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Introduction

F t ard ankle dis rders rep resent a signic ant uadern 1 gl bal
beglt b are systerrs, affe ting individ gls 3] ages and lifestyles.
Taesec ¥iti rg en m) gss a wide range f.)at nl gies, in 1 o 1g
fra umafé inj uries, Aegenelgﬁve alt mritis,c ngenitgl Aef rities, gn*‘
s) Its-related injuies, amn ng thers. _ist 1t ally, the tregtment f
f tandankle gilments relied negvily ?L[‘ rse1vative 1negs ures s a I
as ) tyst gltherg)y, 1th tis, and med ati n. _ wever, trelands a) e

ff tardgnkles urgery fes trars f rmed 4 m}% allyinre ert yeals,
)1 .)e"e“4 oy 1a) id g4van ements ins ugt gl te 1M ues, te nn 1 gy,
and bl mes gl regear njl.

Taegvent frmini mally invgsives ugery (WS) Tgs rev 1 ufi nized
t e i_el‘i ff tardgokles ugery, flering )atients less invasive
fregtment )ti rg with reda e“_) st ) erative ) ain, faster re very
times, and impr ved fug ti ngl ut mes. WIS te nM ues uilize
smgller iz isi s, spe iglized iggtr uments, ard gdvan ed imaging
m Aglities t g Thieves urgd al pje tives w file rninirmizing g 1 pti o
t st und ng tiss ues. SiIIlilgl']y, tre widenldiniggdvati g f
st s )& s ugely fos erapleds uge 15t diggn seardtreat
intra-a1té uar path 1 gy with urp aralleled yreisi n ard efft g y.
At g )¢ )1c edures off 14 )atients the pene fs f redq ed
m 1‘bi4ity, ac eleragted re iabi]ifgﬁ nardentgn e“j int ) reservati n
< mp aredt tig4iti ngl yens ugery|2.

0 giti 0t gdvar ements ins ugt ol te 1M s, the eld f
f tardankles ugely fes wit ness e4 sigIliq‘gnf )1 gress in imp lant
AQ;ign, materigls s ien e, gn ol me fard gl resear 1 T tal ankle
re)lg ement (TAR) s emerge“ as a Viaple glternative t gankle
artr desis fr en‘—sfgge ankle a1t Iwitis, ffering p gtients impr ved
»ain relief preserved m ti 1, ard entan eM wlity flife. ke ent
inn vati s in TA R\‘@sign, ig | edi ng ) atient-spe ic imp lants 911‘4
< mp ufel'—@ssisfe4 navigati nsysteirs, rave fut rer )i mize‘s ugt al

¢ mes aIl"JiIII) lant 1 ngevity. M\ 1e ver,treintegrati n f.Di lgis
ard regenerative met ine n 14 )1 mise fr rev luti nizi ng tie
tregtment ff tgrdgnkle dig I‘Jel'sf il gt agentssa nas)latelet-
@ hplasma (), mesen Iymal steme ells (W8 5s), and gr wti
fgt 15 tave dem r\gfrafe‘ ) tentigl in enltan ing tiss ue hegling,
)1 m ting regenerati 1, gn-‘ m A uati ng t e infla mmat 1y 1es) fse.
Taese i | gi thergpies fler new aver ues f 1 a4dressing: tpllenging
¢ rditi 15 sa b gs terd o inj uies, ste gt fuitis, ard g ft tiss ue
Aefe ts, wit nthep tentiglt imp1 vepatient o mes arndreda et e
need f rinvesives ugi gl interventi rs]3 .

F utherm 1e,te nn | gi glinn vati 1ss e ngs 39 p rinting, virt ul
s ugi al ) lanning, and )atientspe ic implants rave res rgp ed t e
lards gpe ff tardankles ugery, engpling ) ets ralized tregt ment
a)) 1 g lestail redt individglyatientanat myardpath | gy. Taese
< uting-edgete nhn | gies errp wers wge rst ptimize) re ) erative
danning, entgn e s ug gl pre isi o, and impr ve implant f ard
alignment, dtimately legdi ng t sweri rclinggl o mes and
) atientsatisfg ti nd o light fthesetrass f rmative Aevel ) ments, t g
c mprelrersive review gims t )1 vide g detgiled verview ft e latest
a‘Vgn ements in f t a 4 ankles ugeryg y syuat negizi ng t tec wurent
evider egard tigtlig iting emerging tren, t 1is reviewseeks t inf rm
¢ lind ig1s, reseat rets, g neglth ate )1 fessi ngls ap Ut the state-
fthe-art te 1M ues g4 fuf we dire ti 15 inthe el Hlﬁ mgtely, oy
aWan ing wrlersta rdi ng and ki ati 1 finn vative s gt gl
strategies gnd te nn | gies, wec anstrivet imp1r vethe management
ard it mes ff tard gnkle dig rders, trerepy enfan ing the
4 lity flife f 1)atients w rldwide 4 .

Tee e ff tandankles ugery rgs trgditi nglly fg ed v e

c Igllenges Awet the 1 lex grat my g o) ol me ranis ftrel wer

extremities. Fr 1n tne intid gte netw rk fb nes, j ints, liga merts,

a rdterd 19t the 44yng mi fr es exerted A ui ng weig It-pearing a o4

le mtin giiressing f tandanklepatn gy 1% uiles a nugn ed

understa nding fp thstratugl integrity ard fug ti 1] Ayng i s.

ist 1@ glly, s ugi ol interventi rs f1f t ard ankle dis 14de1s ften

& essitated extergives ft tiss ue disge ti npr 1 nge‘imrn biliZgﬁ 1,

and urp red taple w1, legi ngt prl nge4 re very times and
in regsed) gtient m ridity) \.

Q vever, tre pglg‘igm ff tand ankles ugery fgs s hifted
Ae isiVely in 1e ent yeals, ) 1 _)elle‘i py & nvergen e fte nn | g gl
inn vati 0, i me Terd al resear 0 ard urgt al expertise. e
atvent f minimglly invegsive te n®¥ ues fos berglded 3 rew erg

fs ugt gl pre isi n and ) atiente enteredc gre, all wing frtre
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tregtment fc m.)lexc it 1s with redq ed s urg& al tra wmng gIlA
ac elergted lekpbili‘rgti o WS p1c edures sa hgs rmini mally invgsive
puni net my, per wane s A tilles ter4 1 1€ ait, ardend ¢ )
2 lantar fis ia release tave emelge’J aspreferred pti 1 f1 g*ulessing

¢ mm o f tgaod gnkle gilments,
smaller iz isi rs, Ae 1'egse’4_) st p erative p aix, gll’q u ker ret urnt
1 rmgl g tivities 16 .

Similatly, a1t s »4 s ugery rgs rev [ uti nizedt e ma nggemment
firtra-arté Jarpath | gy,p 1 vidings uge rswit idire tvis wlizati n
an‘gc esst thej intspg ew rile tni ni rnizi ng‘isr 9t nt s ur wredi ng
tigs ves. At g )d te ¥ wes rgve expgrlﬂe‘fhe fregtment pti 1g
fie oditi rssa hgs ankleimpingemernt, stec n rdipl lesi s, g 1
liga ment s inj uries, all wi ng f1mrepre ise ‘iggn sis ard tg.rge're‘4
interventi ng ylevergginga"v;m ements inirstr umentati 1, imaging,
ards ugt gl ngvigati 1, githr s pd prc edues ffer ) atients the
avg ntages  fsh ter hspital stays, faster re  very, ard impr ved
fue ti ngl o mesc m_)are"f trgditi ngl )ens ugery |

Ware ver, tre ev Tuti n fimplant te hn | gy os trarsf rme<
the lands gpe £ f t and gnkle 1e rstrati n, with t tal ankle
1e) lg ement (TA B) emerging gs a Viaple alterngtivet fsi o f1 er-
stage ankle g1t hritis. znlike trgiti ral ankle fui 1, whi 1 restid tg
m ti o g;rr4 alters gait me Taris, TAR )leserves j int 1 ti n
ard rest res fum ti 1, theregy impr ving )atient satisfg ti n and

4 ylity flife Re entinn vati 15 inTA R\-qugn, ig | nn‘ing m Augr
< 1) nenfs, ) I wc atings, gIl‘J )atient-spe i irstr umentati 1,
tave fut her entgn edi mp la it - urgbilify ards uviv 15 Ty, aving t e
way fr ol 9‘461' 3-4 )i Ilg[l‘JiIIl_D r vedl ng-term ot nes.

F ut rerm re, t e integrgti 1 fbi 1 ga agentfs gn“ 1egene19’rive
med ine n 14 immerse ) tentigl fr gurqsing t he ulr“erlying
Path ) nysi 1 gy ff t god gnkle i 1‘Ae15.; y fernessing the
b Ay's nat urgl hegling me Yanis 115, i 1 gt therg)ies sa has
W8 b, and gr wth fat s fler the pr mise ftiss ue regenerati 1,
inflammgti 0 m Adati 1, and Yain relief Taese therg)ies Iave
sh wnern uggingres uts inpre lird gl ard ling glst vdies f ra wide
range  oditi g, ig | edi ng terd 1 inj uries,c al‘fi]gge Aefe ts, a4
ste alf Iritis, s ugg(sti g a )glg“igm s nift t wgl‘]s m re n listd gIlA
ol | giallyinf rmedtreatment > 1 g fesdy .

d1 tardern with these c lind gl a4van ements, te hn | gt al
inn vati e atinee t Arive progress in f t ard gnkle s ugery,
engpling s uge s t g ftieve upre edented levels f pre isi 1,
c st mizati 1, g efft ien y. 3 printing te nn 1 gy gll ws frtre
fapit ati 0 f)atient-spe iq implants ard s wgt al guides ased

n individ gl g gt my, )timizing implant t and alignment w ile
redq ing s ugt gl time ardc  mp ki gti 1. Mt ugl s ugt al planning
s ftware ergples suge 1s t simugte prc edues and arti ipgte
» tertiglc Tollenges, leading t m re pred taple ut mes and
imp 1 vedy gtient sa fety b -

d1 s unialy, the z‘eb4 ff tandankles ugery sta 0 gt the
frefr ot finn vati nand)1 gress, fleringpatients g diverse allay
ftreagt ment pti 1s tail redt theirindivid gl needs an-‘) referen es.
g yempls ingtheptic iples frnini mgllyinvgsives ugery,attr s pd
interventi g, imp lant ) timizati 1, and bl | gt auwgmentati n, f t
ard gnkle s uge 1s ale ) isedt g4diess tec mp lexe Tgllenges f
| wer extremity path | gy with urp re edentedy e isi nandefh g y.
Taisc 1 refersive review aims t expl re tne latest 2avan ements
inf tardgnkles ugety, fi mec uti ng-e‘ge te h¥ uwes t emerging
te hn 1 gies, withtte Wtimate g al fimpr ving patient o mes
grv4 g"Vgﬂ ingthe telﬂ t V'QIAS a blig Iter 91144 m 1ep)r 1ising fut ure
110 .

ffering ) atients t e pene 1{5 f

Discussion

Thec mpretersive review fadvar ements in f t and ankle

s ugery rigiligits t he trgrs f rmgtiveimpg t finn vativete nM ues,
te hn 1 gies, ard tregtment m Aglities 1 ) atientc are arde ling gl
& mes. Tae s wssi n seti n synt esizes the key i ngs
and impli ati 15 fthese a%an ements, gs well gs t reir ) ‘tenfial
< tgllenges ard fuf we dire ti rs. Tae g pti o fmin mglly invgsive
s urgety OAS) ard artir »é te nM uwes g led t 1 table
imp1 vements inc lird ol wt 1mes f 1 )atients unﬂerg ing f t
ard gukle s ugery. St wlies Tavec nsisfemly Ao rstrated redq ed
) st pergtivepain,s h 1ter b s ifg]sfgys, aIl“ ﬁsfer ret uwnt fumti n
wit nvlS pre eduesc mparedt trgditi gl pens wgery. Similarly,
altr ¢ )4 interventi rs rave engble“ m re)i1e ise AiggIl sis an“
'rgrge're“ tregtment fintra-arté Warpath 1 gy, ves uting inimpr ved
j int ) reservati n gn‘ fur ti ngl re very. Taese aAVa[I ements 1gve
nt gyentgs ed) atient satisfg ti n p'fals min mized Teglth gre
res ur e uilizati n gn“ € 10 1m uden ass < igte‘i withyr | nge“

h spitglizati nandre fapilitati 1.

Tee ev luti 0 fimplant te o 1 gy, paité Warly int tal ankle
re) lg ement (TA ®), rgs rev 1 uti nizedt e ma nagement f err‘—sfgge
ankle art tritis. W\ dern TA R;‘esigrs ffer imp r ved g nge fm ti o
petter i lant1 ngevity, a rdredq edigtes £ mp li ati rec 1 ared
t traditi nalankle fisi n F utterm re,)atient-spe i

< 1 uer-gssisted navigati 0 systems rave fg ilitated 1t re gc uate
irplant p siti ning arnd alignment,c ntrigwing t s weri 1< lird gl
o mes a s ViV Is rip rates. _ weverg rgllengessa hgs it lant

| sening, weal, ard  ste lysis Fermgin pertinesnt < rsiderati 1s,

imp lants a o)

wuders 1 ngtreim 1tame f ng ingresear na s uveillgn et
»timize im lant design andy erf rmac e

Tae integrati n fbi | gi agerts and regenerative t ferg) ies int
f tardankles ugery 14 )r mise f rentar ing tiss ue bealing and
)1 1 ting regeneigti n. _je lird gl ardc ling gl st wdies tave s b wa
en uaging res dts wit h ol 1 gt interventi JIssa hgs platelet-1d n
2 las ma (_Jl! , mesen nymgl steme ells (W8 Ts), ard gr wthn fg t 15
frvari se oditi rg, igl ur.“ing terd 1 inj uries,c attilage Aefe tg,
ard ste art fuitig. wever, t e ) timngl < sing, timing, and Aelively
met n ‘45 fthese b 1 gq agents wallant furt ner ianstigg’ri nt
maXimize t heir t rerg) e ud efflt g y gnJJ minimize ) terntigl QAVCI'SC
effe ts. A4diti nallyc rgllengessa nags Valigbi]ify in)atient 1e5) rse,
standardizati 1 )1 tc 5, andc st-effe tiveness 1% uirec arefu
¢ 1sidergti ninthe lind gl trgrslati o flegenergtive’r Perg) ies.

Te nn | gi gl aWan emernts s o Nas 3 ) rinting, virt wls ugt gl
? lanning, and datient-spe ic imuplants rave rev lufi nized the
yigtie ff t arnd gnkle g ugery, engbling )els nglized tregt ment
)1 g tes tail redt individigl)gtient anat my andpatn | gy. 39
printing te nn 1 gy all ws f 1 the 1) i faptt ati 1 fc wt mized
i lants ard g ugt gl g ides, fg ilitating p1e ise implant ard
alignment wrile redq ing s ugt al time arde mpli ati rs. jilt gl
s ugt al planning s ftware enables suge 1s t simuate prc e ures,
anti i gtec rgllenges, ard ptimize s ugt al te nM s, lea‘ing t
m re _)1‘6*“& fable it 1nes gIl“ i r ved ) atient sa fe’ry. wever,
c Igllenges s hgs gc essibili'ry,c st, an reg uat ryc m@‘tgﬁ 15
mgylimiffhewides.) 1'e344g»4 ytin ft resete nn 1 gi@;, un‘els 1'ing
tre need f 1t ntinuedinn vati nan "ab rati ng 1 ss s i lines.

As f tandgnkles ugelye ntinues t ev Ive, several gvern ues fr

fuf we resear ngn<d-<evel ) ment emerge. Taesein | det e re nement
f minimglly invesive te nM wes, the ptimizati n f Trplant
materials a n-‘-‘esigu;, thesta n~491-4i29ti n fbi 1 gi fherg)ies,a 4t e
integrati n f-‘igitgl ealt nte no 1 gies f 1 rem te m nit ring and
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) atient engagement. F utterm re, eff 1itst entgn e interdis i)]iﬂaly 2. Faiyaz-Ul-Haque M, Ahmad W, Zaidi SH (2004) Novel mutations in the
EXT1 gene in two consanguineous families a ected with multiple hereditary

¢ llgy, rati n,traint fe next generati n ff tandgnkles uge rg,an4 o 8
ap te’t Th1ia geneta atie s uge fs.a exostoses (familial osteochondromatosis).

addiess s atities in gc esst < areare essential f 194var ingt e tel’J
andimm1 vingpatient ot mes 1ngagl pals ale

Conclusion

drc olsi n,the  mprelersive review fadvan ements in f t
a o) ankles urgery urders  1es ttetrars f rmative i mpg t finn vative
te nM ues,te hn | gies,grl‘ifl'eafﬂleﬂf m Alities n) atientc are g
clind gl @ mmes. Fr m minimglly invgsives ugery ardartir )
interventi rs t implant ) timizati n and ol | g auwgmentati 1,
these avan ements n 14)1 mise f rentpn ing tbe management f
f tandankledis rders gndinm 1 vi ng t o wlity flife f 1) atients
w rldyide, < veven ng ing resear Iy "gb rati n,ardinn vati o
are essentigl T g4dress remginingc fallenges ard reglize tre full
) tentigl ftheseadvar ements irc lind al) 1g td e.
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