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ABSTRACT

Introduction. Interventional radiology is a cornerstone of minimally invasive medicine, yet objective assessment
of embolization efficacy remains difficult because conventional visual evaluation of angiographic images is
subjective and operator-dependent. Two-dimensional (2D) perfusion angiography, derived from digital subtraction
angiography (DSA), enables quantitative assessment of hemodynamic parameters, including time to peak (TTP)
contrast enhancement, reflecting the timing of peak contrast enhancement, and mean transit time (MTT), reflecting
the duration of contrast transit through the perfused tissue.

Aim. To quantify changes in TTP and MTT before and after splenic artery embolization and, as an exploratory
analysis, to assess whether a machine-learning model can automatically distinguish pre- from post-embolization
perfusion states. The clinical efficacy of the procedure was additionally evaluated at 12-month follow-up.

Materials and methods. Paired pre- and post-embolization perfusion data from nine patients were analysed. TTP
and MTT were compared using the paired Student’s t-test. An XGBoost (Extreme Gradient Boosting) classifier was
trained to distinguish pre- from post-embolization states using TTP and MTT values measured at individual time
points and evaluated by patient-grouped 3-fold cross-validation, with leave-one-patient-out cross-validation as a
robustness check.

Results. Embolization was associated with significant increases in TTP (from 4.58 £ 0.45 to 6.25 + 0.43 s) and
MTT (from 3.25 £ 0.30 to 4.61 + 0.36 s; both p<0.001), indicating marked attenuation of perfusion within the
embolized territory. At 12 months, significant clinical improvement was observed, including reduced spleen volume
and increased platelet count (both p<0.001). The XGBoost model achieved an accuracy of 0.94 and an AUC-ROC of
0.94, with TTP as the principal discriminating feature.

Conclusions. In this small proof-of-concept cohort, 2D perfusion angiography quantified embolization-related
hemodynamic changes, and machine learning demonstrated preliminary feasibility for the automated discrimination
of pre- and post-embolization perfusion states. Larger, externally validated studies with standardized acquisition
protocols are required before clinical application.

Keywords: Angiography, Machine Learning, Boosting Machine Learning Algorithms, Splenic Artery, Portal
Hypertension, Splenomegaly, Embolization of the Splenic Artery

INTRODUCTION
Interventional radiology has emerged as a
leading discipline within minimally invasive

subjective, operator-dependent, and frequently
insufficient for the quantitative characterisation of
hemodynamic alterations between pre- and post-

medicine, enabling precise locoregional targeting of
pathological vasculature and tumour tissue [1, 2].
A principal challenge in this field is the objective
assessment of embolization efficacy - that is, the
reliable determination of the extent to which
arterial blood flow to the target territory has been
successfully reduced or occluded [3]. Conventional
visual appraisal of angiographic images is inherently
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procedural time points |3, 4].

Two-dimensional perfusion angiography, derived
from digital subtraction angiography (DSA) se-
quences, provides a quantitative framework for the
evaluation of hemodynamic parameters, notably
time to peak (TTP) contrast enhancement and mean
transit time (MTT) of the contrast agent. These
parameters reflect temporal changes in contrast-
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agent transit through the target vascular territory and
may serve as standardized indices of embolization
efficacy [3-7].

Nevertheless, manual interpretation of the
resulting perfusion maps remains labour-intensive
and susceptible to inter- and intra-observer
variability. In this context, the application of machine-
learning methodologies - capable of autonomously
analysing angiographic data and recognizing patterns
associated with embolization-induced hemodynamic
changes - represents a promising avenue for further
investigation [8, 9]. Among these, XGBoost (Extreme
Gradient Boosting) is distinguished by its robustness
on limited datasets and its capacity to identify and
rank the perfusion parameters that best discriminate
such changes [10, 11].

The integration of quantitative perfusion angiog-
raphy with machine-learning frameworks offers new
opportunities for the development of semi-automated
decision-support systems capable of objectively
characterising ~ embolization-related  perfusion
changes [12-15].

AIM

The aim of this study was to evaluate the potential
of 2D perfusion angiography for the quantitative
assessment of embolization-related hemodynamic
changes in the splenic artery in patients with
manifestations of portal hypertension and
splenomegaly. The clinical efficacy of the embolization
was additionally assessed at 12-month follow-up.

MATERIALS AND METHODS

This was a proof-of-concept experimental study
designed to evaluate the capabilities of quantitative
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2D perfusion angiography for the assessment of
embolization-related hemodynamic changes. The
study dataset comprised perfusion angiography
records from nine patients, with paired pre- and
post-procedural imaging datasets obtained following
splenic artery embolization (Figure 1).

The study cohort comprised nine patients
(five men and four women) aged 35-54 vyears,
treated in 2022-2023 for clinically overt portal
hypertension complicated by at least one episode of
gastroesophageal variceal bleeding. According to the
Child-Pugh classification, three patients belonged
to class A and six to class B. All patients underwent
combined splenic artery embolization.

Digital subtraction angiography (DSA) with 2D
perfusion analysis was performed using a Philips
Azurion angiographic system (software release
5 M12). Femoral arterial access was obtained using a
6-Fr Radifocus II introducer sheath, a 5-Fr Glidecath
catheter, and a 0.035-inch guidewire (all Terumo); the
catheter tip was positioned in the splenic artery or its
targetbranch. Combined embolization was performed
using detachable coils (Cook; 12mm x 8 cm and
8 mm x 8 cm) delivered via a pushable coil. Iodinated
contrast medium (300 mg I/mL) was administered
into the splenic artery at a rate of 3 mL/s, and image
series were acquired at 10 frames/s. Time to peak
(TTP) and mean transit time (MTT) were derived
from a region of interest placed over the splenic
parenchyma using Philips 2D Perfusion post-pro-
cessing software (Philips Healthcare). Identical
acquisition and processing protocols were used
before and after embolization.

a) Before splenic artery embolization

b) after splenic artery embolization

Fig. 1 (a, b). Intraoperative angiography: visualization of the vascular bed via a microcatheter under digital
subtraction angiography (DSA) control

UKRAINIAN SCIENTIFIC MEDICAL YOUTH JOURNAL @ 3 (164)/2026

Creative Commons «Attribution» 4.0


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

elSSN 2786-667X

OPUTIHANIbHI POEOTY IS

Table 1. Changes in perfusion parameters before and after embolization (n = 9)

Parameter Before embolization | After embolization A (post- minus _value
(MzSD) (M xSD) pre-embolization) P

TTP (s) 4.58 + 0.45 6.25 + 0.43 1.67 < 0.001

MTT (s) 3.25+0.30 4.61+0.36 1.36 < 0.001

Note: p-values were determined using the paired Student's t-test.

For each case, two primary perfusion parameters
were determined: Time to Peak (TTP) contrast
enhancement, reflecting the velocity of contrast agent
arrival, and Mean Transit Time (MTT), characterising
the volume of tissue perfusion within the intervention
zone.

Data acquisition was performed at two discrete time
points — immediately prior to and upon completion
of the intervention. Normality of data distribution
was confirmed, consistent with a Gaussian pattern.
Inter-timepoint differences (ATTP, AMTT) were
subsequently computed to characterise the magnitude
of perfusion alterations attributable to embolization.

Descriptive statistics included means and standard
deviations; between-timepoint comparisons were
conducted using the paired Student's t-test, with a
significance threshold set at p < 0.05 (Table 1).
Because the clinical outcomes were assessed at
12-month follow-up and were not individually linked
to the intra-procedural perfusion measurements
on a per-patient basis, the machine-learning task
was framed not as prediction of procedural success
but as an exploratory classification of perfusion
state. Each measurement was labelled according to
its acquisition time point (0 = pre-embolization,
1 = post-embolization), providing an objective classi-

Fig. 2 (a, b). 2D perfusion angiography
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Table 2. Individual patient data before and after embolization (n = 9)

ID TTP pre (s) TTP post (s) ATTP (s) MTT pre (s) MTT post (s) AMTT (s)
1 4.84 6.28 1.44 3.12 4.91 1.79
2 4.41 6.61 2.20 3.37 4.53 1.16
3 4.75 5.86 1.1 3.16 4.45 1.29
4 5.23 6.68 1.45 3.62 4.82 1.20
5 4.48 5.56 1.08 3.27 4.17 0.90
6 4.01 6.83 2.82 2.74 5.17 2.43
7 5.09 6.09 1.00 3.58 412 0.54
8 3.87 6.49 2.62 2.90 4.92 2.02
9 4.55 5.89 1.34 3.46 4.38 0.92

I

Note: ATTP and AMTT denote the post- minus pre-embolization differences.

fication target independent of the perfusion features
themselves.

For this exploratory analysis, the XGBoost
(Extreme Gradient Boosting) algorithm - an
ensemble learning method based on sequential
decision-tree boosting — was employed to distinguish
pre- from post-embolization states. The feature set
comprised TTP and MTT values at each time point,
yielding two paired measurements per patient.

Model training and evaluation were performed
using  patient-grouped 3-fold  cross-validation
(StratifiedGroupKFold), in which all measurements
from a given patient were assigned to the same fold to

MTT was observed, from 3.25 + 0.30 s to 4.61 + 0.36 s
(p<0.001), further supporting prolonged contrast
transit within the embolized territory (Table 2).

To evaluate whether perfusion parameters encode
the embolization-induced hemodynamic change, an
XGBoost classifier was trained to distinguish pre- from
post-embolization states using the per-time-point TTP
and MTT values. Under patient-grouped 3-fold cross-
validation, the model separated the two states with an
accuracy and AUC-ROC of 0.94; leave-one-patient-
out cross-validation gave the same values (Table 3).

Table 3. XGBoost model performance metrics

prevent information leakage between paired pre- and Metric Value
post-embolization measurements while preserving

class distribution across folds. Given the small Accuracy 0.944
sample size, leave-one-patient-out cross-validation AUC-ROC 0.944
was additionally performed as a robustness check, Precision 1.000
with comparable results. Model performance was Recall 0.889

characterised using AUC-ROC, accuracy, precision,
and recall, and feature-importance analysis was
conducted to identify the relative contribution of
each perfusion parameter.

All data processing and modelling procedures
were implemented in Python 3.12, utilising the
pandas, scikit-learn, and xgboost libraries. Findings
are reported as means + standard deviations and
presented in tabular and graphical formats, including
ROC curves and feature-importance plots.

RESULTS

Perfusion angiography data from nine patients
demonstrated that splenic artery embolization was
associated with statistically significant changes in
hemodynamicparametersreflectingregional perfusion
within the intervention zone (Figure 2). Mean TTP
increased from 4.58 + 0.45 s to 6.25 + 0.43 s following
embolization (p<0.001), indicating delayed contrast-
medium transit consistent with reduced arterial
perfusion. A concurrent and significant increase in

UKRAINIAN SCIENTIFIC MEDICAL YOUTH JOURNAL @ 3 (164)/2026

Note: Accuracy (overall classification accuracy), Precision
(positive predictive value), Recall (sensitivity), AUC-ROC
(ability to distinguish pre- from post-embolization states).

The AUC-ROC of 0.94 indicates that perfusion
parameters reliably separate pre- from post-
embolization states, consistent with the marked TTP
and MTT changes reported above; this result should
nonetheless be interpreted in the context of the small
sample and the expected separability of the two states
(Figure 3).

Feature-importance analysis identified TTP as
the principal feature discriminating between the
two states (Figure 4), while MTT provided little
additional information once TTP was included. This
finding is consistent with the observation that both
parameters increased markedly and concordantly
after embolization, indicating that either parameter
alone could effectively distinguish between the pre-
and post-procedural states.
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ROC curve: pre- vs post-embolization
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Fig. 4. Feature importance for the XGBoost classifier
distinguishing pre- from post-embolization states

Beyond the intra-procedural perfusion changes,
splenic artery embolization was associated with
significant clinical improvement at 12-month
follow-up in the same nine patients (Table 4). Spleen
volume decreased markedly, and platelet count
more than doubled (both p<0.001), with significant
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improvements also observed in haemoglobin,
haematocrit, and the Child-Pugh score, whereas
albumin levels and the MELD score did not change
significantly.

DISCUSSIONS

The present study demonstrates that 2D perfusion
angiography = parameters showed  statistically
significant  changes following splenic artery
embolization. The observed increasesin TTPand MTT
are consistent with the expected hemodynamic effects
of embolization, reflecting attenuation of arterial
perfusion within the target territory. These findings
are in agreement with previous investigations in which
post-procedural increases in TTP and MTT were
reported as quantitative indicators of embolization
efficacy, notably in the context of partial splenic artery
embolization [5], endovascular interventions for lower
extremity arterial disease [4, 7, 12], and parametric
perfusion analyses in other vascular territories [13].
Collectively, these findings support the potential
utility of 2D perfusion angiography for standardized,
real-time hemodynamic monitoring of embolization-
related perfusion changes [3].

The XGBoost classifier distinguished pre- from
post-embolization states with high accuracy
(AUC-ROC=0.94 under patient-grouped cross-
validation), with comparable results obtained using
leave-one-patient-out  cross-validation,  despite
the small sample size (n=9). These findings
provide preliminary, exploratory evidence that
embolization-induced hemodynamic changes may
be sufficiently consistent to be detected automatically
from perfusion parameters [10, 11]. The high
classification performance may largely reflect the
expected physiological separation between pre-
and post-embolization perfusion states rather than
any clinical predictive capability. Although clinical
improvement was observed at 12 months (Table 4),
these outcomes were assessed at the group level and

Table 4. Clinical outcomes before and 12 months after splenic artery embolization (n = 9)

Parameter Before embolization 1?32[2:&:;?:::" p-value
Spleen volume, cm? 811.6 +324.2 478.8 + 168.6 <0.001
Platelet count, x10%/L 78.5+29.0 143.4 + 27.7 <0.001
Haemoglobin, g/L 107.7 £ 22.1 128.9+15.5 <0.001
Haematocrit, % 33.0%6.1 38.6 £3.9 <0.001
Albumin, g/L 40.0+5.6 41.0+4.8 0.814 (NS]
Child-Pugh score 65+ 1.4 5.6 £ 1.1 0.004
MELD score 5.5+3.3 5.0+3.2 0.556 (NS)
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were temporally distant from the intra-procedural
perfusion measurements. The model was therefore
deliberately framed as a classifier of perfusion state
rather than a predictor of procedural success. Within
this exploratory classification task, TTP emerged as
the principal discriminating feature. The observed
increases in TTP and MTT are consistent with
reduced perfusion following embolization; however,
the present dataset did not include an independent
angiographic or clinical reference standard for
quantifying the degree of vascular occlusion [5].
Similar approaches combining parametric imaging
with machine learning have been reported [14, 15].

ISSN 2786-6661

CONCLUSIONS

The findings demonstrate that two-dimensional per-
fusion angiography can quantify hemodynamic chan-
ges associated with splenic artery embolization, with
significant post-procedural increases in TTP and MTT.
As an exploratory proof-of-concept, the machine-
learning model was able to distinguish pre- from
post-embolization states based on these parameters.
Given the small, single-centre sample and the absence
of an independent reference standard for clinical out-
come assessment, these results should be regarded as
preliminary. Larger, externally validated studies are
required before clinical application can be considered.
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\ ONA OLIHKU E®EKTUBHOCTI EMBOJTI3ALLIT CYAUH:
AN AHAJI3 I3 BUKOPUCTAHHAM AJIFOPUTMY XGBOOST

CHixkaHa l. Jlasiok, Cepriit M. Kosnos

HauioHanbHuin megmnunuii yHisepcuteT iMeHi 0. 0. Boromonbusg, M. Kuis, YkpaiHa

PE3HOME

Bcryn. InTepBenuiitHa pafionoris mocifiae mpoBifHe Miclie cepefi Cy4acHMX MiHiMa/lIbHO iHBa3MBHUX METOfIB -
KyBaHHS, IIpOTe 00’€KTUBHA OLliHKa e()eKTUBHOCTI eMOOIi3allil 3a/MMIIaeTbCs CKIAHOK0 Yepes3 Cy0 eKTMBHICTD i
3a/IeKHICTD Bifj oIlepaTopa IIif yac Bi3yanbHOI OLjiHKM aHriorpadiuHmnx 306paxxeHb. JJBoBuMipHa nepdysiiiHa aH-
riorpadis Ha ocHOBI UdpoBoi cybTpakuiliHoi anriorpadii (DSA) sabesneuye KilbKicHy OLIiHKY reMOAMHAMIYHIX
napaMeTpiB, 30kpeMa 4yacy fo miky kourpactyBaHH:A (TTP) Ta cepenHboro 4acy mpoxokeHH: KOHTPAaCTHOI pedo-
Buay (MTT). ITIpore inTepnperanis oTpuMaHux nepysiiiHNX JaHUX Y PYYHOMY PeXMMI 3a/IMIIAETbCS TPYROMICT-
KOIO Ta 3aJIEKHOIO Bifl JOCBIRY iKaps, 110 OOIPYHTOBYE MOIIYK aBTOMATMU30BaHNX IiIXOAIB.

Meta. Busnauntu sminu TTP i MTT po ta micnsa embonisalii cesie3iHKOBOI apTepii i1 Y MeXXaX pO3BiZyBaJbHOTO
aHaIi3y OLIIHUTH, UM 3[aTHA MOZAEIb MALIMHHOIO HaBYaHHS aBTOMATUYHO PO3PI3HATY CTAaHM [O Ta Iicist eMboIi-
3anii 3a nepdysiitaumy napamerpamu. KininiuHy edexTBHICTD BTpy4aHHA JOGATKOBO OLiHEHO Yepes 12 MicAiBs.
Matepianu Ta MmeToau. IlpoananisoBaHo napHi faHi feB’s1TH manieHTiB fo ta micnsg prpydanss. TTP i MTT mopis-
HIOBaJIV 3a IOIIOMOTOX0 IapHoro t-kpurepito CrblofenTa. Kinacngikarop XGBoost HaBuam po3pisHATYU CTaHU HO
Ta mica embomnisanii 3a sHadeHHAMu TTP i MTT Y KOXKHiil 9aCcOBiil TOYIli Ta OL[iHIOBAJIN 3a JOIIOMOTO0 3-KPaTHOI
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IepexpecHoi Bajiflallil 3 TpylyBaHHAM 3a MALIIEHTOM i ITepeXpecHOl Baifallil 3 BUK/IIOYEHHAM OfHOIO IIalli€HTa
(leave-one-patient-out).

Pesynbtatn. Bcranosneno gocrosipHe 36inbiients TTP (3 4,58 + 0,45 no 6,25 + 0,43 ¢) ta MTT (3 3,25 + 0,30 5o
4,61 + 0,36 c; obupBa p<0,001), U0 CBiFYNTD PO 3aTPUMKY IPOXO/PKEHHS KOHTPACTHOI PEYOBUHH, Y3TO/PKEHY
3i 3HIDKEHHAM apTepianbHoi nepdysii B 30HI BTpy4yaHHA. Yepes 12 micAuiB criocrepiramu KocToBipHe KIIiHiYHe
MOKpallleHHs, 30KpeMa 3MeHIIeHHs 06 eMy cenle3iHKM Ta 36inplieHHs KinbKocTi TpombonnTiB (06uaBa p<0,001).
Mopgens XGBoost gocsirna Tounocti 0,94 Ta AUC-ROC 0,94; Hait6inbut iHGOpMaTBHUM /ISl PO3Pi3HEHHs CTaHIB
napamerpom 6yB TTP. O6uzBi cxemu Basigariil ganm y3rofKeHi pe3yabraTu.

BucHoBkuK. ¥V mexax 1iei HeBenmukoi proof-of-concept xoropru pBoBuMipHa nepdysiitHa aHriorpagis kinpkicHo
Biobpakae reMofHaMiuHi 3MiHM mic/ist em6o7mi3aLii, a MalIMHHE HABYAHHSI IEMOHCTPYE MTOIIePEeNHIO IPUIATHICTD
I/Is1 iX aBTOMATM30BAHOTO PO3pisHeHHs. [I/is1 KIiHIYHOrO BIPOBaI>KeHHsI MOTPiOHI Oinbli FOCTIIKeHH 31 cTaH-
HApTHU3aLi€10 IPOTOKOMIB Ta 30BHIIIHDOK BaJifALI€I0.

KntouoBi cnoBa: AHriorpacdis, MalIMHHe HaBYaHHS, A/ITOPUTMU MiACUIEHHS MallYHHOTO HAaBYaHHS, Ce/le31HKOBa
apTepisi, MOpTaNbHA riepTeHsis, CIIEHOMerajIisi, eMOOi3allist cene3iHKOBOI apTepil.
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