-1.0)

Specificity 0.91(0.80-0.99) a4 0.75 (0.35-0.97)

Dice similarity coefficient 0.85(0.74-0.92) A 0.82 (0.59-0.94)

Jaccard index 0.76 (0.65-0.86) A 0.70 (0.40-0.89)

Hausdorff distance, mm 52(4.1-68) Vv 8.1(6.3-9.5)
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Aim. To evaluate the diagnostic capabilities of combined positron emission tomography (PET) with accumulation
of 18-fluorodeoxyglucose and computed tomography (CT) data, with additional 3D-visualization of CT DICOM files
using the 3D Slicer software, in detecting tumor invasion of the paragastric tissue in locally advanced gastric cancer.
Materials and methods. A prospective open-label study was conducted as part of the research project “SmartGastro”.
Four women and four men aged 571 to 81 years with a histologically confirmed diagnosis of gastric cancer
underwent combined PET/CT following the “Whole Body” protocol at 60-80 minutes after the administration of
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the radiopharmaceutical agent (RPA). The obtained results were analyzed through visual assessment of CT and
PET images separately, as well as through fused scans, followed by 3D reconstruction based on CT DICOM data.
All patients underwent surgery. The resected macroscopic specimen was stepwise excised along its perimeter,
followed by a histological examination of the resection margins (paragastric fat tissue). In all cases, RO resection
was confirmed, indicating radical tumor removal. The initial delineation of tumor boundaries based on PET-CT and
CT imaging was compared voxel-by-voxel with the secondary delineation performed through a visual assessment of
the excised macroscopic specimen.

Results. In 5 out of 8 cases, compromised peritumoral paracardial tissue detected on CT corresponded to regions of
radiopharmaceutical agent uptake on PET. Areas demonstrating increased RPA accumulation in the peritumoral tissue,
along with a corresponding rise in densitometric values on CT, were indicative of true invasion. This was confirmed
by a histological examination of the resected specimen, in 6 out of 8 cases. The sensitivity of combined PET/CT,
assessed on a voxel-by-voxel basis against postoperative pathological findings, was 0.88 (95% confidence interval
(Cl): 0.76-0.97), while specificity reached 0.91 (95% Cl: 0.80-0.99). The discrepancy in tumor boundaries between
these modalities, determined using the Hausdorff distance, was 5.2 mm, with a mean tumor size of 38x30x39 mm.
Conclusion. Combined PET/CT enables the surgeon to identify precisely a compromised mesolayer adipose tissue.
The construction of 3D-models of perigastric tissues affected by the tumor process, combined with the visualization
of the gastric tumor and associated vasculature, facilitates comprehensive preoperative planning for oncological
surgery.
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3D-MopenupoBaHue Ha OCHOBaHUM COBMeELLEeHHOU NO3UTPOHHO-
3MUCCUOHHOM U KOMMNbIOTEPHOM TOMOrpadum B BbiSiBJIEHUMU
OnyxosieBOA UHBa3UU NaparacTpasbHOMW KNeTyaTKu Npu pake
Kenyaka: NnMIoTHoe uccneposaHue
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Lienb. OUEHUTb AWNArHOCTMYECKME BO3MOXHOCTY COBMELLEHHOW MO3UTPOHHO-3MUCCHOHHO Tomorpadum (M3T)
C HakonneHnem 18-GTOPAE30KCUIIHOKO3bI 1 KOMMbioTepHON Tomorpadun (KT), fononHeHHbIx 3D-B13yanuaalmei
DICOM-taitnos ¢ nomoLbto nporpammbl 3D Slicer, B BbIABNEHWM OMYXONEBOI MHBA3UM NaparacTpaibHOR Knetyat-
KW NPy MECTHOPACMNPOCTPAHEHHOM pake Xenyaka.

Matepuanbl n metopbl. [1pOBEJEHO OTKPLITOE NPOCMNEKTUBHOE UCCIEA0BAHME B PAMKaX HayYHO-UCCNe0BaTEbCKO-
ro npoekTa «SmartGastro». B uccnefjoBaHue BKNOYEHbI 4 XEHLLMHBI U 4 My>UWHbI B BO3pacTe 0T 51 1o 81 rofa ¢ ru-
CTOMIOrMYECKM NOATBEPXKAEHHBIM IMAarHO30M «pak Xenyaka». Bcem naumeHTam BbINMOAHAMN COBMeLLeHHYo TTIT-KT
no npotokosny «Whole body» Ha 60-80-i1 MiHyTe nocne BBeaeHNs paarodapmnpenapata (POI). 06paboTka nonyyeH-
HbIX Pe3ynbTaToB BKMOYana Bu3yanbHblii aHanua KT- v M3 T-n306paxeHuii Kak no 0TAENbHOCTH, Tak i COBMELLEHHbIX
CKaHOB, a Takxe 3D-pPeKOHCTPYKLUMIO Ha OCHOBaHUM AeHcuToMeTpuryeckoro aHanuda DICOM-aaHHbIX. Bce nauueHTbl
Obl/IM NPOONEPUPOBaHbI. YaaneHHbIid MakponpenapaT N03TanHo MCCeYeH N0 NepUMETPY C NOCAEAYHOLMM FCTONO-
FMYECKUM WCCNea0BaHNEM KpaeB pesekumn (naparacTpanbHoii KneTyaTtky). Bo BCex ciyyasx NOATBEPXKAEHa paan-
KanbHOCTb BMewatenscTea RO. TepBuyHyto pasmetky rpasut onyxonm no M3T-KT u KT cpaBHMBanu no BOKCenam
CO BTOPWYHON PA3METKOW, BbIMOHEHHON Ha OCHOBAHUW BU3YanbHOTO aHann3a yaaneHHoro Makpornpenapara.
Pe3ynbratbl. KOMNPOMETMPOBaHHas NepMONyxoneBas napakapananbHas knetyatka no KT B 5 n3 8 HabnoaeHuit
COOTBETCTBOBANA 30HaM HakonneHus POTT no M3T. YyacTku noBblleHHOro Hakonnexnns PO B nepuonyxonesoi
KNeTyaTke 1 MoBbILLIEHNE JEHCUTOMETPUYECKONR MAOTHOCTM STUX XE Y4aCTKOB Mo faHHbIM KT co0TBETCTBOBAMU
WCTWUHHOW MHBA3UW, NOATBEPXAEHHOW NPY BTOPUYHOW pasmeTke, B 6 13 8 criyyaeB. YyBCTBUTENbHOCTL NEPBUYHOM
pa3meTky no coBmelieHHoi MIT-KT B cpaBHEHMM MO BOKCENSIM CO BTOPMYHOI pasameTkoi cocTaBuna 0,88 (95% fo-
BepuUTENbHbIA MHTepBan (A1) 0,76-0,97), cneumdnyrocTts — 0,91 (95% M 0,80-0,99), pacxoxaeHne rpaHuL, onyxo-
/1, PaCCYUTaHHOE M0 paccTosHUIO Xaycaopda, COCTaBmo 5,2 MM Npw CpeaHnx padmepax onyxonn 38x30x39 MM.
3akniouenne. CopmelleHHas MIT-KT no3BoNseT To4HO ONpeAennTb 061acT KOMNPOMETMPOBAHHOIO ME30C04
XUPOBOWA knetyaTtku. Cosaanne 3D-Mofeneit KOMNPOMETNPOBAHHbIX OMYXONEBbIM MPOLECCOM MaparacTpanbHbIX
TKaHei B COYETAHUM C BU3yann3aLmeil 0NyxXoam xenyaka n Cocya0B CNOCOBCTBYET KOMMIEKCHOMY npeaonepawy-
OHHOMY M1aHUPOBAHUKO OHKOJIOTUYECKMX OMepaLyii.

KnioyeBble cnoBa: 0nyxosb Xenyaka; MesoractpanbHas kneryatka; M3T-KT, 18-0TopAe30KCUTIOK03a; MeANLMH-
Cckas BU3yanusauus, 3D-pekoHCTpyKUmMa

Py6pukn MeSH:

MECTHOPACITPOCTPAHEHHbBIE HOBOOBPA30BAHWA — OMATHOCTUYECKOE N30BPAXEHNE

XENYKA HOBOOBPA3OBAHNA — ANMATHOCTUYECKOE N30BPAXEHUE

MO3UTPOHHO-3MUCCUOHHOW TOMOI PAGUIA KOMMBIOTEPHAS TOMOI PAGUA — METO/bI

TOMOTPADKNA PEHTTEHOBCKAS KOMIMBbIOTEPHAA = METO/LbI

HOBOOBPA30BAHUI MHBA3UBHOCTb
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XENYOKA HOBOOBPA30BAHMA — MATOJ10I A

Ana uyutupoBanua: Xopo6pbix T.B., Moaaybckas E.B., ArapxaHos B.I, Tyanna J1.M., MBawos W.B., Tpayanos A.B.,
Lan M.A., Opay A.A., Omaposa 3.A. 3D-MOeNMPOBaHME HA OCHOBAHWMM COBMELLEHHOW MO3UTPOHHO-3MUCCUOH-
HOW 1 KOMMbIOTEPHOW TOMOrpaduy B BbIABIEHWN OMYyXONEBOW MHBA3MM NaparacTpanbHON KeTyaTky npu pake
Xenyaka: NNoTHoe unccnefoBaHre. CeyeHoBCKMA BecTHUK. 2025; 16(2): 39-51. https://doi.org/10.47093/2218-
7332.2025.16.2.39-51
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HIGHLIGHTS

Combining positron emission tomography with accumulation of 18-fluorodeoxyglucose demonstrates high sensitivity (88%) and specificity
(91%) in detecting tumor invasion of paragastric tissue in locally advanced gastric cancer.

3D modeling of gastric tumors, paragastric tissue, and angioarchitecture based on DICOM data enables precise tumor boundary delineation.

Combined delineation using positron emission tomography and 3D reconstruction based on computed tomography DICOM data
outperforms conventional computed tomography based delineation and shows no significant difference from the reference histological

mapping.

Gastric cancer is the fourth leading cause of
cancer-related mortality and the fifth most common
malignancy worldwide. The prognosis depends on the
disease stage. At the time of diagnosis, more than half
of patients already have locally advanced disease or
distant metastases [1].

The diagnosis of gastric cancer is based on a
combination of instrumental methods, including
esophagogastroduodenoscopy with biopsy, contrast-
enhanced computed tomography (CT), endoscopic
ultrasound, and diagnostic laparoscopy with cytological
examination of peritoneal washings [2, 3]. In recent
years, the combined positron emission tomography
(PET) and CT method has emerged and is being
considered. This technique allows for a simultaneous

assessment of both morphological and functional
changes. This method can be used both for preoperative
evaluation of gastric tumor spread and for assessing how
to treat the disease. Combined PET-CT is performed in
preoperative diagnostics in cases where staging with
standard imaging methods is inconclusive [4-7].
Contrast-enhanced CT remains the gold standard for
diagnosing and staging gastric cancer and is included
in the list of mandatory preoperative examinations [8].
According to the relevant literature, CT sensitivity in
determining primary tumor size for locally advanced
processes ranges from 68% to 85%, while for regional
lymph node involvement it ranges from 72% to 87%.
Signs of adipose tissue involvement are typically
limited to visual analysis and its description as perinodal
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changes, edema, densification, and fibrotic strands [9].
When analyzing CT images of locally advanced gastric
cancer, an increased density of the paragastric fat is
observed which visually manifests as coarse/fine fibrotic
stranding and altered lymph nodes. The densitometric
measurements of these fat areas often approach tumor
density, making it difficult to differentiate between
gastric wall boundaries and surrounding tissues [10].
Segmentation and reconstruction of these areas, along
with correlation of radiopharmaceutical agent uptake
levels on PET and actual morphological findings, may
make it easier to visualise lymphatic drainage pathways
and create a personalized tumor model for preoperative
planning.

With the active implementation of embryologically
guided surgery in oncology, understanding embryonic
layer boundaries enables organ resection within its
‘embryonic’ fascial layers, which serve as natural
barriers against tumor spread. The concept of
‘mesogastrectomy’ encompasses resection not only
of individual lymph nodes but also the paragastric fat
along with its lymphatic and blood vessels [11-13].

Aim: to evaluate the diagnostic capabilities
of combining PET with accumulation of
18-fluorodeoxyglucose and CT data, with additional
3D-visualization of CT DICOM files using the 3D
Slicer software as a means of detecting tumor invasion
of the paragastric tissue in locally advanced gastric
cancer.

MATERIALS AND METHODS

An open prospective study was conducted as part
of the research project «SmartGastro». A continuous
enrollment of patients hospitalized with newly diagnosed

Patients with gastric cancer
n=237

OHKOJIorns

gastric cancer was carried out at the G.I. Lukomsky
Clinic of Faculty Surgery No. 2 (Sechenov University),
from March 1, 2021, to October 30, 2024.

Patient enroliment

Figure 1 presents a flow diagram illustrating patient
enrollment in the study. Consecutive patient sampling
was performed. A total of 37 patients were screened to
see if they were feasible candidates for participating
in the study, of whom 18 underwent PET-CT imaging.
Exclusion criteria were found in 10 patients. Ultimately,
8 patients were enrolled in the study.

Inclusion Criteria:

e Age > 18 years;

e Eastern Cooperative Oncology Group (ECOG)
performance status < 2 [14];

e Histologically confirmed gastric adenocarcinoma
verifiedbypreoperativeesophagogastroduodenoscopy
with biopsy;

¢ PET-CT approved by the multidisciplinary tumor board;

e Written informed consent obtained.

Exclusion Criteria:
¢ Diffuse peritoneal
visceral) (n = 7);

¢ Synchronous malignant tumors (n = 4).

All the patients that were enrolled underwent
surgical treatment for gastric cancer followed by a
histopathological examination of surgical specimens.
Six patients received neoadjuvant chemotherapy prior
to surgery.

carcinomatosis (parietal or

Histopathological evaluation
A histopathological evaluation was performed by
certified pathologists from the Department of Pathology

PET/CT scan was not approved by
the oncological council

A 4

PET/CT was performed
n=18

n=19

Exclusion criteria:
e total carcinomatosis of parietal or

Patients included
n=38

FIG. 1. Flow chart showing patient inclusion in the study

A 4

visceral peritoneum (n = 7)
e multiple primary cancer (n = 4)

Note: PET-CT - positron emission tomography — computed tomography scan.
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at Sechenov University in accordance with the College
of American Pathologists guidelines!, and the WHO
Classification of Tumors of the Digestive System?.
Surgical specimens were placed in 10% neutral
buffered formalin for 24 hours. Macroscopic evaluation
included: tumor growth pattern (Lauren classification),
anatomical localization, tumor dimensions, and distance
to resection margins.

The specimens were processed by isolating the
lymph nodes according to the JGCA3 classification.
The specimens were then sectioned with parallel
cuts followed by standard paraffin embedding. Then,
the serial and stepwise histological sections were
stained with hematoxylin and eosin. A microscopic
evaluation included an assessment of tumor invasion
depth, presence of tumor cells near resection margins,
lymph node metastases (including greater and lesser
omentum), as well as the total number of removed
and metastatic lymph nodes. Surgical radicality was
categorized as follows: RO - no tumor cells at resection
margins, R1 — microscopic tumor cells at resection line,
R2 - macroscopic tumor cells at resection line, Rx -
inability to assess margins due to tumor fragmentation.

Methodology of integrated PET-CT imaging

Integrated PET-CT imaging was performed at the
PET-Technology Center of Sechenov University after
the patient had fasted for 6 hours. Patients received
an intravenous injection of '$F-fluorodeoxyglucose at
a dose of 195-410 MBq (weight-adjusted), followed
by a 60-80 minute uptake period. A standard whole-
body acquisition was performed from the orbital level
to the mid-thigh, combined with low-dose CT for PET
attenuation correction.

Image reconstruction was performed automatically
with subsequent co-registration of PET and CT
images. PET data interpretation was conducted using
both visual and semi-quantitative methods. A visual
analysis of PET scans was carried out employing
grayscale and color scales in three projections, with
generation of three-dimensional maximum intensity
projection images for each plane. All the PET findings
were systematically correlated with the corresponding
CT images that were acquired during the same
examination session.

For semi-quantitative analysis of PET images,
the standardized uptake value (SUVmax) was
calculated. Areas of increased radiopharmaceutical
uptake (hypermetabolism) that did not correspond to
physiological distribution patterns were considered
pathological. The analysis included a visual assessment

of both CT and PET images separately, as well as an
evaluation of fused PET/CT images. Peritumoral
adipose tissue was comparatively analyzed using
both densitometric measurements (on CT) and
radiopharmaceutical uptake patterns (on PET).

The technique of 3D visualization of CT images

Additionally, a team of specialists - oncologists,
surgeons, and radiologists (L.M.T. - radiology
diagnostician, 5 years of experience; M.A.Ts. - radiology
diagnostician, 3 years of experience) — performed tumor
process reconstruction using the «3D Slicer image
computing platform». This platform is distributed under
an open-source license by «The Open Source Initiative»
and has no restrictions on lawful use [15].

Lymphovascular, perineural or venous invasion of
the fibre, as well as the presence of free tumor deposits
init, was referred to as ‘paragastric tumor invasion’. The
process of marking the compromised peri-tumoral fibre
was as follows: in the presence of one or several visual
signs of the fibre lesion, such as heaviness, increased
accumulation of contrast agent, presence of altered
lymph nodes in the fibre, the areas with its average
densitometric density measurement were marked.
For comparison, a number of areas with densities of
retroperitoneal, peritoneal fibre, large omentum were
marked. The arithmetic mean value of normal fibre was
calculated and compared with the values of the affected
fibre.

Medical imaging processing methods and

statistical analysis

To assess the accuracy of preoperative localization
of pathological foci identified using combined PET-
CT or CT, a voxel-wise comparison was performed
with the reference standard marked on CT. The
initial segmentation of PET-CT and CT images
was carried out by a radiologist using the 3D Slicer
software, employing volumetric segmentation based
on densitometric contrast analysis. The postoperative
(reference) tumor boundaries were secondarily marked
on CT by another radiologist in 3D Slicer, based on
visual analysis of the resected gross specimen, which
was sequentially excised along the perimeter, followed
by histological examination of the resection margins.
In all cases, the radicality of the intervention (R0) was
confirmed. Microscopic images of the resected gastric
specimens were measured in a fully unfolded state to
standardize volumetric assessments. The secondary
CT segmentation was used as the ground truth for
calculating accuracy metrics because this modality

! College of American Pathologists. Stomach Cancer Resection Protocol. Version 4.1.0.0. https:/documents.cap.org/protocols/cp-giupper-

stomach-20-4100.pdf (access date: 23.08.2024).

2 WHO Classification of Tumours Editorial Board. Digestive System Tumours. 5th ed. Lyon: IARC; 2019. https://publications.iarc.fr/Book-
And-Report-Series/Who-Classification-Of-Tumours/Digestive-System-Tumours-2019 (access date: 23.08.2024).

5 Japanese Gastric Cancer Association. Japanese Classification of Gastric Carcinoma. 2nd English ed. Tokyo: Kanehara; 1998.
https://www.jgca.jp/wp-content/uploads/2023/08/] CGC-2E.pdf (access date: 23.08.2024).
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makes it easier to visualize the compromised mesolayer
margins.

The approximate tumor volume was calculated
based on the largest axial diameters measured on CT
scans in three orthogonal planes: frontal (mean value:
38 £ 2 mm), sagittal (mean value: 30 * 3 mm), and
vertical (mean value: 39 £ 3 mm). These dimensions
were used to estimate the histological reference tumor
volume, which enabled interpretation of the metrics
reflecting the segmentation accuracy of fused PET-CT
images and CT scans.

To quantitatively assess the spatial correspondence
between tumor boundaries identified by PET-CT and
CT with histological mapping, the Dice similarity
coefficient (Dice Similarity Coefficient) and Jaccard
index (Intersection over Union) were calculated. The
Hausdorff distance was computed to determine the
maximum discrepancy between tumor boundaries
delineated by PET-CT/CT and the histological reference
standard.

The diagnostic accuracy of primary tumor boundary
delineation (using PET-CT or CT) was compared against
the reference standard CT segmentation (based on
gross specimen analysis and histologically confirmed)
using sensitivity and specificity metrics. True positives
were defined as voxels correctly identified as tumorous
by both primary and reference segmentations; false
positives as voxels labeled tumorous by primary
segmentation but not confirmed by the reference
standard; false negatives as voxels classified as non-
tumorous by primary segmentation but identified as
tumorous in the reference standard; and true negatives
as voxels correctly classified as non-tumorous by both
segmentations. Given the small sample size (n = 8),95%
confidence intervals (Cls) for sensitivity and specificity
were calculated using the Wilson score method.

Results were reported as median values with ranges
(minimum-maximum). The analysis was performed
using Python (version 3.13) with MONAI and SciPy
libraries. A p-value < 0.05 was considered statistically
significant.

RESULTS

Baseline characteristics of patients

The study cohort comprised 4 women and 4 men
aged 51-81 years. According to the ASA (American
Society of Anesthesiologists) classification [16], 6 of
8 patients were categorized as ASA class II. The most
prevalent comorbidities were ischemic heart disease and
type 2 diabetes mellitus. Tumor localization included
the antrum (n = 3), cardia/body (n = 4), and subtotal
involvement (n = 1). Local complications (bleeding or
stenosis) were present in 50% of patients (Table 1).

Table 2 summarizes the characteristics of the tumors
and how they were treated. The histopathological tumor
type was consistent between preoperative biopsy and

OHKOJIorns

postoperative histological examination of surgical
specimens in all patients.

Tumor delineation using integrated PET-CT

The mean maximum standardized uptake value
(SUVmax) in hypermetabolic regions was 17.8 #
1.3 for antral tumors, 19.4 for gastric body tumors,
and 14.7 for tumors at the esophagogastric junction.
These quantitative measurements facilitated a precise
delineation of pathological tissue boundaries.

Poorly  differentiated tumors  demonstrated
higher radiopharmaceutical uptake, consistent with
their increased proliferative activity. However, two
cases - signet ring cell carcinoma (Patient No. 8) and
adenocarcinoma with signet ring cell features (Patient
No. 5) - showed low uptake levels. These were probably
attributable to the specific biochemical characteristics
of the tumors.

When comparing visually altered regional lymph
nodes on CT with areas of increased radiotracer uptake
(hyperfixation) on PET-CT, a correlation between CT
and PET findings was observed in 5 out of 8 cases.
Tumor invasion into adjacent organs - specifically the
pancreas (1 patient) - was detected on fused PET-CT

Table 1. Clinical characteristics of patients
Patients with gastric

Feature cancer (n = 8)
Men, n (%) 4 (50)
Age, years 54 (51-81)

Body mass index, kg/m? 23.8(20.2-24.7)

Physical status according to ASA, n (%)

ASA| 2 (25)

ASA I 6 (75)
ECOG scale status, n (%)

0 2 (25)

1 4 (50)

2 2 (25)

Comorbidity, n (%)
coronary heart disease 3(
arterial hypertension 1(12.5)
atrial fibrillation 1

type Il diabetes mellitus 2 (25)

chronic obstructive pulmonary disease 2(2)
Localization of the tumor, n (%)

cardia 2 (25)

body 2 (25)

antrum 3(37.5)

subtotal lesion 1(12.5)
Complication of the tumor process, n (%)

bleeding 1(12.5)

proximal stenosis 1(12.5)

distal stenosis 2 (25)

Note: ASA - American Society of Anesthesiologists physical status
classification system; ECOG — Eastern Cooperative Oncology Group
performance status scale.
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Table 2. Characteristics of stomach cancer before and after treatment
Invasion
N2 Region cTNM, type, grade Treatment pTNM  ————————— '::S’ PETI;I:)T g_«I]_uaIs
LV PN PF -
Proximal gastrectomy,
1 EJ CT3N.2MO' distal esophageal pT4aN2M0  + + + 328 +
adenocarcinoma, G1 .
resection D2
cT4aN1MT, NACT, total gastrectomy,
2 EJ squamous cell distal esophageal pT4aN1M1  + - + 264 +
carcinoma resection D2
3 B cT3N_1 MO, NACT, total gastrectomy pT3N2MO + i + 445 +
adenocarcinoma, G2 D2
4 B CT3NTMO NACT, total gastrectomy pT3NOMO - i . 563 i
adenocarcinoma, G3 D2
cT3N2MQO, .
5 GA adenocarcinoma, G1; NG dlstalljgastrectomy pT3NTMO  + - + 543 -
and signet-ring cells
6 GA cT4bN1 MO, NACT, distal gastrectomy DTAbNIMO  + + + 307 +
adenocarcinoma, G2 D2
7 GA cT3N] MO, NACT, distal gastrectomy pT3N2M1 i + ) 43.1 _
adenocarcinoma, G1 D2
8 Gl cT4aN2M1, signet NACT, total gastrectomy DpT3N2MT + ) + 9291 +

ring cell carcinoma

D2

Note: CT - computed tomography; cTNM - clinical stage; EJ - esophagogastric junction (Siewert Il); GA - gastric antrum; GB - gastric body;
HU - Hounsfield unit; LV - lymphovascular; MG — mesogastrium; NACT - neoadjuvant chemotherapy; PET — positron emission tomography;
PF - perigastric fat (dissociated tumor cells); PN - perineural; pTNM - pathological stage; SGI - subtotal gastric involvement.

imaging. These images showed an increased radiotracer
metabolism and reduced densitometric values in the
pancreas and spleen (down to 20 HU) in areas adjacent
to the tumor.

According to the TNM classification, the
characteristic CT findings in the T3-stage (5 patients)
included irregular contours of the outer organ wall and
infiltration of the paragastric fat. In T4-stage tumors
(3 patients), tumor extension beyond the gastric wall
was accompanied by infiltration of the adipose tissue. In
these cases, the organ contour on CT and PET became
indistinct and frayed, while the paraesophageal fat was
thickened and surrounded the esophagus in a stellate
“rim” pattern with reduced densitometric values (20-
70 HU).

When the tumor invaded the gastric wall, changes
in the paragastric fat were detected on both th CT and
the PET. If the tumor extended into the ligaments,
varying degrees of thickening were observed in the
peritoneal layers of the ligaments and the adipose
tissue between them. In 5 out of 8 cases, compromised
(densitometrically dense) peritumoral paracardial fat
on CT correlated with areas of radiotracer uptake on
PET.

Areas of increased radiotracer uptake in the
peritumoral fat on PET, combined with elevated

densitometric values in the same regions on CT,
correlated with confirmed tumor invasion on
histological examination of the resected specimen in 6
out of 8 cases.

Voxel-based comparison revealed that primary tumor
delineation using fused PET-CT demonstrated higher
diagnostic accuracy than CT-based delineation alone
(Table 3). The primary PET-CT segmentation showed
no statistically significant difference from secondary
CT-based segmentation with 3D visualization (p = 0.41).
Primary CT-based segmentation alone was significantly
less accurate than secondary CT segmentation with 3D
visualization (p = 0.033).

Examples of 3D tumor modeling based

on CT scans

Visual expert analysis revealed poorly defined
or indistinguishable tumor margins on non-contrast
CT images (Figs. 2A, 3A, 4A). While fused PET-
CT successfully visualized the tumor, it provided
limited differentiation between the tumor and
paragastric adipose tissue (Fig. 4). Three-dimensional
reconstruction utilizing CT DICOM data and tissue
densitometry achieved satisfactory visualization of
both the tumor mass and surrounding paragastric fat
compartments (Fig. 4).
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Table 3. Comparison of the diagnostic accuracy of primary tumor boundary delineation (on PET/CT or CT) with the
reference segmentation on CT (constructed based on the macroscopic specimen and histologically confirmed)

PET/CT CcT

Jaccard index 0.76

Sensitivity 0.88 (
Specificity 0.91 (
Dice similarity coefficient 0.85 (

(

Hausdorff distance, mm

95% CI0.76-0.97)
95% CI 0.80-0.99) 0.75
95% C1 0.74-0.92)
95% CI 0.65-0.86)
5.2 (95% C1 4.1-6.8)

0.88 (95% C1 0.47-1.00)
95% C10.35-0.97)
0.82 (95% C1 0.59-0.94)
0.70 (95% C1 0.40-0.89)

8.1 (95% Cl 6.3-9.5)

—_— e~ —~

Note: Cl - confidence interval; CT - computed tomography; PET - positron emission tomography.

DISCUSSION

Tumor boundary delineation based on fused PET-
CT is highly accurate (sensitivity — 0.88, specificity -
0.91) when compared to tumor boundaries in
histological examination of postoperative specimens.
A quantitative assessment of boundary agreement
between PET-CT segmentation and histological
microslides revealed high similarity coefficients
(Dice coefficient 0.85, Jaccard index 0.76), while
the maximum tumor boundary discrepancy between
the two modalities, calculated using the Hausdorff
distance, averaged 5.2 mm. Given the mean tumor
size of 38x30x39 mm, this value can be considered
satisfactory. When delineating tumor boundaries
based solely on CT, accuracy metrics were slightly
lower. However, despite comparable results, the
wider confidence intervals observed in CT-based
segmentation of the compromised mesolayer suggest
greater variability and ‘randomness’ in boundary
definition in areas with subtle tumor invasion, such as
the paragastric layer. Thus, CT provides less consistent
tumor delineation compared to PET-CT.

The peritumoral adipose tissue—a component of the
«embryonic mesogastrium»—is often compromised and
appears denser on CT scans in locally advanced tumors.

Tumor invasion of this tissue (venous, lymphovascular,
and perineural) is considered a negative prognostic
factor [17-23]. In the present study, for 5 out of 8
patients, CT-detected densitometric consolidation of
the peritumoral fat corresponded to radiotracer-avid
areas on PET, which, combined with postoperative
histopathological findings, revealed an association
between its density and true tumor invasion.

The study additionally analyzed the density of
peritumoral adipose tissue, reconstructed these areas
in 3D Slicer software based on CT images from fused
PET-CT scans, and compared the resulting 3D models
with the ‘reference’ PET-CT segmentation. Tumor
process modeling using CT DICOM files has been
used for several years in urology, thoracic surgery, and
pancreatology. For instance, Russian researchers have
developed a neural network for generating 3D kidney
tumor models [24]. In such modeling, angioarchitecture
plays a central role—vessel reconstruction serves
as a key guide for lymph node dissection [25-28].
Preoperative 3D modeling techniques involve
constructing the tumor model itself and defining its
spatial relationship to adjacent vessels [9, 19]. With the
adoption of laparoscopic surgery which is performed
under limited visual control and without tactile

C

FIG. 2. Visualization of cancer of the middle third of the stomach body.

A. Native computed tomography.

B. Combined positron emission tomography-computed tomography.
C. 3D-model of the mesogastrium based on computes tomography DICOM data.

Note: the level of accumulation of radiopharmaceutical 18-fluorodeoxyglucose in the tumor (blue arrow) and paragastric tissue (orange arrow).
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FIG. 3. Visualization of cancer of the antrum of the stomach (arrow).

A. Native computed tomography.

B. Combined positron emission tomography-computed tomography.
C. 3D-model of the mesogastrium based on computes tomography DICOM data.

FIG. 4. Visualization of cancer of the cardioesophageal junction.
A. Native computed tomography.
B. Combined positron emission tomography-computed tomography.

C. 3D-model of the mesogastrium based on computes tomography DICOM data.

Note: the level of accumulation of radiopharmaceutical 18-fluorodeoxyglucose in the tumor (blue arrow) and paragastric tissue (orange arrow).

feedback, the need has arisen for unified anatomical
landmarks, anatomical navigation, and standardization
of technical approaches [29, 30].

Korean and Japanese surgeons have successfully
developed programs for reconstructing the stomach,
celiac trunk vessels, and spatial relationships between
the stomach and surrounding organs based on CT
data. A notable example is the recent development
by Korea’s National Institute under the leadership of
Professor Hyung W.]. - the RUS™ program. This
software simulates intraoperative conditions with
pneumoperitoneum modeling using CT DICOM
files, allowing surgeons to evaluate individual gastric
anatomy, vascular structures, and adjacent organs
[25]. The pneumoperitoneum simulation enables
highly accurate modeling of intraoperative conditions
and surgical steps. During validation of this software

in gastric cancer patients, the authors confirmed the
accuracy of 3D reconstruction. However, the program’s
developers did not address peritumoral adipose tissue
in their model.

An alternative algorithm for 3D reconstruction of
the stomach and surrounding tissues for preoperative
planning was developed by Jin Woong Kim et al. [31].
However, this method relies on contrast-enhanced CT
and virtual esophagogastroduodenoscopy (EGD) data.
Consequently, it demonstrates reduced diagnostic value
and reconstruction accuracy for tumors and affected
surrounding tissues in early-stage cancer compared to
fused PET-CT, as CT imaging offers a sharply limited
color spectrum. In the early stages (superficial parietal
lesions), conventional EGD typically reveals only
mucosal discoloration as an indicator of malignhancy
without significant fold alterations. Therefore, when
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abnormal tumor-associated mucosal thickening is not
detected on 2D images, this method’s 3D reconstruction
cannot identify the tumor or generate a detailed three-
dimensional model. Furthermore, it should be noted that
gastric secretions, food residue, and mechanical suture/
clip lines may mimic gastric cancer and be mistaken for
true malignant lesions.

Advantages of 3D tumor modeling using 3D
Slicer software include the method’s minimal
invasiveness and cost-effectiveness. This is thanks to
its reconstruction which is based on contrast-enhanced
CT data - a routine, mandatory examination included
in clinical guidelines. Furthermore, 3D reconstruction
enables an accurate restoration of peritumoral adipose
tissue architecture along with adjacent veins, lymphatic
vessels, and nerve fibers. This enhances the radicality
of surgical intervention and improves 5-year patient
survival rates. The proposed method will allow
oncologists and surgeons to preoperatively determine
tumor margins and perform resection within healthy
tissue boundaries which should improve prognosis and
survival outcomes in gastric cancer patients.

Limitations of the study and directions for future

research

The study has several limitations, including a small
patient cohort, insufficient follow-up duration for
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