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The rapid growth of big data, coupled with advancements in data science and artificial
intelligence, has significantly accelerated the potential for developing digital twins. A
digital twin is a continuously updated virtual copy that enables the analysis, simulation,
and prediction of a real-world object or process. Recently, applications of digital twins have
seen substantial expansion across both academic communities and diverse governmental
and military industries, and the healthcare sector is no exception. The concept of the digital
twin for health promises a transformation in medical systems, encompassing service
management and delivery, disease treatment and prevention, health maintenance, and
ultimately, the enhancement of human life. By harnessing the ability to aggregate and
analyze vast datasets from multiple sources, digital twins can facilitate personalized
treatment pathways tailored to individual patient characteristics, medical history, and
physiological data. This enables predictive analytics, preventative interventions, and the
early identification of health risks and diseases through machine learning algorithms.
Furthermore, digital twins can optimize clinical operations by analyzing treatment
processes and resource allocation, leading to simplified and expedited treatment
protocols. This review outlines the current applications of digital twins within the
healthcare sector, delineates their core components in medicine, and examines the
present landscape of open research opportunities. We demonstrate how the integration
of diverse enabling technologies and tools—such as artificial intelligence, large language
models, and mechanistic modeling—paves the way for overcoming limitations and
fostering broader clinical adoption and implementation of digital twins. This review also
aims to assist data scientists, clinicians, and policymakers in developing future medical
digital twins and bridging the gap between this emerging paradigm's theoretical promise
and practical realization.

Copyright © Author(s].

N0




(M)

SWeie) (oM 9 Sy 50 Jlozmd salBes by fidly o Loyl » 2ol (559

VFPeF Jlo oF o loud oF 0,90 (503100 oyloyT (amasks ay pit

%e v 319 9 lo T (nass aolilad

" (APJ)
T

Homepage: www.armanprocessjournal.ir

P

Sl 1 g SleMat 5 ,9kd  aadd aclidad

AV 25930 0 gl

Coodlw 9 (S jo Jluzm s oldgy b gllx g o )5 p zel> (55950

O S0z « S 39

‘_")Jl [WOE SO 9 w.l.c oKl ‘Lf’y Lng 6)5L\-9 ouSiials 46)3L2:‘3 9;[.: 05;

RV

S5B9d drng Jouilly (ogian Shgo g 02ld ple glatd iy g laoslog WS @ 08 b plejen
Slosing J 50 a5 Gilre (o5 S ol 0 o ced il @y 2y BB Hsba Jlems
0 S d bge s Slae SV (o 9 lodend (Julod Sl (S0 528 Casgzge 5 S50
5 oo galme 5o oo Jlezms lasliss (slas )5 1l asS oo iy Sl 1) (8ly slis vl 3 L
5 oleys g Seblage (ASu g Cenl ALBS (St B8 (ella g (o alite mlis )5 o
3 okeys lapias o (Jo (g Codlo sl Jluzms sl pagie Luwl 0392 (S
SN 9t el 5o g Cedle Lai gilo Sl 6Kty 5 Gloyd wleas &l gy pos alex
sl s Sz slsliss waliseo mlis 31 Loools 31 mguil koo § o sTaaz aallsi b sl (L
S5 laosls 5 (Shj able w632 la Sy sl 2 |) sadsilagast Sloys %)
Sl ble plSim355 anieis oSl 5 4l Kty ESe g 00liS ips sy (sl el wims @1, Lo
b aslgioo Jiumms slagliss 098 oo i Sl (rile 6550k (slapi ;o8 S5 @ o Lo
Oleyd sladg; @ ymie 5 a8 A | (b Sldes (plie (anass 5 loys slaanlp Ll
Al (Siy 5 ez lasliss ogdll 5 Jad slos )5 2 (55550 allie (l Nigd Sy g ool
S S Jlazms $oliss ilons 35290 slaoe 5 ol Slaadlie 5 silwosly DLl cams oo
223 g0 ol lie (pl O3S go oy |y Sl L laces B (b jlaleiar 5 wiS e (Syme |,
55 Sy sladse (egmas Shga aiile Gl slusiaily la)lnl s o) glid GAl w55 oS
Slyea Jlazus slagliss ilw osly g (Gl Gopdy g Cudgazms &8, sl ) o) (Sl (53l
Jbazus sbosldss oloul jo LIS canlw 5 (05 ol Hlaiaiils 4 izmes dlis ol 0isS

0,5 alss SaS Jae 4 95 3l sebs maloll cnl 091 5 oanl po (S

;M’ 5).: Ao

(guals (3l
WJlems soligs
Sy S oDl
(ke At

(Egas yugR
SelSe Joe

Obsl Jlazms s5liso



http://www.armanprocessjournal.ir/

ool ol Y o g silme 52 oSujd o5 5l i
5 Hly sl oo S5,k Ll o jo a5 wis S oy a5
D] ostin s Joms Joe

Losl 2l ol slacs,sbs ol Kan el sl Jlo b
P oSS Slasloe sl (L) wiedsn sla K
SHn Sby sledae 5 dse (eoras Aer (eshan
3 Jims glagliss Joe laon) 5 (5S coge
dadlge 5 (2lyp plie dlex I (egtte (sloojy>
beo wiedgn slopd (35l Conde (sileg,0ex
ool Cal oals loyo g cblags g ped8l (g3l Joe ()
Byo Sl o511 s slips wailjsld ol3dlen
(smobn et ORb Glp e @ gleand
el 03,5 has diedisn (6 S e 9 (5 ledinge

2 Olreds Jlmms slaglips woadle 9 (S 09> 50
(SISl B (San o bl sl
Tobhe S3n Gisel 5 eadgilueand slacddl
Aadgd Cupde dex 5l egie Glao IS 5 wleas
Silwainge (Sl slocslon; (b daglis e
Ky anng 5 il 6 e | sty S B85
7] Sytige oo | o sl oo
S plshl (sl ol anes b plejen [NIT-110
Coow 4y gl loys p (e (i 0509, 3l 5
. (Predictive)ailis s Sop Jols 4P Sop
sais gl pasds (Preventive)a!  Si
Ji ;s (Participatory) s ,lis 4 (Personalized)
Olsisar Jlazms slagliss coszjlr (ol jo el 8 >
Wgd oo a3l Jood cnl 3855 sl @S G5l
poloe Judo 4 sbdonis sleosls alesl b wiyold 1,5
5 00,5 (gt 1) Lgjlew 59 sl wldl Consy
S slgaiion Sdb WMo Heebs 5l w1y cenlie NSl
M Ghlew Gl i oo (S35 Sz slagliss
5 03,5 sbml poladl o hlisy (epe slagslo
slagiolesl ploxl ( S5 Sew PMlol are) o gloaoy

dodso

sl Gk 3l edory lraibln o Sles 4 L3, S o
$lp w5 g abronygiie 60,50, «silre ladiges
Fhb it 5 @it Slopeal slasaly (ow)n
s 5893 poio (lon (] )0 0500 Cgmme o]
Sl ooy 7 ylae  Slewlre slo o 51 gauas Jud (lgieay
Gl (So5d Cuderse ol silre ol S & oS
b anngs 5 >k alo e 5l T jos a5z 5 a5 o0
Sty Ol g wad oo Al 1) 55 9 )l po e
$y9kd onl djluin ol B 15 00ls (e (6 S el ]
Silwate 9 Sload @l Sato slooje> o Il
cle Gl Gl oy gleanlp g Ygaxe o Sles
SlaSan; Sl 5wl a5 4 8l sladiges
D Jaws alS azg JB e a2y g

Lol Jlozms loazes b Jshate o Jon SN 5
esls p (e g 330 gy aledih o Jlzms (solsgs
318l 0 Oledbl 5l jeiuss & jgods 4 ol 28lg ailol
SLll 5l g pSose by ol ads (Supd lae
i 0| 5885 (o)) SISl oS (oo 9 (Ll
o I spglise ool 1) (6 Somaas 5l Sl
pled 42y G ppe St @UE 5 (el sla S
Sl 4 g gilwans sla Jow 1 Jluoms slegligs
P UlFee o psie ol SIS laaty, s, 0
ol 40 05 i VAFPe amo @Las slraal
Sblie o slanT glges 5l Lub Glojlo Y glesT cugele
&5 My by 65loil sl boglad (58 ailel L
Spply ol 8,8 eolitul 5lgpn ley 5o sdel s S
cilin sladooly (528l 5 calizre slagy liw (9051 IS
Ol SAS5l 50 et SR Sl 50 g Sged ol B )
Jims sl Mol [¥] o8 Ll (o) 42 s gl
Cozlr 50 e JRb bwg Vero Jlo o laas
Jo 05> 50 [F] 0 g jlae Jpame jae a5 j2 Copis
abelo G lgrear 1) pogion ol 5,509 )l g Ll 55 V- -



42) Sy [ oM 9 Sy 50 Jluzd sWallss sl g Lo 5 )l » zel> 559

logy] 2les 9 (S Sz slogliss cnolis sla Sy 5
M550 6ob Saeal 5l Bl siluancd laos
Sy ol slacd bl LS (gl po e sl o
s lone o Jlzms slosliss wlul sloailpe colis
sl ¥ Sl g sleassils Glas)sld (solerinn
e Sl (63950 (Bly Slalams ;o Loyl (g3luesly
S obpee By (nl oyn &yl dlis (bl
S Az g 39 g0 iy WSy (Sbi Jluzms solded
szl foails walys (Sip 5 codle plla Jgou 4o
e 9 5,00 sla (g5l acs B ools 5l T eoims JuSias
S92 Sleys 5l 928 sliwl) )0 $98a (egian (9o
Ored fog amles gl S (S w
9lss sl LB s lacll 5 b il daces b
Sype WlpSin @ jemme Gloys (S Jo 5o Jlusms
4 0y9> (nl @y Sdpde 0929 b WS 0 IS (o p
BT o)l ralr Bl 55 Ol o9 by s
WS oo pleie @y oo 5l Jlosus slagligs as
5 diepllas Olalllas 4 5L gadge (pl 5 Cunl a8 T s
Ml i 3 i 1) e estie slacsz )l
ol 53 owpp Syee e gz e MY Ll sleee
JEezus 65l8ss porie 4z 51 a5 was e plis asllla
9 Ladlga slas )5 Cozla ;o VoY Jlo jo b (s
@ @bl cnl bl gans pe L ol Siags Lawss
3l 928, Sl g g (oo (S slooje> 5l oy
e bl 5l S ol coodlw slacidlye § (Sijy do e
Living Heart ) oni; cd8  o59p 135 pl ouds
39 VoV Jlo o )% 5 195,5bL 5502, 4 (Project
Slsolaisl g Ly wsilme oo S L s sl oS
95 Sede e xS sla )b (siluand slp 1) sl B
ygliws cpl 0,8 @l b Gl baylps o SOSG
e sbabels 5l Jluzms slasliss pogie JUl are
Wrgh yomn 5 Sl @l 3 1) (Sdnan; sloo )5 4

Sl 2k (2l spyaely i slas )l

[5] sims @l)f jlas Jalge o pos g 0l uSKiioy canieis
@ sl 2 Fub il b)) Ol (nl p edle
ol 5 bg)ls (250l s il slagleys
@l (oBly nox 5l G Jlxol (Sl o)l
Soled p (e (Kb g jsesyd Sy o ]y s
bl Cadyb 659l cnl Sty olB s 5ol 00gaS
(soety bl iluand i plbaie; o oS
5 Oloyd S aelip dog o drngs (( S Sl (b
el 1y il clags Sialon

9 by plesl al p (Sbp Jloms slaglies wox Jus
Glow Jolis losls pl Kloads Ly ysXanls sloools jaiue
ool (ol slocs s>, (EHR) DL g il
2l s Seaglolie Sostiyy «Soagiy lss (Sesloiz
Sledbl(Soednid lagasls (s slaosls
S¥; S oSl g are Lilge ( SSlbCnex
(S Slasslid (b crizen [V] siiie ol
sballs 5 (Sin Gbdl copnl (o) gl Kus
95 rlg Jlems glagiss slml (BGl g0 ol 51 by
b oceslon,S @l 3 1) ladl oy (a8l Comdg a0 5003
5 Sl Sledbl b cpl S SeXenl (Jb oyl
Jols cdild g ceaS 4 bogy po SIS ool slas lasliul
Gilwooly e ;o awlol gl gl alaz 5l cledl
3 Pl s i Wed oo Cgme 5ol Cnl (ee
sghs, 5 Son by sladae (Estas Shee oje>
2 ade 6l lowisS lgael sla )l gz 650k
ilos S all lacgagase cpl 51 sidu

Jezms sldgs plye loslitul 23t slagls )3 a5
S Jowe 31 (65w Lol el 4Bl (o oS Co o 4y (S
2B S (5 ko (polaiBl sl Jae b Jiae ograe SB92
S5, (Sleyzenm bl g (Sopd alele b by Ll
28 iz Al Wit e Bpme lsie (I b it
pleel cge Sowaily ;5 Wi oo sl (nl I (slos S



®)

VPeF Jlw oF o5losis & 0,90 (553100 oboyT (omamass' 4 it

5 &l ol Bse s B Jzms slaglss
sl b 3l slalo jo g wladl anwgs liw los
Wge Lgias Jisp (ool s Hyzmer )by
sty Jlams oSl Geme el (sgiae Sge
|Son ez Jluzms slagliss 5 gili-( gy &0l
sledlne o ol ua SO Sl &y, cpl aileads
P T e R I
WlhiSiy  wlingin SoOp S 4 Hemepley
ail o5 (P4 Medicine) oS Lie g oo s Lo sass
slealle 5 oo S Jlems slaslys 3axs jluleisr 5

AJGA w.a...u).a ‘) oA.a.:T VO] 5.0 Codlw

) esdigilupasid (Sbi g b lo ilodse ( So5
Oks e ok 4 oS Glallie (s az 5105 lsen
05 Ol o1y Cdle slacdl e jo Jluzms slagliss
Ol 09z g0 daled il yiie YoVA o 00, ,5 @
Ordar SO jo Wb ) Jooui (nl sloady; oS was e
5 ke (golais] slaosls ¢ Sl (g3l o plésl sl

S5 29l (S 5edln ) slagsjluand
o) eSS sl oo ools L Y ISE jo 45T 465 les
SIS Gl 0)99 ol oo al> 1o 4 ;0 Bl | 059>
0)30 5 (T-YT—YY)) L5,iuS o)30 (Y-¥e—Y1A)
Ol e e,S gamards (YY) b sld ol Sen
5 ol olais] glo oo 3 Joms slogliss s

R Feduzmn sl )5 (Som w0l g il pad (Sip

i) 3o Jliazws slagldgs

YoVE-Yobs
S 0,93

(Convergence)

Ol o IS (olbioniz 9 42 LS (55lu s

O 5 Jlam s sl gligs

(Foundation Models) sl gla Jos

S g et s B 2450 o S35t B C )

JAI GENerative( Wye o sie sgh
s s il sl b pne lasss 1k

(Agentic Al) jyna Jale o8 yiomn jiga é

(o LB Sl g 15 o el (S Aia2gh g g sl

(|onm),_-,uu,a...,,_r
o sl (oalnar 5l b 5 ) iR i |

@@@@@@@

Yo¥1-Yory
UyiaS 0)93

(Expansion)

YelA-YoVo
&Sl 0593

(Foundations)

39,¢ 9 8 JUazms glaglias
sl i ah iy gl e
b G g e

Oy Jlzd sbglégs
lr agle® & Sl 5 Lajsags gilo o
F o Say
&z Jlams slagldys
b2l gl
il oSy Fal 5 5y 0elip ln

Obwslen Jluzm s gloglige
o kes g bazy) b alia diadigh Sy paa

iy loy
| |
(Dightal Blnmamers]ﬂ)_jm b il \
o 3 el s i \ A
) Ll ON ol
| T R s ‘ = Elnladand claesk Jolni g s leer
(Population Digital Twins) Hgedy alsloe s b

| ORI (€U MO I RS PSRy T
\ s / \

~
&

L)
-

$lme slapluil
sly el iluacd 5 gsloJoe
oM 98kt g S

oul g il puased Sy
Cadlya y bS5l 38 st 31 e liza!

o0l patnd

Slwlxo (555lg 540
Siluand gy Plabne glo Jua

oM e slaanl

eSO
G s o g 53

Oleyd (531 yaelip g Al

@l Fen 9 S (Sl 0)90 A (b cadle 5 (S5 50 Jlemms slaglies 63,5 sleeje § Dlegoge Jomd -V S

witio lie VW Ll ulal 2 (Y-Y5=Y-1A)



(Seied GEls 5 jemeesls slap oS oS 5 L5 WS e
DWV] oS o (0,8050 1) ailobe coodls 9 0 Shoe Cundg
WS ISl e sladame jolal jo (555L8 (pl 4z ST
slaosls plesl pglae (Slojjgia i ola Shy Ll
Sy &y of daailols J18; iy Sl 5 (y5Senl
00,5 JooS dalign (Shj oz b drng sl e
P9 p e Jlms lasles el adly o ol
@ Hpmepleyd (S s Sog) 5l S jes ((e5an
Iy odd g lw gased 5 &l ) Sty cilin i (Kb Ceomw
L JEezms 5l8gs (o92)lr Gz jo el wi2la lgen
5 iz Gleb Juo S D0 4 Gl
S ooslil b g jsb 4 a5 ey wbiens
el atbi glaylil g aggwss bl deesls S
Somdy Gl poople Sl 0B 5 ogdise (Sluyigse
@il o pais pli alby @y
225 plxil 5 1) Slaraal (g5ludinge § il slags )l
@ Jleoms slagliss a5 wlowd cun by S5g cnl [VA]
5 15dsS (Son als sbeslay; ) (S plse
Gar a5 laaibls igd ke sony] cuodles glaailols
€89 3l omt Slem oy 3l az g lS Jil gl e
e Hoeds 5l i Cdles Lade 5 (6 Sy SR

ol gl

S350 Jgoi U Jlazm s selige sl )
Jiezs 6ol8go popie (Jluzms Cwdl waz olual (o
alle S ) bl Gloslme Glesil o & o S
ey Seplpea AL wgbpe g (b
ot 9 ol (ledil sl Hemeesls g Lgy xS,
Dgb oo a8)S a3 0 ) el lapiacw LS,
380 Slawlre Lok Jow S0 o9, (pl b j0 4z S
Ceodw pllas s jo Jlzms (s5l8g0 o 5,15 Lol oo lo 1,3
sloadlse 5l lacgome 9 0392 3000 Joo Sl 18 Sl

@ lalin] Gand jpe S o g oo ol 1) dligu pads

Sy 50 Jlamd Goligs iy

iyl ele Slool po Jlmms solies parde a4z S
‘S'.'. S99 5 d.:)Lu u.:‘ MLC‘ “5)'.15‘5" 2 y° ‘) (GO0
rodeme Jolai 5 (508 Cadszae Kol gy slre Slaled
5l ol amls ws)ls oSt aBly slaosls Lo
Shles sz lr U el 5 cosie slociios
5 S el 03,208 Galites (63,05 slaojex b canlite
5 G5 by i o5 elr )l s o Seadaslis
Slalllas 3 (6 bons sls laow a5 [A] s wil)) U5 Ll
Gsligd gyl ol e NN eNY] C8F 13 sum
5 Semdaiz 4l gleand S plpe 4 bz
(Spd s jl o0 b oS ad (Byme (culilioniz
5 k3, (Fub bl 5 b Kas )l Jols slaosls
wlosil o joe 432 Job o |, dly albe consg
d..\.S) )lScu ub)’.: L}"‘ )..) 450&:;: 69195\5 C}Ua..o‘ J.SGQ
Jo ol bl pogie ol oladles Loce Cb3L ol
Pl o adsl Glas )5 5l @y 4 )l Gl Geen
ab sl s slaejex slajls b canline 5 28,
10]¢1¢[13

4oL @lee )3 9k (nl eanlE (1S 5 dnngs
celite (segiie ci)lad 45 0d crge g (A 50 ohg
S SRy 5l S 09d Al el wlaw 5 905 g9 L
b ol Jgame o Judos g oamlive 56l a5 ol b
9y ol 3OS oo mald Sl calite rakaw o |, alels
5 sy slagedle ey jo Jlumms soldss porie
Silodinge 5 Soigel sililely coeai b b pe slaan
JRYEESPY ATN IRV P PR S JCTC SRRV L)
ol a8l amwgs V] 5 g0 sloJos 5 Sloas mlans
3 oS dedigr laopile p a5 rhe )l 5l (S0 0
albolss b oadicas Jaw Ojyg0 4 Jloms (ssldgn o)ls

Cllad sl G, i 53 oS Cenl osd iy oadly



v

VFef JLo oF o)lods of 0590 (310 QLn)T (SADT Ay

Okl wxle) (Sleys slayg, S g985 Sl om Slpss 4 &by
Ol S laalinl I e b (Gloyoands a3z S
el olepKan F5 Sl 8,5 sl culicay ya5
el wloles o Jb ol g s slaosls Coeal

JB (S Jlazms soligs LB 5o aibeler S aSST 6l
Cud9rge) (ol (5, aw S92y p egdle il S
axly Bl dlagT Gle losls b3l g (s3lme Joo (5o 53
S9SB4 pgge (g3 Shos sla Ty 5l slacgors
5 sl PET oniydels ( Sz )LSe (sileeans
Jbizus solies 0,500, ol yo IVl b oo
5 s9mesd Sl lsle S aSh oeges Jlnl S @
S8 polaisl & jsoa Jlon o sl a5 Coul jemeaiss;
b S anlp o b jgbay 5 0,5
S oo S Lo

5 Shbre Giladoe o azg BB Glacd iy S92 b
oz 5l o Sh3 53 (man (hee Sl sNl 55,4
() (5 ldard Slapianns (5l sladae (A 5o
bl cnl a5 cdls az g Wl qgilre Ghlen axwgi b
sled Ngd ood gmine Jluoms soldge Jolae oleie
Lol diwgn g (ol 432 SO 092y 50 oS
Gl 3l Olgiee Sloy s el Jluzms 5 (Sond
Sisle G wols g Juw poogdle aS S e Jliomo
8L 18 e 90 (ol Gl (9,55 5L 5 JL8 (bLS )|
Jlazms sladowe glsil )3 YL g9 g3 )5 Sl
wols mlbe jo Sglay 5l LGb AT 09l oo cnmline S
sl Sl g ialed (sl g, 5 el 55 (60 2,15 Slaal
So St Gileand » e oo (Jle sl
Sy pgas sbosls 5 boee b Jow asile ol alul
Glaus a5 Jbo o wiyls 4S5 5,5l s5losl 9 Guds
Shslesind oS 5 5l @8 (b 50 olew p (e
Logles nal o as0 082 (Sl 5 (S < JsSIge (slaosls
5 ol 6,105 Bun o glis ,Sily aSh s 28 B o

LYY Joiea Jow ,o 5 Ll 0,50 (65 luppmonad gl

el ouls JSis goulS s3> == 3 Jluses (g5l8g0
(Silee Jao wols Jobs g Jlasl 4V (558 Cudgge
5 S b gl sileplon [g5le g (ol L,
Sbloe O g0 Ll cpl ( S5 09> 40 Dal g
5 sy Goodls clu s 5 (5 Lo Sl L) Hlace 4
5 ol Dhpread bls Glon Sl Joo ol
s e Jlizms Cundy peiane Sloyiga anl
D9 s

S ) a5 e (S5, S s3lips oz ol o
@bl Jold g 358 lpyai o S ghw B Jsle
sl Gilises sl polide 1o s gloons] 3 5 sl
o e 5 428,5 Salisid slopione 5 a2lS)
JRRS N R FpNC BT
Bgdion A (ouldoniz g (oo slaosls 5l pglae
(09 sdl Oldbl Juls wileg o a5 pleesls
5 sheze Jolse ((JsSse sla,Silis ((Sbgy (6,0 0905
Ol pylae iluplospe il (el lopiia S
Ol ol Jlazms a5 Glow) (S soldso
oyl e St by slagle gileand
s Sl vt 3 (gloys SéEIan & aly i o
g WlpSin (Sbjp Cww 4 LSl (Sbp 5l &S >
Jims sslgs oSl cnl ;o [V ] aiS o ool 31, Sy
Olyeds &b S (oo puSaie 1) jlo (Jad Condg LS
SloSa ) pllmsg; (pluled GGl iy w2
Sibees walp s ) (b

G9gs S g Ll (Slowlxe oo S los (ol Cglis
O rote 25555l a3 5z 5 bgy Cunle jo (aBly Jlims
Sy bl B i slaJoe a8 b 53 el atiys
pots Jzs (sslBs S o Jae adsl ool dcgazns
35 09 o0 ol 5 prbasisl dpaz sleodls 99,9 L yatns
Sl (Hly omdg b 1) 053 (60,055L sleadl> &b
L Sl wilgige Sloyisra ol ol a5 plKen
3 Sl e el Iyl dy a5 a0l 5,00l



() Sy [ oM 9 Sy 50 Jluzd sWallss sl g Lo 5 )l » zel> 559

ok Jolow oSl a5 ojls o lal S b gy 5l aools
jbes wolp oloy Job jo 103 (ol g (Fumy Sl peis
G e Jlemms lagliss plesl ggee o
sl s Sy jludine) candls pllis )5 (e5han
O (bR S 4 (o Oloyd g (e (S
Ol 50 a5 s ol sadigile patd g al iy
Sle p aSl bl sy bl 2 & b 6 S e

Dgd oo plonl Ceodls Jaze slosis] poloe (g jluans

Codlye piacmwsS] @ g pia Gl jlon pothe wosz )l
oy S & Sy O )0 4T 250 i eudg e
ol ygmmacsls g dtwgn a8 o aSh @B las
Shpreas sla)lnl Gloed Jlumms slasliss s Y 5o
i sigd oo ol (Shj (b g (Sloyo Aldlae aw o
Sl 55l (Hb b b S suygly 8 (o
9 Silwaned p (e glagae e cnl oSl
3ot 1y Sleys logy )l go3] Il Giile (g S0l
slaths S Gyl cnl 5l g wiS (o0 ool 3 (Al 1]
FB psbar |y a2 Slapeal 5 (25, Censl (S
G500 oo 4 [OA 5 F7 XYV was o palS oy
2 0303 S QL gy 5o g3l Sl (S
W SN ol 0 a5 S e S Slealre glad
el o £53g 5l i s B3> sline

P9 b Jlezms slaglies pleol 5D mhaw 55 uled 5o
Sl glacslon; 5 J)0d 650k wee egran
b3l war mloll S (S JSs 4 pie bty
pleol » leas mloll (nl 09d oo jSobm3g5 5 dimgn
Sk el (S 6513 9 (Sl (o098 stz slaesls
Ol pasdlplole (6 7250k 5 2y s sl Joke sl oslazal b
ol R 1) Cone g 98 Sy SlpdS b opolie Golas
5 el pllss lasledes ol 5o [V VYRV ] s5lu o
P Sy (grhie g jemegleyy Bl S

as Q}ws‘o g)m.\.u 4......45...; 9 OMLS)LAA} ;»AM ‘daLH..:ou,wu

=55 Jlms lasliss poede (paidiin (o s
pleal b aS 055 0 7 ke (Composite Digital Twins)
o olejer Jolos QG (paads gslBes aaix
2l oo mal 8 1) Glejen (5len iz b (St § s
O Olgsar Jlzms gslss sl Liuly (e
30 st el s (oo sl Jow sl asbesls
5 ol Eel Gileand (b ol anus
potde ol pogdle S o Wyl wiedan slagls o1k

Loy Slo) G ymme oy 4 Jluzms (s9l8g0 ad,

Sy Joi 5o Jbazms (seligs las )8
e Jlazms slagliys a5 was oo las (V) Jgaxr Jelos
039> 53 Laylnl sk S LSJ"" SEymas 9B
plai (DS (g loxe sl Jl> jo oS casiass Cedlw
(SRR S 4 €6 5lom 4 STl I Cdl
Cwds ¥ o aiies allae il patd 5 6 iy
5 Olwslos Cupde o (Slen; slao )5 (Jos )
Siloaz Lo sk a5 W)l 18 cuadle slaptucs
ot Ol (Sl e 5 jlem 0L > BHR (slacals
Shoim b cadsb glaglzn g (Glles laolols cplooj
Sogligs 5l mlaw cpl [¥ g YYVF] wijlo o mal,3 g8
o S &y Jriin LSl SO codls pllis o Jlizms
Ol 3 & WS b Seebtoogs 5 gylliogs
&S @lndS gleosls bl &5 20 poe (6 S prenal

g oo plmil [Foan | (g jluands ulul
sl 5 63,8 s 3)ly Jlemms slaglies wags Y o
SO S sl (Sabsy sleosls Jlail b g wisd oo
2 sbom Sandg et Gialy Il (S35l 528 o e
shaies cplwlaee wal 2 1) Gl lon bazme 5l )5
45 s oo (lad Shelgye8 9 ubid ;B lao )5
2 1) S3dgily Ot il o H9e Al-gla Joo 4555
IS8 ol ]y adlae g 0o 87 plobid ol Jol5e
ool 5o L8V YAXS YY) ans i ST 6 e 59,



Q)

VFef JLo oF o)lods of 0590 (310 QLn)T (SADT Ay

iyl b S el g &l pKien (b jo 1) 095 il

Soale 4 ol e wsiluoe g ools cudsST Y )3
Ored 5 Cad laosls ailpSew 5 Al (i
slrosls 00,8 o3 Ll sy oyl Saoes
W oo oS 1) Jue cdo o Wbl sl b Jal5 2
Nl e plpl (Gl Gy Wy 4 wiily e oSy
IVE] el ol o ail Kty S Slaal b Lt a5
9 b () Slaptass Silodae $)lebs (nl p ol
cmlio gloools jpam o > aS 8gd oo el Julenis
ool ey B Sl e s i35 Sloi
G owiwd 50 Gplpl S ogdige Wi Gl alte
O)ly 5o Jiezms slagliss anwys (Vb laas 52 5 5,5l
il ) codles GBI S s g Wgd e alobes

.Mdsc
slosiallys slagysld 5 Slawbne cSlon; alys yo
£ by Glsreay (aglyS Slewlons 5 (23 SG wiile
Lol g oo g ohas il oSty Jlizms slagligs (385 (o
Srdoalie glacosgize b s boslop) ool 355
(V) Jsaz 55 45 4555 ylon ilaxlge ail slis gobi g ausm
G50l asle o, ax 31wl ouls ooly L
220 05 |y Codlad 5 Cotel atilg o e 5 (ol
Jloss o sasax (sla 38l ogiilyS lowlbrs o [YV 4 V7]
G Ll fAs g YA VAL 0isS sbowl caodls ooumms slaosls
5 S el wils plojea sla il Jo ol
Sl S Al e 0 e Jlusms slagliss il g
SR Al (S5 00 bl g S 4 j5ebg 5 55l8

EAR

Sy A s gl Ban SO 508 61 Kiw o o
Ll Codl (5 lens IS S

edbo 5o Jlzuws slegligs  (gilwesly  sla il
&lgo L5 el s o0ls HLaS (V) Jgo j0 a5 jebolan
yobday a5 sie ol ¢ g LSl slacuogass oSl 3
Sy A yemmecileyd Coodlw pllai 1 1S s o
50 shol Al wols mhaw jo aies o0 JSO 1) @l iy
EHR  wile jsfenl mle ol S LSS lais
5 Sy bS5 (S5 sleesls (g)ls ppgal
FAL col g oy ] 5,00 (6 5LuplKan (5 lgbs puizman
Jiazs losliss 250 crge Ssfaal ol [52
0 (Fmy Somdg 3l 330 9 dwgn 2ledil S wiily
209y (st o oy gy ass jo g auas &l
Sgu ciline jabods .09 dgasme il LKy Mo 5 (5 Lo
o snbleds il 5 Same cles s
a2k Sl 5 Sy (605 S8 e cuadls (slapian
Sgbiss (Fere elde ;o Al Kiy (Soj sl

L Jsus slaglies anuwgi wols IS ¢ coel o o
B3 Sy 8y 00 S o0ls a4y 3Ls b ol s
ool azlge jlon pogaz o> 5l cbli> )90
lekcaiosm w0l ools uLw.: N de.?- o as )5.|auLo.£b
Sskw S ISE 4 e el G SIS s S8l
WS o JiBee 1) Ceodls Sledbl ol3T ol > g e w0l
QS oo O a8 650l wibe oo S5y, a5 Jb> o
LAV gVl sims Lol Sileyome Laas b1, GISLs o]
Silopgone 5 (SKg)ly Doz 2l plasaes (Jb
u—" ‘_gﬁ;\g:ol.o.:.c‘ (_glﬁ R d &SM»-.") ULM LQJ\.\.A
LTSN PAERUPPSCER A2 § IRVEL SO P PC O

Sl jebay M\ysm Jloms slasliss Yo b_......gl



&l S @ Hemmeleye (g 5l IS 0 eoian (is e Jlzus slagliss i - ) Jgus

g WBlgl Sy 4 5188 5o 9B a0 SslBg0 0,5 £ ol pll 09>
olkels )l 't JU ey 0318/ £ gm0 Jlez s
[23], [24] ol 5l s K slosls 5,00 Jolo s JEzmd (g5l8gs | g oyl jlows Co o

byl ol 5 daolssls
&8s 5l S

ol ilwae (Shiles

éfL““ 9 ke

EHR

[25], [26],
(24]

5 f..'>l3 )‘| 6)-5“**‘-’

bl clibos (55l Joe

Sl slean b gslége

ICU) Sl ys olilas

Supde g oleyd labod (b ol Sblon | (ool 0 yuziy dlog i
s slagl o
[30], [24] sobgyd 5l St slag )l (iloas g Jluzes soldgo 9 0oly &o po
2 Sl s | Zebyb (o 5 Ol HL! edles s Ceodlw Bailo s
Lo ol IcU

[27], [28],

pRR3g; (i

5 10T 5 (le 500,

2 e Jluzus (sol8g0

9399 0ly 3l sy

(29151 s s 5 s e 3590 o0l oo Jlse s bt Jhiamss Ceodhas
Sl
[31], [32], | &> slas 5l s iy 9 S99 58 (5l e 9 b8 Jbuzus s9l8g0 s (>l gl
[33] 5P ooy Sl Al 5 )5 pgas Ul ssleans
s bdd - ganan
(34] @byl e nfan | 94, 08 kes giluans 4y Jlems sligs S22 sl
Ay S 5 nhl el gjloaiay (BreathEasy) (CoviD-19)
59Ny
[35] | el S0k (i OS5 9 CFD B9,e Jizes solégs 30 9637 99
S 985 5l S Sa Joe g o pieniz P PRPSES
[36] | Sl slas 5l s Koy 5GPU g pile olin | oo o> Jlzms (sslbgo Wodigd o>y
>l e Oiole (6 S0l Al Surgical )
(ntelligence
(37] 5 05> Led i 2l slaJas Sl $3l39d | gy S5 (g3l e
DESTEBINE S oz 03lo L oado o JIS S5l 5 095 B0
[38] | bl sllas 5l (6 St | slaite 5 (s3lome oty Jizs (ssligs &>y higel
SRR SPON B N S S b VR/Simulation
Jas
[39], [40], St ) 65y | ADMET csla Jow 5 Al il ez ssligs 9yl S

[41], [42],
[43]

b J> e 5o ag5le

STy (sl ogdla

Slwgls




QN

VFef JLo oF o)lods of 0590 (310 QLn)T (SADT Ay

[44], [45], | 5 Souslts 5l (s iy Orile 550k SFEM | g gzl Jluzms (s5ldso OFw 9 M)
[46], [EZ;]i Sl gla S o e 0dlay Sy gt ol i
[49], [50], opleys il pSiny | EHR odlay Sagis plel ogdhny Jluzmed Gigid 3
B sy st U et lioaiz Al 62,8 jlow 55890 o 6 jlw sratkil
)LM
(52], [53], 5 olew 3l s i 9 (b oold Julo S Jlzms s9lge 9 (09 oDl
[[55451’[[5557% alie; )8, (il Gyl Sl (slacyd S| S5 s y S
(58], [59], Sl 5l (6 ity 5 6okl ilwans o Jlazms ssliss | Sl gl bl
(601, 163), | k) ol s sl | pleys csimiies sl e (1ST) s3te
[62], [63] ot
[64], [65], JorSin | wusls Sdalie Joe |5 (o5ran (oS 551850 oo
(661 1671 s oS il S5, ) Sl S e
PHES
Ean oy (e Cdls pllsi o Jlizms sled (gilwesly slaillr -V Jgua
ol )l | slag,gls g bbbl Seligs » woly Ao z 0 Sz 0j9>
b yo ol Jloazs
(68], slaJas plesl Lol Jow ol | 380 gloosls 4y puyiws | (g3Llwaz LSS g 59T 2o
B3] | Suigoms Seisdoased | ol o 5L | Jloga s (slaesls pléol Wosls
oil38l gl (o lond PIEPARGRN (6,0 p pyai [EHR

Slugazds 5 )55l

5 (Shogsy o Joulis
o] 5,00 (5 5lwplXon

g 00l glas lailiwl deugs
el Jols sla JSSg 5
Ceodls

Sl jo ool
9 pdywlide slagligs
gl o 4zl

ot g BCu0 )b £5i5
3955 5 (b3 5SS
REONEE

0310 gl pimn (I eS0n
S lailiwt 094 g

Sl 39y ) >0

9 @L)} ool GLQG)L“""'
Real- slocslo s
time

9 pglae ool (b 4 5Ls

S50 eolo plés

oole i Sy ialdl

Sl S o5 )18 5,

Coley g ol
HIPAA/GDPR

sloosls 4y glags  Kily
Al g ol ol

Caol § (g0 g0 03 3>

oold

[70]

Jhaé 6,80k 5l eolanul u:'s)'j.o] CuiS Gl

S Nyt

oddza ;e slaJoe g

O9N oals ;5‘1,.“.4‘ o)
Glosls lgil ol g cols,

9 G’ylﬁ AL ISPRTRE
o3s gvelow




Y)

SWeie) (oM 9 Sy 50 Jlozmd salBes by fidly o Loyl » 2ol (559

(711 | ot o silwesly | 50 gogad o> Lai> JEil g Joo Giiel | aezrgaiy J1yad 550l
Shlow O3Sl | 35 i ) So (e ST G pls ool
COVID-19
[72] sladae Coal o Slr oz g |5l el leools silojl | (g3l g (Sgylg Lo
Oedle (5 253k Ohlers (Sle e Joe s b Obol S s, odls
[72] a5 eolaiul Sl Jae g5 33 oy sloosls 5,53 Joo (5 5lwp gomme Moo
odls yild 4 (g lxial Jleous selign s sloJoe
[72] VPN (5 |35 50, 5 ez Sy Srols | ool Vs cblas 4 5o oSS sl (sla S
osle oo o3l
— sleosls polae ol JB e seldgn wdgs 9 G ng (a8l slaosls ools Cds g Ccadns
(S glie «Seags Saedb
— g Awgay slrools a4y LS Silw e ;o Sl 3O dhwgn laosls o4 Sob swosls dgus
sy sl 6ot Saclizo ol Jsh
— gools cuasS s sl Jos cds jals 50 Shadl laz | ool (6,138 camnz p o s
3t lastnl Ol (5 550k AR 5 (510 9
SIS
[73] 5 ilS slo S g 00l CudS Sggo slooals 5,00 el ) s K 5 9L
(ob5)
[74] 5 Jolate slaools s 5L | leyd yo (ol gl agais 3 i «505 (6 1S gu wblb) S ol
ooz 00isled Losls jo oLl (o0l
[74] ot hb | e G Jlidl | gt ooy oy g
Alayole ol slaos 5 (sl
[75] § oy (6 lsdgaze (oA v > Ak sleJos 5l cogn 3lesb 0old Suzxo (oLl
698 Lo pbsl Olbes REE ST bl
— | ledangis glpl | S b slazel Ll | ool il wilalsT cols, 0315 IS gz sl
oalo Lss)L'>| d)ﬁbé LS.CLO.&?‘ LSJLA)Q cdlae 9
S R O s e |k ol 5, | e 3 e Sy
S S ol (Sl slign 385 slo Jow eless
[74] —eleaiml BISE aol38l | 4 s A Sgaze Slogligs drvgs 4 e G106 g YL slaas 3
ol o e

Sl 51OT osls S

oAb 598

PEESERTRE

loglige 5 3y rliba

O L 9310 2 4 5k

Sl e lu )

Real-time ;Lo Jls
digital twin

Slenissn OBl pas
A dgud 40 5,00

)obpS ools Jlail & 5Ls

(5G+) s s 3y L |




Y)

VFef JLo oF o)lods of 0590 (310 QLn)T (SADT Ay

Immersive ol

S 7S e 5 oS S5ty

Logligs L 433,20y Jolo

&)l 039331 Cunbly

[76],
[77]

g dieigr slaols )l 3
ools gS)L“"uS?J

Codlad g ol ol 38l

35 eyt (Slwo S
Codls glosls

0015 ol 9 (pazes D

[76]

ools g EHR &y s o

¥

O ) Sep s
Sy

STyl g3 Joe Gojee]
al> ools

ool eSOl
(Swarm/Federated
Blockchain Al)

(78]

eslsS Gl 5 Al
b iy b5 sl

(SR S8 0 e
Silw o g

5 r‘,.,.la.: sosls ‘_,i',)'lo)i

oglgS Sluwlxo

[79]

osiy] s (5502 g

BRRRZIE AU R L]

F9¥ge gl

295l

096195 (5,10 3y guai

(80]

Mels” slag s

Gl 2 e el

Ll s o g Al oS 5

$b b pamd g9yl (2rk

eMLg)L»‘SAm 9).) ‘SM.JD).)‘ 6@5&‘95 Ubé
| e sl Ll g ol leyd Sonte | 5 (oo9lsS e sloaSls L &slow g3lw oo
ok Oz 5l > &5 s

50 g,alid pl cpolan Coogume docd iy (pl 5929 b
4....».:9.,..: w as 6‘4);4.: S ‘;L: laoals ‘sxja.n.a u..;mlA
Sgdote Slg> slo Juw o Boes s Jege slaslays,
5 s sl Ses bl ol o IAY] el sus
5 O ol Jlail adl> 285 (2250950 (sla Sam S
Sidaeied poln el Sl 50,5 Ll s sl
@iy mbhl 5o olew Sl Sl ansess
2 ok ol oy Jliems Gsldss Kl Lol Sl

] 00 00l U’“"l’°" 41 )JS.»...‘
Sl G Oy (eoras (he (Slabre Y o
a4 Hexenl slaosls had ;o adS i daosls plesl
S oo Wl (g5lme ey Jow (sl oslial LB (sl i led
u«.».ﬂ_' JLA 6‘,» wbu}b).& ‘_;La:oolo )‘ (;).39 C‘)M‘
sl jasls C‘)’.‘:"“" L CT polai 5l jeesl e
J.n.\.u u&n‘ s_i.ua;&” w)‘l-w (_gl.a:o\.\.;jf )‘ ‘SQ&HLQ)]
Silw s o238 1) (6,50l B slajlopy a4 pls slaosls
So5edn b s s W36 ax ST Layls s ol [AF]

BS540 (5,970 LS S i slo e 5o Lol iz

&9& S Me"" 6L°°°|é @‘ S/Ob M
(i Al iy Sl A 15 )0 o0

JLOWI R U by A 6.’;..:515 S 58
Slapiacw 2Uly 4 atwly Gada (Jluous slagligs
sd.».w}.».a Lg‘oé‘b dl.mul:)} u..\> 9 \.\.»Jy o w){w
ooyl eoez sl ol e Lo I I-PRCE P SEWRNES
aSL ol a3 B0 a5 s o5lBs5 6y st i
Sz b oolrer 055l 5 o35 b lE 5o Hsebss
1y oler J5850 slaailis plsg) alulits (el cgyle
5% ogd g Wlod S gal b Lol (g S iges o 35k
o asis lp gmse @ aliaplb
o> 5l (b Jly adrig slades AV WlesgsS
(il gl g anie el L)y Jed slas S,
ot ) Sadb slap)l > jo sagis slaosls pleol ai;
oSl g RNA &l i osalive oSl 5 [AY] oS’
yglse ol b 1) (Jarme slaaglse b oo (S g



0f) SWeie) (oM 9 Sy 50 Jlozmd salBes by fidly o Loyl » 2ol (559

e S Gt 650k ladae 1) wile oo (S Lol
ol 5l aes Jo codlas a8l cdel YU o i &,08
Jlezus sloglies (s miyolazel (aal3dl gl e 55l e
ealae (T LS o [042F] aiiis anng Jl> 0
30 G pdypmeni g glosls SYMS] ol jo alSuiul ygoran
2 S Cueal Glols oglate sbapie el
..x5|55u.a o o U I esyls ail L Sin oo )l
Lav5a8] ssi e canpol Sloys slos S puoas &
Moo (loaSed g )95 (S95eal g ools 99a5 L ablie sl

Self-4pix2pix « Cycle-GANuile  oslss
Sgue g ool il ol ol Attention GAN
ogdle [V e e —AA] Wilazs 5 13 soliiul 3 90 (6 e
3 solS Al o lgreas edllplole 6 5ol ol
5ol g Wy Jae b Sl 5 Jlzms (slaglss
VeV ] s adas was slaosls LTy 093 (L3 uils
Lis &l Sy gl min bl @ o 9 Vo F

L0gl

4555 Jliamas (5ol B
(Hybrid Digital Twin)

38 )l a9 Ligy daxlad

@yaSiingg 9 rally (85 paaas -0

Niab 3 o138 5 e ik 51

PiB35) GarnSS g o G &
(A S 45 - fi} iy
5N jop0 51 Jib lais + /'
gl adud lSiny Basogs 0 // \
lawloxe L) sle,
PETOSITIVPIPCIE NPT NN % B Q o sl :J-u
" i = gane Juwilyiys C¥alne o
O Joramdjie) Jone 3 Ginly + # ¢ i
293 ) Cublye g ¥ N i f(x(2),0,¢)
- o9x re Jeilyios C¥3lae
Olas (sjlwdings 4
2% sy olasl 22 layd ubals o D o T,

(PINNS) 3548 51 @liao sl Jia
55 5 s ralay
Lt sl b o) 232 00313 b Siauges Hunjgyer
SMBe (it A+ (Real-time Sync) -
Ui Sguar s kel B
S951 3950 42 )l .<:
(What-if Simulation)
SiespSmes @ @

L o a2 39; )l sk il ol
sotiss g tapatoy . (RTEER Plinsg; Ja g Sy il ot ()

(Barly Warning)

Mechanistic Model L5 (gjlwlis 1 31> (gjlwaiads " ol .Y
$) S)uwdiadion g (s£ga0 YU
(5o (5J9I9230 9 (el Cammnsj 5,0

Ki9l925ed 9 A sl Je
+ 2913993 amadlgrlia kel ] 1 G9se-ald o

a F(x,Vx,0,t)

)8 )8 3192348 (5 ol (paakes o
L9sio 3iz 5o 6313 pwlulyy

S)lasss (iR 9 Wngssliow (55ltand
AbIae g iless Sl arppt ¢
Ol 3 olant Sadyligg Silsted o

Siglosd pesian 0313 g3
Al Gbjgal sl 39290 slosls cuphd o
031545 (sogsliuw gy

sloosls o SKen YL mhaw ;o [AS] w5 )ls (6 s yonna
(Seegiindl) Seegiy 5 Sl pnead Jold (oubioni
Wilgs g0 slools il dilaaiign pleol a5l ool ylis
B JEs 508 grie o 0 a5 w5 51, oS
S5 a0, ol anwgs JAVAS] s samlis
520813 5 pon2g Sn cpailin 959 ) (Salaiz slaools
G el 5 I Slelid el a8 ead e (2l
ool 5 [AA] 08 o ool 3 4l L o1y o ) 55len

waledgn gl |y (Gmaita 2 (e Kl (S35
wioils Jlazms ol il pludl Jols glan 5o
BB Ssgy sl |y o shate aiilyy a5 coul slalanls
wilbe S5 Sy slodoe aijle slezel B 5 s
Olgieas slogally i 09> ol ;o OpenAl ;I ChatGPT
Sl s lieas el placusgasme Ll uils (25l Lal,
Slobre slollas 5 Sl ol By sla Yozl
o dar=ae] wes b JelS slezel mile lies
2 e Slg38l Slapin b o Joe cnl oS 5 e
wlg o WolframAlphassbe jime Slosle sla,lpl
o [AV] WS sl 65 S BB gl e
Gl Glimes s pdvpreni 5 (6 pdy st dlinss  Sg0kty

(Data) > 6315 .\
Wiy 9 sahwdiz gilia

w293 9 eSlsa slmedls
4095592 ogi2ySuil 3 40935+
£9%5 2! 4p9lgetio
0313 s g ;59 glySxiul B2 (5)13 1 g0 ’
Seac SBS3ag Bhiniml * MRI, CT, PET, US, X-ray @

g B g Sl Saals o Jeaes ol

(Fusion) yasia aiz sjl 42,45 R s =

R S el s M il e dngyls olLiulajl & =

A Q ot % ‘ Ol 3 ket ilgs . —

Gair logaSan s uSaegisnsl
hame g (Parder slmodls
Q5 g el il aidle +

Casilya g Caodls a3litial Jy6 (5315 U ol o3l 1

0313 (LS 9 B

015 JaaS5 s Lo 13 Bk o 7
e 5 Ploj silwpllan o

S e sBJse -
Al {RNN) .GNN) (e (slaaSad © ) |
o

...g Transformers « = n 9 kel o3 g SudeS o

siadgd bl 9 Sk ) s Jre ‘ | 3037 Juss tlaslsd s @it gy

o By 5 s 38lgs luiodls o @ | 555 (! ) s 01 8l 0 53+

<3 (LLMS) jlaw 5 <S35 Bicly  + SR e b .
0313 yaliua Aslgs i
e Al gl shy 3929 slbasts cugi o U‘ b HL7, FHIR, DICOM, LOING - et
L] ASAT gl (Ragy o s gal ol g il s, CEED

A A A A A
Ve 4 A B e B B e B A B S B B R S S
“isiol § CanaSlo sy
(B Sty 3 sprieomleba @ p3 Casylh g Cablid Jae g els iuluial g cukeS Jalas SalilB g o faitiasd ke g olsd Rogad m> 9 Caglel @
(Cloud/Edge, HPC) (Explainability & Trust) (Quality Control & Validation) (HL7, FHIR, DICOM) &= (HIPAA GOPR, ..) i JS sl U o 5E500y

297003l 9 03 S patdd (@l Sl SSib33 2 s9meyleyd Kb SIS iled Sao @R

S 50 &l Siin (65 el B ools ooy 1o Jluous (goliss ol - ¥ S



wile ug slogz)ly Geiges 355 e 18 eolinal
sl sl (PINN) o515 oae  (cloasSios
S oo p2ly8 1y 6 S0l anl ) o (Sl slecgsgass
b )5k S @y 1) jemmaools sla o i (nl @ g
b &5 oo ool [ Al ales oo colan g j (3
o Jas poori Cobild Sl v oo o8l ) o oo <do
PMAS o0 S9nde b (5l Sladunex (e 0,
Gl ) et M (SELSE Gl s )8 e 5o
ol 51 wlg oo Ly S oo byl oy slasl b
Slp S Giledoe 29)ls ol jo ) Sorex 5 (S5
2ol 515 CYP2D6 o5 clacilly o ol ol
2 Sl el &5 s (i HAS 9ol gl
Dyl el glate 295 BB jsbay iliee slacare>
2 e Sl gladae oSS (alyd iz e
Mgise fsras e e LSSyl
5 aSST gy s &) Sl ps el 5l 6 333 S
DT asl ool olgieas ciesd sl pusito 5l oolicinl
GRIP e 2o e ol Sea (pl ggemma 5
S 4 H97eileyd (Shh 5l ES > rne aSL e oo
JEezes Glaglies 35k 1 sadgilu pazed § &l iy
57 3 G Slops alBlae oS eSS (oo @S
258 pdoolSel )l Jol8

ST ol g i 9 (535 Az

olis (Kag 5o Jlamms oliss slap,aly JolSS &,
Shlem (sl Jae 35ge 55 B0 055> ol o] a5 223 o
S5 S5 o 4 a8y s g2 Ao 0 jite O jg0as
Jlazs slasles 5l atwgmeaas 5 wYaiz pluwsST S
s il ol 55 S e o5 > calizes (gla e 4o
6oy oLl a Jlazus selBgs Jels oS mhan
SIS Jlezms s5liss 5 wedse L lon Jluzms
Jos g 5 4z )LSs Ojs0a b Sl plls wiadise

S0 Wgd 9 SHo b Joo oo
W p Sy (S 3 S 230 o

slaoe 4 51 SBro @il iy (Sbj 4 )l pease po
bl W86 el o Jaw ol 15 s BB jgmmacals
Silom Gloonsy () e 5 e s, gl
2l ol R AT LSS sla o (Jlie )0 s
Solon slaanlp aie)lisle oy (el «So3sls 525
Dol 512 e (b9 50 95 2l 5l g WS (o0 el B,
S8bee alide slacerer e Grdipres 5 Solow
2 Ygeme a5 baJow cpl DVeo] wils o polazel b3
Carogs (Bl wlsiul (S5 b (Jeene Jedlins SYolee
2 9S8 oo w8 e 5 ey ol yo 1) (5 ke Sl
SV Pl Wl goldS 8 cmen slapleys (>b
Shoass Ll a5l e gl ol Coogase >
$95eal b agzlye ;o Slhasil pos 5 (uwj sl el
b (Son Jlmms slagliys ey cul 5o el 693
(reiz sosls wlol 5 b Jas cpl (gl saxd
s sbodae @ Gorexr gladoe hos oS
ooy ooy lid Sl ldlae jo S g oS o w2l
Sleadsn vge ) Sloys mls Wl oo 9,505, (ul &5 2ol
Ol 5o Golml wile plag)ls 590 wulas o alex

[107] ol
O SHe sladse 5 sstae e 2l SKes
Jiezms slagliss anuy lp o> s o5z,
S o (oS 5 9,505, cpl jo S se obml Al Ky
Olgd p (e (Lgan slredls adgi b aly o (SlSa
39 M8 Gl 1) (ohjgel slaosls 3geS «So3glgn b
ot 0 ) Gee oS0l Gladoe o Sles azs
20 §ilwded (Jbo (sl 2000 S50 (5 lor Al > 5o
e ol s g el aYolre 5l oolazwl b jgegs
Solozt (e Slagy )l I (lacgame Wilgs oo SG3)5 508
Sy3e S sladae igel lp &5 a5 wdg |,



(%) Sy [ oM 9 Sy 50 Jluzd sWallss sl g Lo 5 )l » zel> 559

L3yl 685 Sygpe cYoiz (g lene ol o (oS 4SS
&S e cwl maw 4w onl Ol adibgs 5 polae
C;b.w 3 g D g0 Beweal § B gs i deools
Ol 5ol Gl Sl g SeS 5 Slejle 4 608
Ol iS00 S > VL ol Ceos 4 4z 2 09 )l
5 a8l Sl S eeal L9 5 5l 509>
5 ol Ol A e S 5l Ll A

b oo oS baoe (i Lel
Ol a8yt Slool jo a5 LSesgs slasles woles 5o
g oo gume J325 (nl gyl abali cilond 7 jlas 09>
So S Kwg Hebdy (Kb g Jlms slakae &5 o>
DAYT wgs o plesl lojen alslos 5 s pSol ail>
5 330 Silwaned Bl LiSa (g il (pin B
Al ojloge pol B 1) (Sloys g (s Glaptans S5,
JWptn cadle plls o 5SS ln 1) A
aS ol oS e Lge #8lg &l W5 i 4 (Proactive)
5 4k Ojgen alBlae 5 pasis (s pKin o 5o
Jos GleSo s plole 0 mhe an o plasiogs
039> IS lo Colew @ Oly (o0 Sal o WS e
i pys ool 45 45 il o,Lal VYAY Lo &) Casdos
3G ol el pllas 5o leys (6 Sty Caglsl 2 ol
Coonl g Dlindos (nl ()l Sy (o0 095 (pl S (e
D92 » (e Jlazd solgs (53l pdeo )5 g axgi

63‘0)4.5

obaiz 5 380 owwg Heiwd L SG g0 sl o
aes OpenAl cS,i Jpame ChatGPT LS
Rl ey 58 5 (il edtun g g s 5 0J95GPT-5.4
Shhle ez 5 0 (rizren Siload ploduz g ialpg 92309
x5 5y ol 5l 00 oy T 51 alg 9 (2b Jolae)

Ol eage ol gtz JolS Cdginne

S A yemeyle s (Shg gl ably S1A8 Sl b s
gl ol alin iy ¢ &l iy

swools pleal b yludl oy Jlosus (s5l890 ¢58 8 zdamw ;o
@ledil Ol ()b 5 Suielg it Sy (olieniy
S oo ol y8 Bl Loy 01y 08 Cladle Camd g Stwlnd
JBS il 4 0B a5 enigpin slaglies anwgy
2 e sbdae wile wis oley Job o bl
SIS iloaned Gl i Gaman slaadsls)
S LD el Jom0 s 0l 5l Mg sl 550,58
79 oS S5 o0 ST oy s ol g2l 35l <l
sl oVl Gl lene o dlugy Ojgods ol
98 plesl Coodlus (sloaSl 5 Sl lew (lopinnw
Sadsn Gliw)len Jlazms g5l8ss (Glojle zhaw 5o
a5 A8 (oo Joe K500 (Sl e S lgen
e o B jo 1) Sllee 5 (St (b slasi] 9
srosls ‘c.la..w ol ye .A.S‘sa Glwdinge 5 (o5lwand Loy
4 g ghlew  Jms  sligs 51 Jol>
slafSign mbis (S 9 >l hyaely dacss
5 slom golB0 leo atindil> Jlasl oS SLS Sleyo
5 Jbd asloe 4 Jraie ol 5l a8 o Sl el Lo
Sl sloy s &5 (ligT A 0l o0 ol 8 1) ke
PR ACPRTCNENEN SN

Cedlw pllss gleS> Jloous sol8g0 b o 3YL o
wods  slmoslo M Ll ] aibsy a5 syls I3
Gy b ple Cupse daglen b Gmiie
a5 51 asly oyl ylaws 5 oy lows 5l s o0ls b >
ool IS sla Jae CIB [0 g 00 aesns Codlus Slods
gl ol 05d g0 485 54 (g3 l; (glupreal sl
oS sl codl pllss o listesgs Ly, g gl



[14] Vavra, B. Digital Twin Becoming a Singular Tool;
Technical report; Rockwell Automation Inc.:
Cleveland, OH, USA, 2019.

[15] Liau, Y.; Lee, H.; Ryu, K. Digital Twin concept for
smart injection molding. IOP Conf. Ser. Mater.
Sci. Eng. 2018, 324, 012077.[CrossRef]

[16] Kube, G. The Digital Twin for Business; Technical
report; SAP [Systems Applications and Products
in Data Processing] Community-Technology:
Cleveland, OH, USA, 2016.

[17] Lee, J.; Lapira, E.; Bagheri, B.; Kao, H.a. Recent
advances and trends in predictive manufacturing
systems in big data environment. Manuf. Lett.
2013, 1, 38-41. [CrossRef]

[18] Digital Twin Technology—A Review and Its
Application Model for Prognostics and Health
Management of Microelectronics

[19] National Academies of Sciences, Engineering, and
Medicine. Foundational research gaps and future
directions for digital twins. Washington, DC: The
National Academies Press, 2024.

[20] Hernandez-Boussard T, Macklin P, Greenspan EJ,
et al. Digital twins for predictive oncology will be
a paradigm shift for precision cancer care. Nat
Med 2021; 27: 2065-66.

[21] Lee D, Lee S. Digital twin for supply chain
coordination in modular construction. Appl Sci
2021; 11: 59009.

[22] Medical digital twins: enabling precision medicine
and medical artificial intelligence

[23] Angulo, C. Gonzalez-Abril L.; Raya, C.; Ortega,
J. A. A proposal to evolving towards digital twins
in healthcare. In Proceedings of the International
Work-Conference on  Bioinformatics  and
Biomedical Engineering, Granada, Spain, 418-
427 [2020].

[24] Elkefi, S. & Asan, O. Digital Twins for Managing
Health Care Systems: Rapid Literature Review. J.
Med. Internet Res. 24, 37641 [2022].

[25] Roozbahani, M. H., Yari Eili, M., Sharif-
Alhoseini, M., & HajiAliAsgari, F. [2025].
Registry Event Log Warehouse: Toward
Designing A Care Process Digital Twin. Journal of
Surgery and Trauma, 13[2], 63-74.

[26] Nonnemann L., Haescher. M., Aehnelt M., Bieber
G., Diener H., Urban B. Health@Hand a visual
interface for eHealth monitoring. 2019 IEEE
Symposium on Computers and Communications
[ISCC]; June 29-July3, 2019., 1093-1096. [2019].

[27] Liu Y., Lin. Z. & Yuan Y. A Novel Cloud-Based
Framework for the Elderly Healthcare Services
Using Digital Twin. IEEE Access 49088-49101
[2019].

[28] Wickramasinghe, N. et al. Digital twins to enable
better precision and personalized dementia care.
JAMIA Open 5, 00oac072 [2022].

[29] Diaz R. G., Fedwa L., El Saddik A. DTCoach:
Your Digital Twin Coach on the Edge During

&lw

[1] Negri, E., Fumagalli, L. & Macchi, M. A review of
the roles of Digital Twin in CPS-based production
systems. Procedia Manuf. 11, 9 [2017].

[2] Bjornsson, B. et al. Digital twins to personalize
medicine. Genome Med. 12, 4 [2019].

[3] Grieves, M. W. Product lifecycle management:
The new paradigm for enterprises. Int. J. Prod. 2
[2005].

[4] Glaessgen, E. S. D. The Digital Twin Paradigm for
Future NASA and U.S. Air Force Vehicles.
Proceedings of the 53rd AIAA/ASME/ASCE/
AHS/ASC Structures, Structural Dynamics and
Materials Conference, Honolulu, HI, USA [2012].

[5] Croatti, A., Gabellini, M., Montagna, S. & Ricci,
A. On the Integration of Agents and Digital Twins
in Healthcare. J. Med. Syst. 44, 161,
https://doi.org/10.1007/s10916-020-01623-5
[2020].

[6] Rhee, H., Miner, S., Sterling, M., Halterman, J.S.,
and Fairbanks, E [2014]. The development of an
automated device for asthma monitoring for
adolescents: methodologic approach and user
acceptability. JMIR Mhealth Uhealth 2, e27.
https://doi.org/10.2196/mhealth.3118.

[7] Sun T, He X, Li Z. Digital twin in healthcare:
recent updates and challenges. Digit Health.
[2023] 9:20552076221149652. doi:
10.1177/20552076221149651

[8] Wright L, Davidson S. How to tell the difference
between a model and a digital twin. Adv Model
Simul Eng Sci 2020; 7: 13.

[9] Glaessgen, E.H.; Stargel, D.S. The Digital Twin
Paradigm for Future NASA and U.S. Air Force
Vehicles. In Proceedings of the 53rd Structures,
Structural Dynamics, and Materials Conference,
Honolulu, Hawaii, 23-26 April 2012.

[10] Tao, E.; Sui, F.; Liu, A.; Qi, Q.; Zhang, M.; Song,
B.; Guo, Z.; Lu, S.C.; Nee, A.Y. Digital twin-
driven product design framework. Int. J. Prod.
Res. 2019, 57, 3935-3953. [CrossRef]

[11] Tao, F.; Zhang, H.; Liu, A.; Nee, A.Y. Digital Twin
in Industry: State-of-the-Art. IEEE Trans. Ind.
Inform. 2019, 15, 2405-2415.[CrossRef]

[12] Qi, Q.; Tao, E.; Hu, T.; Anwer, N.; Liu, A.; Weli,
Y.; Wang, L.; Nee, A.Y. Enabling technologies and
tools for digital twin. J. Manuf. Syst. 2021, 58, 3—
21. [CrossRef]

[13] Ayani, M.; Ganeback, M.; Ng, A.H. Digital Twin:
Applying emulation for machine reconditioning.
In Proceedings of the Procedia CIRP; Elsevier
B.V.: Amsterdam, The Netherlands, 2018; Volume
72, pp. 243-248. [CrossRef]



https://doi.org/10.2196/mhealth.3118

SWeie) [codw 9 Sy 5o Jlozmd salBes by fidly o Loyl » 2ol (559

discovery: methods, tools and databases. Brief.
Bioinform 20, 1878-1912 [2019].

[43] Erol, T., Mendi, A. F. & Dogan, D. Digital
Transformation Revolution with Digital Twin
Technology 2020 4th International Symposium on
Multidisciplinary ~ Studies and  Innovative
Technologies [ISMSIT], 1-7,
https://doi.org/10.1109/ISMSIT50672.2020.9254
288 [Istanbul, Turkey, 2020].

[44] He X, Qiu Y, Lai X, et al. Towards a shape-
performance integrated digital twin for lumbar
spine analysis. Digital Twin 2021; 1: 8.

[45] Hernigou P, Safar A, Hernigou J, et al. Subtalar
axis determined by combining digital twins and
artificial intelligence: influence of the orientation
of'this axis for hindfoot compensation of varus and
valgus knees. Int Orthop 2022; 46[5]: 999-1007.

[46] Aubert, K. et al. Development of Digital Twins to
Optimize Trauma Surgery and Postoperative
Management. A Case Study Focusing on Tibial
Plateau Fracture. Front. Bioeng. Biotechnol. 9,
722275 [2021].

[47] Ahmadian, H. et al. A digital twin for simulating
the vertebroplasty procedure and its impact on
mechanical stability of vertebra in cancer patients.
Int J. Numer. Method. Biomed. Eng. 38, e3600
[2022].

[48] Ahmadian, H. et al. Toward an artificial
intelligence-assisted framework for reconstructing
the digital twin of vertebra and predicting its
fracture response. Int J. Numer Method Biomed.
Eng. 38, €3601 [2022].

[49] Vashistha, V. et al. Molecular-Guided Off-Label
Targeted Therapy in a Large-Scale Precision
Oncology Program. JCO Precis. Oncol. 7,
€2200518 [2023].

[50] Wu, C. et al. Integrating mechanism-based
modeling with biomedical imaging to build
practical digital twins for clinical oncology.
Biophys. Rev. [Melville] 3, 021304 [2022].

[51] Tardini, E. et al. Optimal Treatment Selection in
Sequential Systemic and Locoregional Therapy of
Oropharyngeal Squamous Carcinomas: Deep Q-
Learning With a Patient-Physician Digital Twin
Dyad. J. Med .Internet Res. 24, €29455 [2022].

[52] Ai, M. B. Mind Bank AI https://mindbank.ai/
[2022].

[53] Babylon  Health  https://www.emed.com/uk
[2023].

[54] Twin, L D. IBM Digital Twin
https://www.ibm.com/products/maximo/predictiv
e-maintenance?cm_sp=ibmdev-_ -developer-
articles-_-product [2023].

[55] DigiTwin. Medical Augmented Intelligence and
DigiTwin https://www.mai.ai/digitwin/ [2022].

[56] Beiwe, B. http://beiwe.wpengine.com [2023].

[57] Mindlamp. Mindlamp http://docs.lamp.digital
[2023].

COVID-19 and Beyond. IEEE Instrumentation &

Measurement Magazine. 24
https://doi.org/10.1109/mim.2021.9513 635
[2021].

[30] Collins, B. E. Reducing Hospital Harm:
Establishing a Command Centre to Foster
Situational Awareness. Health. Q 25, 75-81
[2022].

[31] Baillargeon, B., Rebelo, N., Fox, D. D., Taylor, R.
L. & Kuhl, E. The Living Heart Project: A robust
and integrative simulator for human heart
function. Eur. J. Mech. A Solids 48, 38-47 [2014].

[32] Sun, T., He, X., Song, X., Shu, L. & Li, Z. The
Digital Twin inMedicine: A Key
totheFutureofHealthcare? FrontMed [Lausanne]
9, 907066 [2022].

[33] Lopez-Minguez, J. R., Martinez-Caceres, G.,
Gonzalez-Fernandez, R., Nogales-Asensio, J. M.
& Millan-Nunez, V. Applications designed to
successfully implant in challenging left atrial
appendage occlusion cases: a new tool for the
interventional cardiologist. Int. J. Cardiovasc.
Imag. 37, 2749-2751 [2021].

[34] Zhou, C. et al. Virtual patients for mechanical
ventilation in the intensive care unit. Comput.
Methods Prog. Biomed. 199, 105912 [2021].

[35] Suzuki T, Takao H, Rapaka S, et al. Rupture risk
of small unruptured intracranial aneurysms in
Japanese adults. Stroke 2020; 51: 641-643.
PMID: 31813355.

[36] Cydar Medical. Surgical augmented intelligence.
[Internet] 2022. Available from:
https://www.cydarmedical.com [accessed 3 Oct
2022].

[37] Golse N, Joly F, Combari P, et al. Predicting the
risk of posthepatectomy portal hypertension using
a digital twin: a clinical proof of concept. J
Hepatol 2021; 74: 661-669. PMID: 33212089.

[38] Ryu WHA, Dharampal N, Mostafa AE, et al.
Systematic review of patient-specific surgical
simulation: toward advancing medical education.
J Surg Educ 2017; 74: 1028-1038.

[39] Shaker, B., Ahmad, S., Lee, J., Jung, C. & Na, D.
In silico methods and tools for drug discovery.
Comput Biol. Med 137, 104851 [2021].

[40] Li, X. et al. A dynamic single cell-based
framework for digital twins to prioritize disease
genes and drug targets.GenomeMed. 14, 48
[2022].

[41] Parrott, A., Umbenhauer, B. & Warshaw, L.
Digital Twins Bridging the Physical and Digital.
Deloiyye Insights.
https://www?2.deloitte.com/us/en/insights/focus/te
ch-trends/2020/digital-twin-applicationsbridging-
the-physical-anddigital.html [2020].

[42] Rifaioglu, A. S. et al. Recent applications of deep
learning and machine intelligence on in silico drug


https://doi.org/10.1109/mim.2021.9513

)

VFef JLo oF o)lods of 0590 (310 OLn)T (SADT Ay

learning and permissioned blockchain for digital
twin edge networks. IEEE Internet Things J. 8,
2276-2288.
https://doi.org/10.1109/JI0T.2020.3015772.

[71] Dayan, 1., Roth, H.R., Zhong, A., Harouni, A.,
Gentili, A., Abidin, A.Z., Liu, A., Costa, A.B.,
Wood, B.J., Tsai, C.-S., et al. [2021]. Federated
learning for predicting clinical outcomes in
patients with COVID-19. Nat. Med. 27, 1735-
1743. https://doi.org/10.1038/s41591-021-01506-
3.

[72] Kaissis, G., Ziller, A., Passerat-Palmbach, J.,
Ryffel, T., Usynin, D., Trask, A., Lima, I,
Mancuso, J., Jungmann, F., Steinborn, M.-M., et
al. [2021]. End-to-end privacy preserving deep
learning on multi-institutional med ical imaging.
Nat. Mach. Intell. 3, 473-484.
https://doi.org/10.1038/ s42256-021-00337-8.

[73] Ginsburg, G.S., Picard, R.W., and Friend, S.H.
[2024]. Key Issues as Wearable Digital Health
Technologies Enter Clinical Care. N. Engl. J. Med.
390, 1118-1127.
https://doi.org/10.1056/NEJMra2307160.

[74] Bruynseels,K.,SantonideSio,F.&vandenHoven,J.
DigitalTwinsin Health Care: Ethical Implications
of an Emerging Engineering Paradigm. Front.
Genet. 9, 31 [2018].

[75] Chikwetu, L., Miao, Y., Woldetensae, M.K., Bell,
D., Goldenholz, D.M., andDunn,J.[2023].
Doesdeidentification of data from wearable
devices give us a false sense of security? A
systematic review. Lancet. Digit. Health 5, e239—
e247. https://doi.org/10.1016/S2589-
7500[22]00234-5.

[76] Warnat-Herresthal, S., Schultze, H., Shastry, K.L.,
Manamohan, S., Mu kherjee, S., Garg, V.,
Sarveswara,R.,HE andler, K. Pickkers,P., Aziz,
N.A.,, et al. [2021]. Swarm learning for
decentralized and confidential clinical machine
learning. Nature 594, 265-270.
https://doi.org/10.1038/ s41586-021-03583-3.

[77] Li, L., Gu, F., Li, H., Guo, J., and Gu, X. [2021].
Digital twin bionics: a biological evolution-based
digital twin approach for rapid product devel
opment. IEEE Access 9, 121507-121521.
https://doi.org/10.1109/AC CESS.2021.3108218.

[78] Dilsizian, S.E., and Siegel, E.L. [2014]. Artificial
intelligence in medicine and cardiac imaging:
harnessing big data and advanced computing to
provide personalized medical diagnosis and
treatment. Curr. Cardiol. Rep. 16, 441-448.
https://doi.org/10.1007/s11886-013-0441-8.

[79] Sullivan, M.D., Edlund, M.J.,, Fan, M.-Y,,
DeVries, A., Braden, J.B., and Martin, B.C.
[2010]. Risks for possible and probable opioid
misuse among recipients of chronic opioid therapy
in commercial and medicaid insurance plans: The

(58]
Unger,J.M.,Vaidya,R.,Hershman,D.L.,Minasian,L
M.&Fleury,M. E. Systematic Review and Meta-
Analysis of the Magnitude of Structural, Clinical,
and Physician and Patient Barriers to Cancer
Clinical Trial Participation. J. Natl. Cancer Inst.
111,245-255[2019].

[59] Kolla, L., Gruber, F. K., Khalid, O., Hill, C. &
Parikh, R. B. The case for Al-driven cancer
clinical trials- The efficacy arm in silico. Biochim
Biophys. Acta Rev. Cancer 1876, 188572 [2021].

[60] Fisher, C. K. et al. Machine learning for
comprehensive  forecasting of  Alzheimer’s
Disease progression. Sci. Rep. 9, 13622 [2019].

[61] Le, T., Su, S. & Shahriyari, L. Investigating
Optimal Chemotherapy Options for Osteosarcoma
Patients through a Mathematical Model. Cells 10
https://doi.org/10.3390/cells10082009 [2021].

[62] Badano, A. et al. Evaluation of Digital Breast
Tomosynthesis as Replacement of Full-Field
Digital Mammography Using an In Silico Imaging
Trial. JAMA Netw. Open 1, 185474 [2018].

[63] Zhang J, Cunningham J, Brown J, Gatenby R.
Evolution-based mathematical models
significantly prolong response to abiraterone in
metastatic castrate-resistant prostate cancer and
identify strategies to further improve outcomes.
eLife 2022; 11: €76284.

[64] Nimri R, Battelino T, Laffel LM, et al. Insulin dose
optimization using an automated artificial
intelligence-based decision support system in
youths with type 1 diabetes. Nat Med 2020; 26:
1380-84.

[65] Shamanna P, Saboo B, Damodharan S, et al.
Reducing HbAlc in type 2 diabetes using digital
twin technology-enabled precision nutrition: a
retrospective analysis. Diabetes Ther 2020; 11:
2703-14.

[66] lacobucci G. NHS to trial “artificial pancreas” for
patients with type 1 diabetes. BMJ 2021; 373:
nl538.

[67] Area I, Fernandez FJ, Nieto JJ, Tojo FAF. Concept
and solution of digital twin based on a Stieltjes
differential equation. Math Methods Appl Sci
2022; 45: 7451-65.

[68] Madry,A.,Makelov,A.,Schmidt,L.,Tsipras,D.,and
Vladu,A.[2017].To wards deep learning models
resistant to adversarial attacks. Preprint at arXiv.
https://doi.org/10.48550/arXiv.1706.06083.

[69] Ghaffari Laleh, N., Truhn, D., Veldhuizen, G.P.,
Han, T., van Treeck, M., Buelow, R.D., Langer, R.,
Dislich, B., Boor, P., Schulz, V., and Kather, J.N.
[2022]. Adversarial attacks and adversarial
robustness in computa tional pathology. Nat.
Commun. 13, 5711. https://doi.org/10.1038/
s41467-022-33266-0.

[70] Lu,Y.,Huang,X.,Zhang,K.,Maharjan,S.,andZhang
,Y.[2021].Commu nication-efficient federated


https://doi.org/10.1109/JIOT.2020.3015772
https://doi.org/10.1038/s41591-021-01506-3
https://doi.org/10.1038/s41591-021-01506-3
https://doi.org/10.1056/NEJMra2307160
https://doi.org/10.1007/s11886-013-0441-8

SWeie) (oM 9 Sy 50 Jlozmd salBes by fidly o Loyl » 2ol (559

[93] Wolfram S. ChatGPT gets its “wolfram
superpowers”! March 23, 2023.
https://writings.stephenwolfram.com/2023/03/cha
tgpt-gets its-wolfram-superpowers/ [accessed Aug
26,2023].

[94] Schramowski, P., Stammer, W., Teso, S., Brugger,
A., Herbert, F., Shao, X., Luigs, H.-G., Mahlein,
A.-K., and Kersting, K. [2020]. Making deep
neural networks right for the right scientific
reasons by interacting with their explanations.
Nat. Mach. Intell. 2, 476-486. https://doi.org/10.
1038/s42256-020-0212-3.

[95] Prosperi,M.,Guo,Y.,Sperrin,M.,Koopman,J.S.,Mi
n,J.S.,He,X., Rich, S., Wang, M., Buchan, L.E., and
Bian, J. [2020]. Causal inference and
counterfactual prediction in machine learning for
actionable healthcare. Nat. Mach. Intell. 2, 369—
375. https://doi.org/10.1038/ s42256-020-0197-y.

[96] Madry,A.,Makelov,A.,Schmidt,L., Tsipras,D.,and
Vladu,A.[2017].To wards deep learning models
resistant to adversarial attacks. Preprint at arXiv.
https://doi.org/10.48550/arXiv.1706.06083.

[97] Han, T., Nebelung, S., Pedersoli, F., Zimmermann,
M., Schulze-Hagen, M., Ho, M., Haarburger, C.,
Kiessling, F., Kuhl, C., Schulz, V., and Truhn, D.
[2021]. Advancing diagnostic performance and
clinical usability of neural networks via
adversarial training and dual batch normalization.
Nat. Commun. 12, 4315.
https://doi.org/10.1038/s41467-021-24464-3.

[98] Zhu, J.-Y., Park, T., Isola, P., and Efros, A.A.
[2017]. Unpaired image-to image translation using
cycle-consistent adversarial networks. In Pro
ceedings of the IEEE international conference on
computer vision, pp. 2223-2232.

[99] Isola, P., Zhu, J.-Y., Zhou, T., and Efros, A.A.
[2017].  Image-to-image  translation  with
conditional adversarial networks. In Proceedings
of the IEEE conference on computer vision and
pattern recognition, pp. 1125-1134.

[100] Zhang, H., Goodfellow, 1., Metaxas, D.,
and Odena, A. [2019]. Self-atten tion generative
adversarial networks. In International conference
on ma chine learning [PMLR], pp. 7354-7363.

[101] Parisi, G.I.,, Kemker, R., Part, J.L.,
Kanan, C., and Wermter, S. [2019]. Continual
lifelong learning with neural networks: A review.

Neural Network. 113, 54-71.
https://doi.org/10.1016/j.neunet.2019.01.012.
[102] Karani, N., Chaitanya, K., Baumgartner,

C., and Konukoglu, E. [2018]. A lifelong learning
approach to brain MR segmentation across
scanners  andprotocols. In  International
Conference on Medical Image Computing and
Computer-Assisted Intervention [Cham: Springer
International Pub lishing], pp. 476—484.

[103] Baweja, C., Glocker, B., and
Kamnitsas, K. [2018]. Towards continual learning

TROUP Study. Pain 150, 332—-339. https://doi.org/
10.1016/j.pain.2010.05.020.

[80] Emani,P.S., Warrell, J., Anticevic, A., Bekiranov,
S., Gandal, M., McCon nell, M.J., Sapiro, G.,
Aspuru-Guzik, A., Baker, J.T., Bastiani, M., et al.
[2021]. Quantum computing at the frontiers of
biological sciences. Nat. Methods 18, 701-709.
https://doi.org/10.1038/541592-020-01004-3.

[81] Pereira B, Chen CT, Goyal L, et al. Cell-free DNA
captures tumor heterogeneity and driver
alterations in rapid autopsies with pre-treated
metastatic cancer. Nat Commun 2021; 12: 3199.

[82] Gorzynski JE, Goenka SD, Shafin K, et al.
Ultrarapid nanopore genome sequencing in a
critical care setting. N Engl ] Med 2022; 386: 700—
02.

[83] Bhattarai-Kline S, Lear SK, Fishman CB, et al.
Recording gene expression order in DNA by
CRISPR addition of retron barcodes. Nature 2022;
608: 217-25.

[84] Primakov SP, Ibrahim A, van Timmeren JE, et al.
Automated detection and segmentation of non-
small cell lung cancer computed tomography
images. Nat Commun 2022; 13: 3423.

[85] Wang SY, Tseng B, Hernandez-Boussard T. Deep
learning approaches for predicting glaucoma
progression using electronic health records and
natural language processing. Ophthalmol Sci
2022;2:100127.

[86] Zhou M, Leung A, Echegaray S, et al. Non-small
cell lung cancer radiogenomics map identifies
relationships between molecular and imaging
phenotypes  with  prognostic  implications.
Radiology 2018; 286: 307-15.

[87] Gevaert O, Echegaray S, Khuong A, et al
Predictive radiogenomics modeling of EGFR
mutation status in lung cancer. Sci Rep 2017; 7:
41674.

[88] Omenn GS, Magis AT, Price ND, Hood L.
Personal dense dynamic data clouds connect
systems biomedicine to scientific wellness.
Methods Mol Biol 2022; 2486: 315-34.

[89] Li R, Roy A, Bice N, et al. Managing tumor
changes during radiotherapy using a deep learning
model. Med Phys 2021; 48: 5152—-64.

[90] Singhal K, Tu T, Gottweis J, et al. Towards expert-
level medical question answering with large
language models. arXiv 2023; published online
Dec 2. http://arxiv.org/abs/2305.09617 [preprint].

[91] Alkaissi H, McFarlane SI. Artificial hallucinations
in ChatGPT: implications in scientific writing.
Cureus 2023; 15: €35179.

[92] Plevris V, Papazafeiropoulos G, Rios AJ. Chatbots
put to the test in math and logic problems: a
preliminary comparison and assessment of
ChatGPT-3.5, ChatGPT-4, and Google Bard. Al
2023; 4: 949-69.


https://doi.org/10.48550/arXiv.1706.06083
https://doi.org/10.1038/s41467-021-24464-3
https://doi.org/10.1016/j.neunet.2019.01.012

v

VFef JLo oF o)lods of 0590 (310 QLn)T (SADT Ay

hospital operations: Framework and proof of
concept. Technology in Society, 74, 102317.

[115] Jiang, F., Xie, H., Gandla, S. R., &
Fei, S. [2025]. Transforming Hospital HVAC
Design with BIM and Digital Twins:
Addressing Real-Time Use Changes.
Sustainability, 17[8], 3312.

in medical imaging. Preprint at arXiv.
https://doi.org/10.48550/ arXiv.1811.02496.

[104] Kudithipudi, D., Aguilar-Simon, M.,
Babb, J., Bazhenov, M., Blackiston, D., Bongard,
J., Brna, A.P., Chakravarthi Raja, S., Cheney, N.,
Clune, J., et al. [2022]. Biological underpinnings
for lifelong learning machines. Nat. Mach. Intell.
4, 196-210. https://doi.org/10.1038/s42256-022
00452-0.

[105] Salgia R, Mambetsariev I, Hewelt B, et
al. Modeling small cell lung cancer [SCLC]
biology through deterministic and stochastic
mathematical models. Oncotarget 2018; 9: 26226—
42.

[106] Nathwani D. Antimicrobial
stewardship: from principles to practice. British
Society for Antimicrobial Chemotherapy, 2018.

[107] Zhang J, Cunningham J, Brown J,
Gatenby R. Evolution-based mathematical models
significantly prolong response to abiraterone in
metastatic castrate-resistant prostate cancer and
identify strategies to further improve outcomes.
eLife 2022; 11: ¢76284.

[108] Chen RTQ, Rubanova Y, Bettencourt J,
Duvenaud D. Neural ordinary differential
equations. arXiv 2019; published online Dec 14.
http://arxiv.org/abs/1806.07366 [preprint].

[109] Kanji CR, Nyabadza G, Nhachi C,
Masimirembwa C. Pharmacokinetics of tamoxifen
and its major metabolites and the effect of the
African ancestry specific CYP2D6*17 variant on
the formation of the active metabolite, endoxifen.
J Pers Med 2023; 13: 272.

[110] Clinical Pharmacogenetics
Implementation Consortium. CPIC® Guideline
for tamoxifen based on CYP2D6 genotype.
January, 2018.
https://cpicpgx.org/guidelines/cpic-guideline-for-
tamoxifen-based on-cyp2d6-genotype/ [accessed
Dec 4, 2024].

[111] Jorfi, M., D’ Avanzo, C., Kim, D.Y.,
and Irimia, D. [2018]. Three-Dimen sional
Models of the Human Brain Development
and Diseases. Adv. Healthcare Mater. 7,
1700723. https://doi.org/10.1002/adhm.
201700723.

[112] Digital twins for health: a scoping
review
[113] El-Din, H. E., & Amged, S. [2025].

Smart and Secure Healthcare with Digital
Twins: A Deep Dive into Blockchain,
Federated Learning, and Future Innovations.
Algorithms, 18[7], 401.

[114] Han, Y., Li, Y, Li, Y., Yang, B., &
Cao, L. [2023]. Digital twinning for smart



