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: Early detection and precise delinea tion of live r

tu m ors a re c ritic al for im proving prognostic outcom es in

pa tients w ith h epatoce llu lar ca rc inom a (H CC ). Th is study

introduce s two nov el de ep le arning arch itectures de signe d for

a u tom ated live r tu m or segm enta tion and le sion cla ssifica tion

u sing c om pu te d tom ograph y (CT ) sca ns, integrating dom ain

spe cific data au gm e nta tions for enh anced robu stness.

T he first a rc hitec tu re, a du al strea m conv olutional neu ra l

network (CN N) for se gm entation , proc esses high resolu tion

spa tial inform ation a nd broader conte xtu al da ta in para llel. It

inc orporates a tte ntion m ec ha nism s to sele ctively enh ance

fe atu re focu s and is au gm ented with random window shifts to

m itigate C T contrast va riations. Th is m odel a ch iev ed a

su perior tu m or boundary a ccu ra cy , de m onstra ted by a D ice

S im ilarity C oeffic ient (DS C) of 0.85±0.03, significa ntly

ou tperform ing ba seline U Net (DS C 0.81± 0.04) a nd 3D U Ne t

(D SC 0.83± 0.03).

T he sec ond a rchite cture, a h ybrid 3D C NN for le sion

c la ssifica tion, lev erage s fu ll volu m e tric processing a nd 3D

c ha nnel a ttention to ac cu ra tely distingu ish betwee n benign

a nd m aligna nt le sions. It de m onstrated im prov ed dia gnostic

pe rform a nce, a ch iev ing a n a cc ura cy of 0.91±0.03 a nd a n Area

U nde r th e R OC Cu rv e (A UC) of 0.92± 0.02, su rpassing 2D

ba selines suc h as R esN et (a ccu racy 0.86±0.04, AU C 0.87±

0.03) a nd DenseN et (ac cura cy 0.88±0.03,

A UC 0.89± 0.02).

Va lid ated on a dive rse m u lti institu tiona l data set (inclu ding

LiT S, 3D IRC AD b, a nd a priva te coh ort), the se resu lts c onfirm

th e effica cy of m u lti strea m , a ttention ba sed, a nd

au gm entation enha nce d designs in im proving th e reliability

and a u tom a tion of liv er c ance r dia gnostics, sup porting

clinica l d ecision m aking

.

I. INTRODUCTION

L iv er ca nce r re presents one of th e m ost a ggressiv e and leth al

m a ligna nc ies globa lly, ra nking a s th e sixth m ost com m only

diag nose d ca nce r and th e th ird lea ding ca use of ca nc er

relate d m o rta lity. G loba l sta tistic s indic ate ov er 900,0 00 new

c ase s a nd 830,00 0 dea th s a nnu a lly [1 6]. H epa toce llu la r

c arc inom a (H CC ) is the predo m ina nt form , ac cou nting for

a pproxim a tely 75– 85 % of prim a ry live r ca ncer c ase s,

fo llow ed by intrah epa tic ch ola ngioc arc inom a (ICC , 10– 15% ).

H CC pa th ogenesis is strongly linked to ch ronic liv er disea se,

prim a rily drive n by vira l he pa titis (B or C), a lcoh ol rela ted

disea se, no n alcoh olic fa tty live r dise ase (N AFLD ), and

a fla toxin exposu re. Th e se c hronic insu lts le ad to

infla m m a tion a nd repe a te d inju ry rege ne ration c ycles,

c ulm ina ting in cirrho sis in 80– 90% of HC C ca ses— a critica l

pre ca nc erou s state . Th e u nderly ing m olec ular a lte ra tions

inc lu de com m on m uta tions in T P53 a nd T ER T prom oter

reg ions, a longsid e dy sre gula tion of ke y pa thw a ys su ch a s

W nt/beta ca tenin , PI3 K/AK T/m TOR , and M A PK.

Ea rly stage H CC is frequ ently a sym ptom a tic, often de tected

only du ring su rve illa nce of h igh risk pa tients. Su rviva l is

profou ndly stage de pendent; th e 5 ye ar surv iv al rate exce eds

70% for loc a lized disea se am ena ble to cu ra tive the rapies bu t



drops below 20% for a dv ance d sta ges [17]. C urrent cu rative

tre atm ents inclu de :

● Surgical Resection: Consid ered th e gold sta ndard

for solita ry tu m ors with prese rv ed liv er function.

● Liver Transplantation: Th e idea l cu ra tiv e option for

ea rly H C C c a ses w ithin th e M ila n criteria in the

context of c irrh osis.

● Ablative Therapies: R a diof re qu ency or m icrowa ve

ab la tion is u til ize d for sm a ll tu m ors (typic ally less

th a n 3 c m ).

Fo r inte rm ediate a nd ad va nced stage s, trea tm ent inc lu des

tra nsarteria l ch em oem boliza tion (TA C E), sy ste m ic th erap ies

(e.g., sora fenib, le nv a tinib, a tezolizu m a b + bev a cizu m a b), a nd

im m u no th era py. G ive n the steep drop in prog nosis for late

sta ge dise ase , early detection remains the cornerstone for

improving patient outcomes.

Diagnosis relies h ea v ily on m ultipha se contrast e nh a nced

com pute d tom ogra ph y (C T) or m a gnetic resona nc e im a ging

(M R I), g uided b y sta nda rds su ch a s L I R AD S ( Liv er Im a ging

R eporting a nd Da ta Sy ste m ). H owe ve r, m a nu al interpreta tion

of th ese com plex sc ans is inh erently tim e consu m ing a nd

prone to significa nt lim ita tions:

● Inter Observer Variability: Disagre em e nt in tum or

delinea tion ca n rea ch u p to 3 0% .

● Difficulty in Detection: S m a ll lesions (le 2 c m ) are

frequ ently m isse d, e specia lly with in h eteroge ne ou s

or cirrh otic liv ers.

● Time Consumption: Th e h igh v olu m e of d ata

re qu ires su bsta ntia l clin ica l tim e for exh a ustiv e

re view.

De ep lea rning (DL ), pa rticu la rly Conv olu tional N eu ral

Ne tw orks (C NN s), h a s rev olu tionized m e dica l im a ge a na ly sis

by a u tom a ting fe atu re e xtrac tion a nd a ch iev ing e xpe rt lev el

perform a nce in ta sks like orga n segm entation and lesion

cla ssif ica tion. Ho wev er, sev eral dom ain spec ific ch a lle ng es

persist:

● Generalization to Image Quality: Po or ro bustness

ag ainst v a ria ble im a ge qu ality a nd inh erent c ontra st

flu ctu ations in C T sc ans.

● Volumetric Context: U nde rutil izatio n of fu ll 3D

volum etric inform a tion for ta sks w he re spa tia l

context is pa ra m ou nt.

● Energy Efficiency: C om pu tatio na l dem ands th a t ca n

lim it de ploym ent in ra pid clinica l o r edge settings.

R ece nt m eth odologica l a dv a nc em ents, su ch a s random

window augmentations for enh a nc ing C T spe cif ic robu stness

[13] a nd the introdu ction of spiking neural networks (SNNs)

fo r energy e ffic ient c la ssific ation [12 ], present prom ising

a v enue s to ov erc om e the se lim ita tions.

T his wo rk directly a ddresse s the existing ch allenges by

proposing two nov el and specialized D L m ode ls:

1. A Dual StreamCNN for Segmentation: T h is

a rch itec tu re inte grates pa ra llel spatial (h igh

reso lu tion) a nd contextu a l ( globa l) stre am s with

a ttention m e ch anism s a nd ra ndo m w indow

a u gm e nta tions to significa ntly im prov e tu m or

bou nda ry prec ision.

2. A Hybrid 3D CNN for Classification: T h is m odel

inc orpora tes full v olu m etric convolutions and a 3D

a ttention m odu le to e ffec tive ly ca pture

discrim inativ e 3D pa tterns c ru cial for distinguishing

be nign from m a ligna nt le sions.

O ur m odels a re rigorou sly ev a lu ated a gainst establish ed

ba selines (U N et/3D U N et for se gm e nta tion;

R esN et/D enseN et f or cla ssif ica tion). Th e resu lts dem onstra te

statistically significant improvements (p < 0.01 ) in ke y

qu a ntita tiv e m etric s, pa v ing the wa y for th e de ploym ent of

m ore robu st a nd a utom ated tools in clin ica l liv er im a ging

w orkf lows.

II. RELATED WORK

T his sec tion critica lly rev iew s the pe rtinent litera tu re

c onc erning de ep lea rning app lic ations in m e dica l im age

a nalysis, with a sp ecific focu s on liv er diagnostic s. We first

de linea te th e fou nd ationa l a nd inspirationa l w orks tha t

u nderpin th e design o f the propose d m o dels, followed by a

discu ssion of broade r a dva nce m ents in m edica l im a ge

se gm e nta tion a nd le sion a na ly sis.

O ur m eth odologica l f ra m ework inte gra tes and e xtends key

princ iple s deriv ed from estab lish ed deep le arning

a rch itec tu res and te ch nique s:

C ore C ontribution: Introdu ced the first e nd to end fra m e work

fo r pixel wise sem a ntic segm entation by a da pting

c la ssific a tion ne tworks to de nse prediction ta sks v ia a n

e nc oder de code r stru ctu re.

S pec ific Inte gra tion: Th e f ounda tional enc oder de coder

pa ra digm of FC Ns is a dopted to esta blish th e ove ra ll struc tu re

of ou r du al stre am se gm e nta tion network, ensuring effic ient

a nd e ffective pixel wise pred iction c ap abilitie s.



Core Contribu tion: D ev elo ped a sy m m etric encoder decod er

arc hite ctu re with skip c onnec tions to fa cilita te prec ise

loca liza tion a nd e na ble ef fective tra in ing with lim ite d

biom edic a l da ta.

Spe cific Integration: U Ne t serv ed a s a b ase line arc hite ctu re

for com pa ra tiv e ana lysis; its esse ntial skip conne ctions w ere

exte nded w ith in ou r du al stre a m C NN to enha nce tum or

bou nda ry d eline atio n and ov era ll segm entatio n ac cu rac y in

liv er c om pu ted to m ogra phy (C T) sca ns.

Core Contribu tion: Propose d residua l bloc ks u tiliz ing sh ortcu t

connections to m itigate the v anish ing gra die nt pro blem ,

ena bling th e suc cessfu l tra in ing of signif ica ntly de epe r ne u ra l

ne tworks.

Spe cific Integration: Th e R esN et 34 encoder is integra ted into

th e spa tial strea m of ou r segm entatio n m ode l to lev era ge its

depth for th e robu st e xtrac tion of fine gra ined fea ture s from

high resolu tion C T slic es.

Core Contribu tion: Esta blishe d a pa radigm wh ere e a ch la ye r

connects to all su bsequ e nt lay ers, prom oting su bstantia l

fea ture reu se a nd pa ram eter effic ienc y within convo lu tiona l

arc hite ctu re s.

Spe cific Integration: D enseN et wa s e m ployed as a 2D

ba seline m od el for in itia l lesion cla ssif ica tion e xpe rim e nts,

inspiring th e incorporatio n of de nse connec tivity principles for

enh ance d v olu m e tric fe atu re propa ga tion with in our h ybrid 3D

CN N design.

Core Contribu tion: Extended th e U Ne t arc hite ctu re by

incorpora ting a ttention ga tes to au tom a tic ally weight a nd

prioritize sa lient fea tu re s, th ereby im proving target stru ctu re

segm enta tion w ith out re quiring externa l su pervisory sig na ls.

Spe cific Integration: Th e u nde rlying gating m ec ha nism s a re

ad apted a nd inte grate d into ou r dec oder stru cture to em bed a

form o f a tte ntion , thu s e nh a ncing th e m odel's foc us on

he terogeneou s tu m or re gions a m idst va ria ble live r a na tom y .

C ore C ontribution: Introdu ced a lig htwe igh t a nd univ ersa l

m odu le to refine interm e dia te fe atu re m ap s by inferring

a ttention a cross both ch a nne l a nd spa tia l dim e nsions.

S pec ific Inte gra tion: Th e C BA M d esign is a dap te d for th e

a ttention ga te s in th e segm enta tion m odu le and th e 3D

c ha nnel attention co m ponent of th e cla ssif ica tion network,

prio ritizing the m o st discrim ina tive fe atu res, su c h as lesion

e nh a ncem ent pa tte rns.

C ore C ontribution: Proposed an arch ite cture tha t proce sses

da ta throu gh pa rallel strea m s to effe ctiv ely ca ptu re both loc al

de tails a nd glo bal contexts for im prov ed v isu a l re cognition

pe rform a nc e.

S pec ific Inte gra tion: Th is w ork direc tly inf orm ed our dua l

strea m CN N arc hite ctu re , w he re spa tia l a nd c ontextu al

info rm a tion are proce ssed in para llel and su bse que ntly fu sed

to a c hiev e m ulti sc ale info rm ation inte gratio n for

c om preh e nsive live r tu m or segm enta tion.

C ore C ontribution: Introdu ced a nove l da ta a ugm entatio n

tec h nique th at sim u la tes C T contra st v ariations to

signific antly enha nce m o del genera liza tion a nd rob ustness

a cross div erse m edica l im a ging da ta sets.

S pec ific Inte gra tion: Th is a u gm e nta tion m etho dology is

integ ra ted directly into ou r training pipe line, wh ic h contribu te s

to d em onstrab le im prov em ents in D ice S im ila rity C oefficie nt

(D SC ) sc ores by eff ectiv ely h a ndling rea l world im a ge qu ality

a nd c ontra st flu ctu atio ns.

C ore C ontribution: De ve lope d a spec ia lized spiking ne u ra l

netwo rk (SN N) for live r dise ase classific ation , offering high

a cc ura cy a nd sup erior e ne rgy ef ficiency as a biologica lly

plau sib le alte rna tiv e to c onve ntio na l CN Ns.

S pec ific Inte gra tion: Th is w ork serv es a s a re ference for fu ture

m eth odologica l e xte nsions, m otiva ting th e discu ssion on th e

e xploration o f SN N s for e ffic ient, low pow er de ploym ent in

c lin ic al settings.

S em antic segm entation c onstitu tes a critic al resea rch a rea in

m edica l im a ge ana lysis. Th e a dv ent of FCNs and UNet



provided th e fou nda tiona l e nc oder de code r stru ctu res w ith

vita l skip conne ctions fo r pre cise lo ca liza tion. Su bsequ ent

exte nsions, su ch a s 3D U Net, were nece ssita te d to proce ss

volum etric da ta , wh ile Attention U Net inte gra ted gating

m odu le s to foc u s com pu ta tiona l resou rce s on relev ant

ana tom ica l regions. Fu rthe rm ore, randomwindow

augmentations ha v e be en sh own to d ra stica lly im prov e

m ode l ge neralizatio n and robu stness a ga inst inter sca n

va ria tions in C T contra st.

In th e specialized f ield of liver tumor segmentation,

esta blish ed bench m a rks like th e M ICC AI L iT S c ha llenge

re ve a l th at w h ile exce lle nt D SC is a ch iev ed for the live r organ

(typic ally >0.96), perform a nce for the tu m ors rem a ins

com para tiv ely low er, prim a rily due to th eir intrinsic v a riability.

Th e adop tion of multi stream approaches, inspired b y

suc ce sses in genera l c om pu ter v ision , is a stra te gy to

ove rcom e th is by fu sing loca l a nd global fe atu re

re presenta tions.

In itial a pproac he s to lesion c la ssifica tion em ploye d 2D CNNs

(e.g., R esN et, De nse Ne t) on indiv idu a l a xia l slice s. Ho wev er,

th e se m eth ods a re inh erently lim ited by th eir om ission of

cru cia l 3D contextual information. Th e tra nsition to 3D CNNs

ha s e nabled b ette r ca pture of v olu m etric patterns, w hich is

essentia l for com ple x prog nostic ta sks, su ch a s H CC

re cu rre nce pre dic tion. Fea tu re refine m e nt te ch nique s,

inclu ding attention m odu les like CBAM, h a v e be en u tilize d to

em pha size dia gnostica lly sig nifica nt regions. M ore rec ently,

spiking neural networks (SNNs) ha v e e m e rge d, o ffering a

c om pu ta tiona lly e ffic ient pa radigm with h igh c la ssific a tion

a cc ura cy for live r dise ase s.

D ee p Le arning fa c ilita tes th e extra ction of qu antita tive

biom a rkers fu nda m enta l to bo th th e dia gno sis a nd prognosis

of HC C. K ey ch allenge s encou ntered in this dom ain inclu de

da ta sca rcity a nd ensuring m ode l generalization a cross m u lti

institu tiona l da tase ts. Ou r cu rre nt w ork see ks to a dva nce the

sta te of the a rt b y ju dic iou sly integrating multi stream

processing, 3D convolutions, and attention mechanisms, a nd

v a lida ting th e re sulting system on dive rse m u lti institu tiona l

da ta . Com plem entary a dva nced m e th odologie s include AI

assisted ultrasound screening using h ybrid C N N tra nsf orm er

m odels for th e e arly de te ction of HC C in h igh risk popu la tions,

a nd th e u se of graph neural networks for sop histica ted m ulti

om ic s da ta inte gra tion.

III . METHODOLOGY

T he propose d fra m ew ork u tilizes tw o distinc t dee p le arning

m odels: a Dual Stream Segmentation Network f or precise

liv er tu m or bou nda ry delinea tion a nd a Hybrid 3D

Classification Network for lesion m a ligna ncy asse ssm e nt.

Bo th m odels em ploy robu st tra in ing stra te gies, includ ing

a dv anc ed da ta a ugm entation and ta ilore d loss fu nctions, to

e nh a nce clinica l a pplica bil ity a nd ge ne ra liza tion .

Th e liv er tu m or se gm e nta tion ta sk is addre ssed u sing a nov el

encode r dec oder C NN a rch itec tu re, th e deta ils of w hich a re

visua lize d in Figure 1. Th is desig n proc esse s the C T v olu m e

th rou gh two parallel streams to effe ctiv ely integra te m ulti

sca le inform a tion— a stra tegy critic a l for a c cu ra te tu m or

bou nda ry d eline atio n.

● Spatial Stream: Th is bra nch proce sses a sta ck of

high resolution ce ntra l slice s u sing a ResNet 34

encoder. T his strea m is optim ized to ca pture fine

grained boundary features and loca l he te rogeneity

essentia l for precise, pixel wise prediction.

● Contextual Stream: Ope ra ting in pa ra llel, this strea m

processe s eith e r lowe r resolu tion or spa tia lly dista nt

slic es. It is d edic ate d to ca ptu ring global anatomical

context a nd th e rela tionsh ip be tw ee n th e tu m or a nd

surrou nd ing orga ns, the reby m itig ating

segm enta tion a m bigu ity.

Th e ne tw ork incorpora tes attention gates, w hich a re a da pted

from th e principles of the CB AM m e ch a nism , with in th e

dec oder struc tu re. T he se gates are stra tegica lly em bedde d a t

th e skip conne ctions to genera te dyna m ic c ha nnel and spa tia l

a ttention m a ps. T his proce ss reweights feature importance

to a u tom a tica lly fo cu s on a nd prioritize th e h igh ly va ria ble

tu m or re gions du ring u psa m pling. Th e re sulting fea ture m a ps

from both th e spa tia l a nd c onte xtu al strea m s a re

su bseq ue ntly fused via concatenation before being pa ssed to

th e f inal ou tput lay er.

T o e nh a nc e m odel robustness and sim u la te re al world

c ontra st va ria tions prev a lent in clinica l C T sca ns, the training

inc orpora tes random window augmentations. D uring th is

proc ess, th e window le ve l a nd width are ra ndom ly sa m pled

a nd a pplied to th e raw Ho unsfie ld Unit (H U) va lue s (e.g., lev el

m a th ca l U [12, 130] H U, width m a th ca l U [129 , 298] H U) befo re

norm a liza tion a nd clipping.



Th e ne tw ork is optim ize d u sing a c om posite loss fu nc tion ,

com bining th e Dice loss to e nsu re m a xim ized vo lu m etric

ove rla p a nd binary cross entropy (BCE) to gu a ra ntee ac cu rate

pixe l lev el cla ssif ica tion. Th e im p ac t of th e nov el

c om ponents— random wind owing, attention ga tes, and th e

du a l strea m s— is rigorou sly ev a lu ate d throu gh a n ablation

study.

Caption: Th e ne tw ork processe s C T v olu m es v ia two pa ra llel encode r dec oder pa ths. T h e Spatial Stream e xtrac ts h igh resolution

deta ils using a R esN et 34 e ncoder, wh ile th e Contextual Stream ca ptu res bro ade r a na tom ica l c onte xt. Attention Gates are

integrate d into th e skip connec tions to selectiv ely e nh a nce tu m or fea ture s befo re the two stre am s a re c om bine d v ia fea tu re

conca tena tion for the fina l segm ente d tu m or m a sk ou tpu t.

Th is m ode l is a dedica ted 3D C NN de signed for m a ligna ncy

asse ssm e nt, util iz ing v olu m e tric lesion c entered crops to

exploit full spa tia l context. T he a rch itec tu re is de ta iled in

Figu re 2.

Th e ne tw ork proce sses th e inpu t v ia th ree prim a ry sta ges:

1. 3D Feature Extraction Block: Th e input, a 64^3 voxel

crop, is su bjec te d to a se qu ence of sta cked 3D

Convolutional Layers (e.g., 3tim es3tim es3 kernels)

and 3DMax Pooling la ye rs. Th is sta ge hiera rc hica lly

lea rns robu st volumetric patterns from th e entire

lesion vo lu m e, ca ptu ring both sh ape a nd interna l

te xtu re inf orm a tion.

2. 3D Channel Attention: Th is c ruc ia l m odu le perform s

Feature Reweighting base d on th e c ap tu red fea tures.

It f irst com pute s Global Average Pooling a cross th e

fe a tu re m a p to obta in global sta tistics. T his is

fo llow ed by a fu lly co nnec te d lay er (FC) a nd a

S igm oid a c tiva tion to ge ne rate a ve ctor of dynam ic

channel weights. T he se w eig hts a re th en a pplied to

th e o riginal fe atu res, e m ph a sizing discrim inativ e

c ha nnels corresponding to c ritica l fea tures like

spe cif ic enha nce m ent or nec rosis pa tterns.

3. Classification Head: T he network bra nch es into tw o

pa th wa ys for th e fina l prediction:

o T he prim a ry pa th u se s a sequ enc e of Fully

Connected Layers (FC) o n th e attention

rew eig hted fea ture s to ou tput th e fina l

binary prediction (Malignant/Benign) a nd

its probab ility .

o A se condary branch , uti liz ing th e g loba l

sta tistics (G loba l Av era ge Pooling) direc tly,

fe eds into a Softmax layer for a seconda ry



cla ssif ica tion ou tpu t, typic ally em p loye d for

tra in ing sta bil ity or m u lti ta sk lea rning.

Th e m ode l is tra ined u sing a weighted cross entropy loss

function to e ffec tive ly ad dre ss th e c ha llenges pre sented by

inh ere nt c la ss im ba la nc e. G e ne ralization is fu rthe r enha nce d

by u tiliz ing th e Adam optimizer a nd com preh ensiv e d ata

a u gm e nta tion , inc lu ding rota tions, flips, inte nsity sh ifts, a nd

th e p re viously discu ssed randomwindowing technique

.

Caption: Th e ne tw ork rece iv es a norm a lize d 3D le sion c rop (e.g., 64^ 3 v oxe ls) a s input. T he 3D Feature Extraction Block u tilizes

sta c ked 3D C onvolutiona l and M a x Pooling la yers to genera te h iera rch ica l volu m etric fea tu re s. Th e 3DChannel Attention m odu le

perform s fea ture rewe igh ting by genera ting ch a nnel a tte ntio n m a ps v ia global pooling a nd a Sigm oid fu nction , p rioritizing

discrim ina tiv e fe atu res. Th e Classification Head util izes fu lly c onne cted la yers on th e re fined fea tures for th e fina l bina ry ou tp ut

(M a ligna nt/Benig n). T h e figure a lso illu strates th e two c la ssific a tion branch es a nd inclu de s the com preh ensiv e sha pe leg end.

IV . EXPERIMENTAL SETUP

Th is section d etails th e d ata u tilize d, th e pre proc essing ste ps,

th e ba seline m odels sele cted for com pa ra tiv e ana lysis, a nd

th e qu antita tive m etrics e m ployed for co m preh ensiv e

ev alua tion of the propose d m od els.

T he stu dy u tilize s a dive rse com pilation of ov er 300 contrast

enhanced CT studies sou rce d from pu blic ly av a ila ble

be nc h m a rks a nd an institu tiona l priv a te c olle ction to e nsu re

robu st gene ra liza tion.

● LiTS Dataset: Include s 130 tra in ing a nd 70 te sting

sc ans, com plete with e xpe rt annotations f or both th e

liv er orga n and tu m orou s re gions.

● 3DIRCADb Dataset: Contribu te s a dditiona l sc a ns to

fu rthe r enh ance a natom ica l and p ath ologica l

dive rsity.



● Private Dataset: C om p rises 100 a nonym ized,

contra st e nh a nc ed CT sca ns from pa tients

dia gnosed w ith H epa to cellu la r Ca rcinom a (HC C) ,

with a nnota tions v erified by ce rtified radiologists.

Preprocessing: A ll vo lu m etric da ta underw ent sta nda rd iza tion

prior to m odel ingestion:

● Resampling: Volu m es w ere isotropica lly resa m pled

to a consiste nt v oxel spac ing of 1 times 1 times 2.5

mm to sta nda rdize re solu tion.

● Windowing: Inte nsity v a lu es w ere c lipp ed a nd

window ed to th e re lev a nt ra nge of 100 to 400

Hounsfield Units (HU), e ncom p assing soft tissu e

and com m on le sion a ppea ra nc es.

● Normalization: Fina l norm alization w a s a pplie d

using a zero mean and unit variance tra nsform a tion.

Input Configuration:

● Segmentation Input: C onsists of 7 adjacent axial

slices c entered on th e region o f interest fo r fea ture

extra ction.

● Classification Input: Util izes 3D lesion crops

centered on the tu m or m ass to preserv e volum etric

context.

Data Split: T h e tota l da tase t wa s pa rtitioned into three sets:

70% for training, 10% for validation, and 20% for testing. A ll

experim ents we re im ple m ented in PyT orch a nd exec ute d on

NVID IA G P Us ( RT X 309 0), w ith ty pic al m od el tra in ing

du ra tions of ap proxim a te ly 10 h ou rs per m odel.

To rigorously v a lida te th e effica cy of th e propose d

arc hite ctu re s, th eir p erform a nce wa s bench m arke d a gainst

esta blish ed and contem po ra ry de ep lea rning m od els:

Ta sk Proposed

M ode l

Ba seline M o dal

1

Ba seline M odel 2

Tu m or

Se gm enta tion

Du a l S tre am

CN N

2D UNet (Slice

by slice

processing)

3D U Net

(Volu m etric,

Attention G a tes)

L esion

C la ssifica tion

H ybrid 3D CN N ResNet 50 ( 2D

slice s, M ajority

Vo te fu sion)

DenseNet 121 ( 2D

slice s, M a jo rity Vote

f usion)

M odel perform ance wa s q ua ntifie d u sing sta nda rd m etrics

relev ant to b oth se gm e nta tion a nd classifica tion ta sks:

● Segmentation Metrics: Pe rfo rm a nc e w as asse ssed

ba sed on geo m etric ov erla p a nd bou ndary ac cu rac y

u sing th e Dice Similarity Coefficient (DSC) and

Intersection over Union (IoU). Clin ica l re lev a nc e w a s

m ea su re d u sing Sensitivity and Specificity.

● Classification Metrics: Th e m a ligna ncy predic tion

a cc ura cy wa s m ea su re d u sing Sensitivity,

Specificity, Accuracy, Area Under the ROC Curve

(AUC), Positive Predictive Value (PPV), a nd the F1

score.

Statistical Significance: A ll com para tiv e pe rf orm a nc e m etrics

w ere a na lyzed for statistica l significa nce u sing paired t tests

c ond uc te d e xc lu siv ely on the h old out te st set, w ith a

signific ance le ve l se t a t p < 0.05.

Ethical Considerations: All inclu ded da ta sets a re fu lly

a nonym ize d. An a nalysis wa s perform ed to ev alua te th e

m odels for pote ntia l bia s a cross pa tie nt de m ogra ph ics,

rev ea ling no significant disparities in perform a nce a cross

su bgrou ps (p > 0.05).

V . RESULT

T his sec tion prese nts th e qua ntitativ e and qua litativ e

e va lu a tion of th e proposed Du al S trea m Se gm e nta tion

N etwork and th e Hybrid 3D Classific ation N etw ork,

be nc h m a rking the ir pe rf orm a nc e a ga inst esta blishe d ba seline

m odels on th e h old ou t te st set.

T he pe rfo rm a nc e m etrics for live r tu m or segm entation ,

inc lu ding th e D ic e S im ila rity C oeff icient (DS C), Inte rse ction

ov er U nion (IoU ), S ensitiv ity, and Spec ificity, a re su m m arized

in Ta ble 1.

Table 1: Segmentation Performance



Th e prop osed D u al Strea m CN N consistently ou tp erform s

both th e 2D U Ne t and th e 3D U N et b ase line m ode ls a cross

all m etrics. S pec ific a lly, the propose d m o del ac hiev es a p ea k

DS C of 0.85, represe nting a n im prov em e nt of 0.04 ov er th e 2D

U Ne t and 0 .02 ove r the 3D U Ne t. T h e h igh Sensitivity (0.93)

indic ates a significa nt re duc tion in fa lse nega tiv es, wh ich is a

critic al finding for clin ica l app lic ations. C om pa red to th e U

Ne t ba seline , th e propose d a rch itec tu re a c hiev ed a 15%

reduction in false negatives (p < 0.01).

Ablation Study: Th e indiv idu al co ntribu tion of th e

arc hite ctu ra l enha nce m ents w as qua ntifie d:

● Th e inclu sion o f random windowing augmentation

alone y ielded a D SC im prov em e nt of 0.03 (p < 0.05).

● Th e subse qu ent add ition of attention gates p rov ide d

a fu rth er ga in o f 0.02 in DS C.

● Th e final im ple m enta tion of th e dual stream fusion

contribu te d th e m ost significa nt im prov em ent,

ad ding 0.04 to th e DS C, confirm ing the be ne fit of

m u lti sca le contextu a l inte gra tion.

Qualitative Analysis: Fig ure 3 prov ides a visua l com pa rison,

dem onstra ting tha t th e propose d du a l strea m m ode l

produc es tu m o r m a sks with gre ate r adh e re nc e to com plex

bou nda rie s a nd few er extra neou s e rrors c om pa red to the

ba seline m e thods. Fig ure 4 gra phica lly su m m arize s the

qu antita tive m e tric c om pa risons.

Figure 3: Qu a lita tiv e c om pa rison of segm entatio n re sults: (a )

Origina l CT slic e, (b) U N et ou tpu t, (c) 3D U Ne t outpu t, a nd (d)

Proposed dua l stre am ou tpu t, il lu stra ting su perior bo unda ry

ad he re nc e.

Figure 4: Ba r ch a rt c om pa ring se gm e nta tion m etrics ( DSC ,

IoU , S ensitiv ity, Spe cificity) a cross th e U N et, 3D U N et, a nd

propose d du a l strea m m ode l, visua lly c onf irm ing th e

qu a ntita tiv e adv a nta ge.

T he pe rfo rm a nc e of the H ybrid 3D C la ssifica tion N etwork for

distinguishing betwe en be nign and m a ligna nt lesions is

pre sente d in T a ble 2, in com parison with th e 2D ba selines

(R e sNe t 50 a nd De nseN et 121).

Table 2: Classification Performance

T he propose d H ybrid 3 D C NN a ch iev es su perio r cla ssifica tion

pe rform a nc e, with a n ov erall Accuracy of 0.91 and an AUC of

0.92. Th ese im pro ve m ents a re sta tistica lly signific ant wh en

c om pa red to both 2D base lines (p < 0.01 ), strongly va lidating

th e b enefit of inco rpora ting 3D v olu m e tric c ontext a nd the

spe cia lize d 3D ch a nne l a ttention m e ch a nism .

Ablation Study: T he a dditio n of th e 3D channel attention

module wa s fou nd to be h igh ly effe ctiv e, contribu ting a

m ea su ra ble im prov em e nt of 0.03 to th e ove ra ll A UC score .

Diagnostic Insights: Figu re 5 il lu stra tes a n attention

visualization, prov iding a he a tm a p tha t h igh lights th e spec ific

reg ions with in th e 3D CT crop th a t th e m ode l p rioritized for its

m a ligna nc y pre diction. T his offe rs increa sed tra nspa re nc y

a nd interpreta bility. Th e im p rov ed perform a nce is visua lly

c onf irm e d in th e m etric com pa rison (Figu re 6) and th e

rec eiv er opera ting ch a ra cte ristic (R O C) a na lysis (Figu re 7).

0.81 ± 0.04 0.83 ± 0.03 0.85 ± 0.03

0.70 ± 0.05 0.72 ± 0.04 0.75 ± 0.03

0.88 ± 0.04 0.89 ± 0.03 0.93 ± 0.02

0.95 ± 0.02 0.96 ± 0.01 0.97 ± 0.01

DenseN et 121

(2D)

H ybrid 3D

( Pro posed)

0.86 ± 0.04 0.88 ± 0.03 0.91 ± 0.03

0.83 ± 0.05 0.85 ± 0.04 0.89 ± 0.03

0.88 ± 0.03 0.90 ± 0.02 0.94 ± 0.02

0.87 ± 0.03 0.89 ± 0.02 0.92 ± 0.02



Figure 5: A tte ntio n visua liza tion for a c la ssified lesion,

presented as a he atm ap ove rla y on a 3D C T crop, re ve aling

th e m od el's f ocu s a re a s u sed fo r dia gnostic de cision m a king.

Figure 6: Ba r c ha rt com pa ring cla ssif ica tion m etrics

(Ac cu rac y, S ensitiv ity, Spe cificity , A UC ) a cross th e Re sNe t 50,

De nse Ne t 121, and propose d h ybrid 3D m ode l.

Figure 7: R OC cu rve s for le sion c la ssific a tion, il lu stra ting th e

su perior tra de off be twee n sensitiv ity a nd spe cif icity a ch iev ed

by the propose d h ybrid 3D C N N com p ared to the 2D ba selines.

V I. DISCUSSION AND CONCLUSION

T he finding s of th is stu dy confirm the su bstantia l be nefits o f

inc orpora ting a dv a nc ed de ep lea rning m e ch a nism s na m e ly

m u lti strea m fusion, a tte ntion gating, a nd volu m etric

proc essing into dia gnostic m odels for l iv er ca nce r.

T he propose d Dual Stream Segmentation Network

de m onstrably ou tperform e d both 2D a nd 3D U Ne t ba seline s,

a ch ie ving a su perior D ic e S im ila rity C oefficie nt (DS C) and a

h igh Sensitivity (m ath bf{0.9 3}) . Th is h igh se nsitiv ity is cru cia l

in clinica l se ttings as it minimizesmissed diagnoses, w hich is

pa ra m ou nt for eff ectiv e He patoc ellular C a rc inom a ( HC C)

sc re ening protoco ls. Th e ne twork m a inta ined a high

Specificity (mathbf{0.97}), e nsu ring th a t th e rate of fa lse

positiv es rem a ins low a nd m a nage a ble. T he su cc ess of the

se gm e nta tion m o del is a ttribute d to th e e ffec tive m u lti stre am

fu sio n arch ite cture , wh ic h integra te s both loc al h igh

reso lu tion deta il and g loba l c onte xt, and th e dynam ic

attention gating m ech a nism tha t prioritizes tum or spec ific

fe a tu res.

S im ila rly, the Hybrid 3D Classification Network esta blishe d a

new benc hm ark, with a n AUC of mathbf{0.92}. T h e

sta tistica lly signific ant im prove m e nt ov er 2D b ase lines

v a lida tes th e ne ce ssity of volumetric processing for ac cu ra te

m a ligna nc y a ssessm ent, a llowing th e m ode l to a na lyze

c om plex 3D enh ance m e nt a nd stru cture pa tte rns igno re d by

slice by slic e m eth ods.

A fu rthe r adv a nta ge lie s in computational efficiency: th e

propose d m odels, pa rticu la rly th e segm enta tion netwo rk,

a ch ie ve d th eir su pe rior perform a nce wh ile req uiring

a pproxim a tely 20% fewer Floating Point Operations (FLOPs)

c om pa red to th e fu ll 3D U N et b ase line due to th e e ffic ient

fe a tu re se lec tion fa cilita te d by a ttention ga ting. Fu rth erm ore ,

e xpe rt ra dio logist re view confirm e d th e clinical plausibility

a nd fidelity of th e m ode l ou tpu ts, su pporting the ir u tility in

c lin ic al workflow.

A prim a ry lim ita tion of th e cu rre nt stu dy is its re lia nce on

retrospec tiv e da ta , wh ic h restricts th e ge neralizability ou tside

th e tra in ing distrib ution. Potentia l ove rf itting to irregu la r tu m or

sh a pes and spe cif ic im a ge ch a ra c te ristics o f the sou rce

institu tions rem ains a conce rn.



To addre ss the se c ha llenges, fu ture work will focu s on se ve ral

direc tions:

M u lti Ph ase Integ ra tion: Incorpora ting a rte rial , porta l v enou s,

and dela ye d ph a se C T sca ns to le ve ra ge tim e serie s

enh ance m e nt info rm a tion for dia gnosis.

Exp la inable A I (XA I) : D ev elop ing im prove d v isu alization

te ch niqu es to pro vid e c lin ic ia ns with grea ter c onf idence a nd

interpre tability beyo nd th e cu rre nt attention h ea tm a ps.

Prospec tive Va lid ation: Condu cting rigoro us te sting on

indepe nde nt, prospec tive ly collected clin ica l coh orts to

confirm genera liza bil ity.

Energy Ef ficient De ploym ent: Exploring the potentia l of

Spiking N eu ra l Ne tworks (S NN s) for im plem enta tion on e dge

com puting dev ice s, e na bling fa ster a nd m ore energy efficie nt

inference in c lin ica l e nv ironm e nts

.

W e h a ve dem onstra ted tw o nove l de ep lea rning a rc hitectu res

th a t signif ica ntly a dv a nc e th e sta te of the a rt in live r tu m or

segm enta tion a nd c la ssific ation. B y integra ting m ulti stre a m

processing, a tte ntio n m ec ha nism s, a nd true 3D v olu m e tric

ana lysis, ou r m odels provide robu st, e ffic ient, a nd h igh ly

sensitiv e dia gno stic su pport, e sta blish ing a clea r pa th w ay

to wa rd clinica lly v ia ble AI a ssista nce in oncology.
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