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Abstract

The RYR1 geQe, ZhLch eQcRdeV Whe VaUcRSOaVPLc UeWLcXOXP caOcLXP UeOeaVe chaQQeO RU W\Se 1 U\aQRdLQe
UeceSWRU (R\R1) Rf VNeOeWaO PXVcOe, ZaV VeTXeQced LQ 1988 aQd RYR1 YaULaWLRQV WhaW LPSaLU caOcLXP
hRPeRVWaVLV aQd LQcUeaVe VXVceSWLbLOLW\ WR PaOLgQaQW h\SeUWheUPLa ZeUe fLUVW LdeQWLfLed LQ 1991. SLQce
WheQ, RYR1-UeOaWed P\RSaWhLeV (RYR1-RM) haYe beeQ deVcULbed aV UaUe, hLVWRSaWhRORgLcaOO\ aQd

TU\ RXW PMC LabV and Well XV ZhaW \RX Whink. LeaUn MRUe.
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cOLQLcaOO\ heWeURgeQeRXV, aQd VORZO\ SURgUeVVLYe QeXURPXVcXOaU dLVRUdeUV. RYR1 YaULaQWV caQ Oead WR
d\VfXQcWLRQaO R\R1-PedLaWed caOcLXP UeOeaVe, PaOLgQaQW h\SeUWheUPLa VXVceSWLbLOLW\, eOeYaWed
R[LdaWLYe VWUeVV, deOeWeULRXV SRVW-WUaQVOaWLRQaO PRdLfLcaWLRQV, aQd decUeaVed R\R1 e[SUeVVLRQ. RYR1-
RM-affecWed LQdLYLdXaOV caQ SUeVeQW ZLWh deOa\ed PRWRU PLOeVWRQeV, cRQWUacWXUeV, VcROLRVLV,
RShWhaOPRSOegLa, aQd UeVSLUaWRU\ LQVXffLcLeQc\.

HLVWRULcaOO\, RYR1-RM-affecWed LQdLYLdXaOV ZeUe dLagQRVed baVed RQ PRUShRORgLc feaWXUeV RbVeUYed LQ
PXVcOe bLRSVLeV LQcOXdLQg ceQWUaO cRUeV, cRUeV aQd URdV, ceQWUaO QXcOeL, fLbeU W\Se dLVSURSRUWLRQ, aQd
PXOWL-PLQLcRUeV. HRZeYeU, WheVe hLVWRSaWhRORgLc feaWXUeV aUe QRW aOZa\V VSecLfLc WR RYR1-RM aQd
RfWeQ chaQge RYeU WLPe. AV addLWLRQaO SheQRW\SeV ZeUe aVVRcLaWed ZLWh RYR1 YaULaWLRQV (LQcOXdLQg
KLQg-DeQbRURXgh V\QdURPe, e[eUcLVe-LQdXced UhabdRP\RO\VLV, OeWhaO PXOWLSOe SWeU\gLXP V\QdURPe,
adXOW-RQVeW dLVWaO P\RSaWh\, aW\SLcaO SeULRdLc SaUaO\VLV ZLWh RU ZLWhRXW P\aOgLa, PLOd caOf-SUedRPLQaQW
P\RSaWh\, aQd dXVW\ cRUe dLVeaVe) Whe RYeUOaS aPRQg dLagQRVWLc caWegRULeV LV eYeU LQcUeaVLQg. WLWh Whe
cRQWLQXLQg ePeUgeQce Rf QeZ cOLQLcaO VXbW\SeV aORQg Whe RYR1 dLVeaVe VSecWUXP aQd UeSRUWV Rf adXOW-
RQVeW SheQRW\SeV, QXaQced QRPeQcOaWXUeV haYe beeQ UeSRUWed (RYR1- [UeOaWed, UeOaWed cRQgeQLWaO,
cRQgeQLWaO] P\RSaWhLeV). IQ WhLV QaUUaWLYe UeYLeZ, Ze SURYLde hLVWRULcaO hLghOLghWV Rf RYR1 UeVeaUch,
accRXQWV Rf Whe PaLQ dLagQRVWLc dLVeaVe VXbW\SeV aQd SURSRVe RYR1-UeOaWed dLVRUdeUV (RYR1-RD) aV a
XQLfLed QRPeQcOaWXUe WR deVcULbe WhLV cRPSOe[ aQd eYROYLQg dLVeaVe VSecWUXP.

Ke\ZRUdV: M\RSaWh\, SNeOeWaO PXVcOe, COLQLcaO QeXURORg\, IRQ chaQQeO defecWV, NeXURPXVcXOaU
dLVeaVe, HLVWRU\

Introduction

CRQgeQLWaO P\RSaWhLeV (CM), a WeUP fLUVW cRLQed b\ VLcWRU DXbRZLW] [1], aUe a gURXS Rf LQheULWed, QRQ-
d\VWURShLc QeXURPXVcXOaU dLVRUdeUV chaUacWeUL]ed b\ VSecLfLc cOLQLcaO feaWXUeV aQd VNeOeWaO PXVcOe
hLVWRSaWhRORg\ [2]. PaWhRgeQLc YaULaWLRQV LQ Whe RYR1 geQe, a UeOaWLYeO\ OaUge geQe LQ Whe hXPaQ
geQRPe, aUe Whe PRVW cRPPRQ caXVe Rf CM aQd cRQWULbXWe WR Whe cOLQLcaO, hLVWRSaWhRORgLcaO, aQd
geQeWLc heWeURgeQeLW\ Rf CMV.

The RYR1 geQe (19T 13.2) eQcRdeV a caOcLXP (Ca ) UeOeaVe chaQQeO ORcaWed LQ Whe WeUPLQaO cLVWeUQae
Rf Whe VaUcRSOaVPLc UeWLcXOXP (SR) Rf VNeOeWaO PXVcOe WhaW LV acWLYaWed b\ Ca 1.1 YROWage VeQVRU
SURWeLQV LQ Whe WUaQVYeUVe WXbXOe PePbUaQe dXULQg e[cLWaWLRQ-cRQWUacWLRQ (EC) cRXSOLQg [3]. The
SXULfLcaWLRQ Rf R\R1 Ca  UeOeaVe chaQQeOV LQ 1988 [4] aQd Whe VXbVeTXeQW dLVcRYeU\ LQ 1991 Rf
SaWhRgeQLc RYR1 YaULaQWV [5] Oed WR Whe aVVRcLaWLRQ Rf LPSaLUed Ca  hRPeRVWaVLV ZLWh PaOLgQaQW
h\SeUWheUPLa (MH) VXVceSWLbLOLW\ (MIM # 145600) [6]. MH LV a SRWeQWLaOO\ faWaO dLVRUdeU Rf VNeOeWaO
PXVcOe Ca  UegXOaWLRQ. MH eSLVRdeV aUe WULggeUed b\ e[SRVXUe WR ceUWaLQ YROaWLOe aQeVWheWLcV (e.g.,
VeYRfOXUaQe, deVfOXUaQe) aQd deSROaUL]LQg PXVcOe UeOa[aQWV (VXccLQ\OchROLQe). MH eSLVRdeV aUe
chaUacWeUL]ed b\ XQcRQWUROOed PXVcOe h\SeUPeWabROLVP, ZLWh a cOLQLcaO SUeVeQWaWLRQ LQcOXdLQg
h\SeUcaSQLa, VLQXV Wach\caUdLa, PaVVeWeU PXVcOe ULgLdLW\, aQd h\SeUWheUPLa [5, 7]. GXLdeOLQeV fURP Whe
EXURSeaQ MaOLgQaQW H\SeUWheUPLa GURXS (EMHG) aQd MaOLgQaQW H\SeUWheUPLa AVVRcLaWLRQ Rf Whe
UQLWed SWaWeV (MHAUS) cRQWLQXe WR LQfRUP Whe XVe Rf aQeVWheWLc dUXgV LQ LQdLYLdXaOV VXVceSWLbOe WR
MH [8, 9]. IQ ceUWaLQ caVeV, e[WUePe heaW cRQdLWLRQV, feYeU, aQd/RU e[eUWLRQ caQ UeVXOW LQ V\PSWRPV WhaW
PLPLc MH eSLVRdeV (eQhaQced heaW UeVSRQVe RU EHS) [10±12]. VaULaWLRQV LQ Whe RYR1 geQe UePaLQ Whe
OeadLQg caXVe Rf MH VXVceSWLbLOLW\; hRZeYeU, feZ MH-aVVRcLaWed YaULaWLRQV LQ RWheU geQeV VXch aV
CACNA1S aQd STAC3 haYe beeQ deVcULbed [13].

FXQcWLRQaO aQaO\VeV Rf R\R1 chaQQeOV UeVXOWLQg fURP SXWaWLYe RYR1 dLVeaVe YaULaQWV UeYeaOed PXOWLSOe
caXVaWLYe PechaQLVPV LQcOXdLQg (1) LQcUeaVed VeQVLWLYLW\ Rf R\R1 chaQQeOV WR acWLYaWRUV (e.g., caffeLQe,
haORWhaQe, Ca 1.1 YROWage VeQVRUV) aV RbVeUYed LQ MH UeVXOWLQg LQ XQcRQWUROOed chaQQeO RSeQLQg aQd
Ca  UeOeaVe [14], (2) eQhaQced R\R1 Ca  OeaN [15], (3) UedXcWLRQ LQ R\R1 Ca  SeUPeaWLRQ OeadLQg
WR UedXced Ca 1.1-PedLaWed SR Ca  UeOeaVe, a SURceVV UefeUUed WR aV e[cLWaWLRQ-cRQWUacWLRQ XQcRXSOLQg
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[16, 17], aQd (4) dUaPaWLc UedXcWLRQ LQ R\R1 chaQQeO e[SUeVVLRQ [6]. IQ VSLWe Rf WheVe adYaQceV, PaQ\
SXWaWLYe RYR1 YaULaQWV haYe QRW \eW beeQ dLUecWO\ WeVWed/aVVRcLaWed ZLWh Ca  UeOeaVe d\VfXQcWLRQ, aQd
WhXV, aUe cOaVVLfLed aV YaULaQWV Rf XQceUWaLQ VLgQLfLcaQce (VUS) [18].

WLWh a OLNeO\ XQdeUeVWLPaWed dLVeaVe SUeYaOeQce Rf 1:90,000 LQdLYLdXaOV [19], RYR1-RM LV cRQVLdeUed
Whe PRVW cRPPRQ fRUP Rf QRQ-d\VWURShLc PXVcOe dLVeaVe LQ hXPaQV [20]. Of QRWe, geQeWLc YaULaQWV
UeVXOWLQg LQ MH VXVceSWLbLOLW\ aUe PRUe cRPPRQ, affecWLQg aSSUR[LPaWeO\ 1:3000±1:8500 [13], ZLWh a
UeceQW eVWLPaWe fURP aQ e[RPe aQaO\VLV Rf a cRhRUW Rf 870 LQdLYLdXaOV VXggeVWLQg a SUeYaOeQce Rf 1 LQ
400 [21]. RYR1-RM LV LQheULWed LQ bRWh aXWRVRPaO dRPLQaQW aQd UeceVVLYe PaQQeUV aQd de QRYR caVeV
haYe aOVR beeQ deVcULbed. COLQLcaO feaWXUeV VXggeVWLYe Rf RYR1-RM aUe e[WeQVLYe, ZLWh PLOd WR VeYeUe
V\PSWRPV UaQgLQg fURP deOa\ed PRWRU PLOeVWRQeV, SUR[LPaO PXVcOe ZeaNQeVV, h\SRWRQLa, aQd faWLgXe,
WR N\ShRVcROLRVLV, RShWhaOPRSOegLa, aQd PRdeUaWe WR VeYeUe UeVSLUaWRU\ LQVXffLcLeQc\, ZhLch LV PRUe
RfWeQ aSSaUeQW LQ UeceVVLYe caVeV [22±24].

HLVWRULcaOO\, RYR1-RM VXbW\SeV ZeUe dLagQRVed aQd QaPed baVed SULPaULO\ RQ PXVcOe bLRSV\
hLVWRSaWhRORgLc feaWXUeV VXch aV ceQWUaO cRUeV, cRUeV ZLWh URdV, ceQWUaO QXcOeL, fLbeU W\Se dLVSURSRUWLRQ,
aQd PXOWL-PLQLcRUeV. A QXPbeU Rf eaUOLeU caVeV ZeUe deVcULbed SULRU WR RYR1 geQe LdeQWLfLcaWLRQ aQd
aVVRcLaWLRQ ZLWh dLVeaVe aQd, WhXV, Pa\ haYe beeQ cOaVVLfLed dLffeUeQWO\ WRda\. HRZeYeU, WheVe
hLVWRSaWhRORgLc feaWXUeV aUe QRW XQLTXe WR RYR1-RM, caQ be d\QaPLc RYeU WLPe, Pa\ YaU\ baVed RQ
bLRSV\ VLWe, aQd Pa\ be abVeQW ZheQ bLRSV\ LV SeUfRUPed aW aQ eaUO\ age [25, 26] RU UefOecW a
cRQVeTXeQce Rf Whe geQe dRVe (heWeUR]\gRXV = MH VXVceSWLbLOLW\ YeUVXV hRPR]\gRXV = cOLQLcaO
P\RSaWh\) [27]. TheUe aUe aOVR VeYeUaO cOLQLcaO aQd hLVWRSaWhRORgLc VLPLOaULWLeV beWZeeQ Whe PaLQ
RYR1-RM dLagQRVWLc caWegRULeV Rf ceQWUaO cRUe dLVeaVe (CCD; MIM # 117000), PXOWL-PLQL cRUe dLVeaVe
(MPD; MIM #255320), cRUe-URd P\RSaWh\ (CRM), ceQWURQXcOeaU P\RSaWh\ (CNM), aQd cRQgeQLWaO
fLbeU-W\Se dLVSURSRUWLRQ (CFTD) [28, 29].

RYR1-UeOaWed dLVRUdeUV caQ be YLeZed aV RccXUULQg aORQg a VSecWUXP [30]. ThLV VSecWUXP LQcOXdeV
RYR1 YaULaQW-aVVRcLaWed cOLQLcaO SheQRW\SeV LQcOXdLQg KLQg-DeQbRURXgh V\QdURPe, cRQgeQLWaO
QeXURPXVcXOaU dLVeaVe ZLWh XQLfRUP W\Se 1 fLbeU (CNMDU1), dXVW\ cRUe dLVeaVe, UhabdRP\RO\VLV-
P\aOgLa V\QdURPe, aW\SLcaO SeULRdLc SaUaO\VLV, aQd bOeedLQg abQRUPaOLWLeV [31±38]. AddLWLRQaOO\, Whe
VSecWUXP Rf RYR1-UeOaWed dLVRUdeUV haV fXUWheU e[SaQded fROORZLQg UeSRUWV Rf LQheULWed, adXOW-RQVeW
SheQRW\SeV [39, 40].

NXaQced WeUPLQRORg\ LV eYLdeQW ZLWhLQ Whe OLWeUaWXUe (LQcOXdLQg RYR1-UeOaWed, RYR1-aVVRcLaWed, RYR1-
UeOaWed cRQgeQLWaO, RYR1-cRQgeQLWaO) P\RSaWhLeV [28, 41±43]. The QXPbeU Rf QRQ-d\VWURShLc
QeXURPXVcXOaU dLVRUdeUV aVVRcLaWed ZLWh RYR1 geQeWLc YaULaWLRQV UefOecW Whe LPSRUWaQce Rf Whe R\R1
SURWeLQ LQ QRUPaO PXVcOe fXQcWLRQ. NXPeURXV LQfRUPaWLYe UeYLeZV haYe beeQ SXbOLVhed RQ Whe RYR1
dLVeaVe VSecWUXP [3, 13, 44±49]. ThLV QaUUaWLYe UeYLeZ deVcULbeV Ne\ hLVWRULcaO PLOeVWRQeV WhaW Oed WR
Whe UecRgQLWLRQ Rf RYR1-UeOaWed dLVRUdeUV aV aQ RYeUaUchLQg eQWLW\ RccXUULQg aORQg a cRPSOe[ cOLQLcaO
aQd hLVWRSaWhRORgLcaO VSecWUXP. HeUe, Ze aOVR VXPPaUL]e Whe cXUUeQW VWaWe Rf NQRZOedge RQ Whe
SULPaU\ dLVeaVe VXbW\SeV aQd SURSRVe a XQLfLed QRPeQcOaWXUe WhaW eQcRPSaVVeV cXUUeQW aQd fXWXUe
SheQRW\SeV.

Methods

AV a SUeface, WhLV LV a hLVWRULcaO QaUUaWLYe UeYLeZ. WLWh LQSXW fURP VXbMecW-PaWWeU e[SeUWV LQ RYR1-
UeOaWed dLVRUdeUV (LQcOXdLQg PaOLgQaQW h\SeUWheUPLa), aQd LQfRUPaWLRQ LQ OaQdPaUN SXbOLcaWLRQV VXch aV
Magee aQd Sh\ [50] aQd DXbRZLW] aQd PeaUVe [51], Whe fROORZLQg VeaUch VWUaWegLeV ZeUe XVed fRU WhLV
QaUUaWLYe UeYLeZ: (1) cRPSXWeU VeaUch Rf daWabaVeV fRU aUWLcOeV RQ cRQgeQLWaO P\RSaWhLeV, aQd
VSecLfLcaOO\, cRUe P\RSaWhLeV; (2) UeYLeZ Rf cRQgeQLWaO P\RSaWh\ We[WbRRNV [52±55]; aQd (3) UeYLeZ Rf
Ne\ aUWLcOeV Rf hLVWRULcaO VLgQLfLcaQce fURP UefeUeQce OLVWV Rf UeWULeYed SXbOLcaWLRQV.
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PXbMed, ScLeQceDLUecW, aQd ScRSXV daWabaVeV ZeUe VeaUched ZLWhRXW VeWWLQg daWe OLPLWV RU OaQgXage
e[cOXVLRQV. ChaSWeUV RU VecWLRQV fURP VSecLaOL]ed QeXURPXVcXOaU We[WbRRNV RU MRXUQaOV QRW aQQRWaWed RU
aYaLOabOe RQOLQe ZeUe UeTXeVWed WhURXgh Whe NIH LLbUaU\. A WLPeOLQe aSSURach Rf OaQdPaUN dLVcRYeULeV,
VWaUWLQg fURP Whe eaUOLeVW SRVVLbOe UeSRUWV Rf cRQgeQLWaO P\RSaWhLeV ZLWh UeOaWed SheQRW\SLc feaWXUeV WR
WhaW Rf RYR1 VXbW\SeV ZaV XVed aV a fUaPeZRUN fRU WhLV hLVWRULcaO SeUVSecWLYe.

HiVWRUical SeUVSecWiYe Rf RYR1-UelaWed diVRUdeUV

AV ZLWh PRVW hLVWRULcaO UeSRUWV, WR RXU NQRZOedge, QRQe Rf Whe UeSRUWed caVeV hLghOLghWed LQ WhLV UeYLeZ
SULRU WR Whe adYeQW Rf geQeWLc VeTXeQcLQg haYe beeQ UeVROYed RU XQeTXLYRcaOO\ aWWULbXWed WR YaULaWLRQV
LQ Whe RYR1 geQe. OWheU geQeV cXUUeQWO\ aVVRcLaWed ZLWh Whe hLVWRSaWhRORgLc feaWXUeV Rf Whe PaLQ RYR1-
UeOaWed dLVRUdeU VXbW\SeV aUe VXPPaUL]ed LQ TabOe 1 aQd Whe hLVWRULcaO WLPeOLQe Rf WheLU ePeUgeQce LV
deSLcWed LQ FLg. 1.
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Table 1

GeQeV aVVRcLaWed ZLWh PaLQ VXbW\SeV Rf RYR1-UeOaWed P\RSaWhLeV
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OSeQ LQ a VeSaUaWe ZLQdRZ

Adapted from Jungbluth, Sewry, & Muntoni, The CRngeniWal M\RSaWhieV, in Rosenberg¶s Molecular and Genetic
Basis of Neurological and Psychiatric Diseases, Chapter 93, 5  edition

AbbUeYiaWiRnV: AD autosomal dominant, AR autosomal recessive, XLR X-linked recessive

classic MmD phenotype. Only the most common genetic backgrounds and predominant modes of inheritance are
indicated

GeQe LRcXV IQheULWaQce PUeYaOeQce PURWeLQ

CeQWUaO cRUe
dLVeaVe

RYR1 19q13 AD or AR >90% [56] Ryanodine receptor
type 1

ACTA1 1q42 AD Rare Skeletal Į-actin

CRUe-URd P\RSaWh\ RYR1 19q13 AD or AR Most common cause [2] Ryanodine receptor
type 1

NEB 2q2 AR Rare Nebulin

KBTBD13 15q25 AD Rare Kelch 13

CeQWURQXcOeaU
P\RSaWh\

RYR1 19q13 AR Most common cause of
AR disease [28]

Ryanodine receptor
type 1

DNM2 19p13 AD Most common cause of
AD disease [2]

Dynamin-2

BIN1 2q14 AR Rare Amphiphysin

CCDC78 16p13.3 AD Rare Coiled-coil
domain-containing
protein 78

� cardiomyopathy TTN 2q31 AR Rare Titin

Myotubular
myopathy

MTM1 Xq28 XLR Most common cause in
severely affected males
[57]

Myotubularin

CRQgeQLWaO fLbeU-
W\Se dLVSURSRUWLRQ

TPM3 1q2 AD 25-50% [58] Į-tropomyosin

RYR1 19q13 AR a20% [59] Ryanodine receptor
type 1

ACTA1 1q42 AD Rare Skeletal Į-actin

TPM2 9q13 AD Rare ȕ-tropomyosin

SELENON 1p36 AR Rare Selenoprotein N

� cardiomyopathy MYH7 14q11 AD Rare Slow myosin heavy
chain

HACD1 10p12 AR Rare 3-hydroxyacyl-CoA
dehydratase 1

+ cardiomyopathy Unidentified
gene

Xp22.13
to Xq22.1

XLR Rare ?

MXOWL-PLQLcRUe
dLVeaVe

SELENON 1p36 AR a50% [60] Selenoprotein N

RYR1 19q13 AR Second most common Ryanodine receptor

a

Wh

a
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OSeQ LQ a VeSaUaWe ZLQdRZ
FLJ. 1

TLPeOLQe Rf VLJQLfLcaQW dLVcRYeULeV/PLOeVWRQeV LQ WKe eYROXWLRQ Rf R<R1-RD. 1900V WR SUeVeQW: IQ WKe
WZeQWLeWK ceQWXU\, cRQJeQLWaO P\RSaWK\ dLaJQRVeV ZeUe baVed SULPaULO\ RQ PXVcOe bLRSV\ KLVWRSaWKRORJLc
feaWXUeV. AdYaQcePeQWV LQ Qe[W-JeQeUaWLRQ VeTXeQcLQJ eQabOed PRUe SUecLVe LdeQWLfLcaWLRQ Rf R<R1-
UeOaWed SKeQRW\SeV. SROYLQJ Rf WKe R\R1 VWUXcWXUe aW QeaU-aWRPLc UeVROXWLRQ SURYLded YaOXabOe LQVLJKW LQWR
R\R1 cKaQQeO fXQcWLRQ aQd dLVeaVe PecKaQLVPV. TKeVe adYaQceV SaYed WKe Za\ fRU WKe fLUVW R<R1-RM
cOLQLcaO WULaO cRPSOeWed LQ 2018 aQd WKe PKaVe 1 R\caO WULaO ZKLcK beJaQ eQUROOLQJ SaUWLcLSaQWV LQ 2020

EaUO\ WZeQWLeWK ceQWXU\: aP\RWRQLa cRQgeQLWa

MRVW CMV LQ Whe eaUO\ WZeQWLeWh ceQWXU\ ZeUe RULgLQaOO\ PLVcOaVVLfLed aV aP\RWRQLa cRQgeQLWa, a
cRQdLWLRQ LQLWLaOO\ deVcULbed b\ QeXURORgLVW HeUPaQ OSSeQheLP LQ 1900 [62] aV geQeUaO RU ORcaO
h\SRWRQLa Rf PXVcOeV LQ eaUO\ LQfaQc\, ZLWh h\SRUefOe[La, OLPb SaUaO\VLV, abVeQce Rf PXVcOe ZaVWLQg
aQd faPLOLaO LQYROYePeQW, aQd WeQdeQc\ WR LPSURYe (FLg. 1).

IQ Whe eaUO\ 1900V, Whe dLagQRVLV Rf aP\RWRQLa cRQgeQLWa ZaV gLYeQ LQ caVeV LQYROYLQg VSaULQg Rf Whe
PXVcOeV VXSSOLed b\ Whe cUaQLaO QeUYeV ZLWh PXVcXOaU ZeaNQeVV aQd aWRQ\ aWWULbXWed WR deOa\ed PXVcOe
deYeORSPeQW. HRZeYeU, WheUe ZeUe VLPLOaULWLeV LQ Whe cOLQLcaO SUeVeQWaWLRQ Rf aP\RWRQLa cRQgeQLWa aQd
LQfaQWLOe VSLQaO PXVcXOaU aWURSh\ deVcULbed b\ WeUdQLg aQd HRfPaQQ LQ 1891 [63], a cRQdLWLRQ Rf
SURgUeVVLYe PXVcXOaU fOaccLdLW\ aQd ZeaNQeVV LQYROYLQg a[LaO aQd SUR[LPaO PXVcOeV dXe WR ORVV Rf
aQWeULRU hRUQ ceOOV LQ Whe VSLQaO cRUd, aV SRVW-PRUWeP UecRUdV Rf VRPe faWaO caVeV Rf aP\RWRQLa
cRQgeQLWa UeYeaOed OeVLRQV LQ Whe YeQWUaO hRUQ ceOOV aQd QeXURSaWhLc aWURSh\ [64]. TheVe fLQdLQgV aQd
Whe OacN Rf cOeaUO\ defLQed dLffeUeQWLaWLQg cOLQLcaO feaWXUeV aW Whe WLPe UeVXOWed LQ aQ aOWeUQaWLYe
eUURQeRXV h\SRWheVLV WhaW Whe WZR cRQdLWLRQV ZeUe YaULaWLRQV Rf Whe VaPe dLVeaVe [65, 66].

EaUO\ WZeQWLeWK ceQWXU\: SRVW-RSeUaWLYe KeaW VWURNe

CaVeV Rf h\SeUS\Ue[La aVVRcLaWed ZLWh aQeVWheVLa dXULQg aQd LPPedLaWeO\ fROORZLQg VXUgLcaO
SURcedXUeV ZeUe fLUVW UeSRUWed LQ 1900 [67±71]. IQ 1919, ZULWWeQ dRcXPeQWV UegaUdLQg Whe deaWhV Rf a
PRWheU aQd VRQ aQeVWheWL]ed ZLWh chORURfRUP aQd eWheU b\ G.A. JRQeV aQd E. PeQQ\ UecRXQWed PXVcOe
ULgLdLW\, YLROeQW aQd SeUVLVWeQW UeVSLUaWRU\ PXVcOe VSaVPV, aQd UaSLd SXOVe [72]. HRZeYeU, Whe bRd\
WePSeUaWXUe Rf Whe SaWLeQWV ZaV QRW PeQWLRQed LQ WhLV VXggeVWLYe heUedLWaU\ VXVceSWLbLOLW\ WR
chORURfRUP.

1950V WR 1960V: PXVcXOaU degeQeUaWLRQ

A dLVeaVe WeUPed PXVcXOaU degeQeUaWLRQ (MD) LQ SLgV, PaQLfeVWed b\ dLVcRORUaWLRQ Rf Whe VNeOeWaO
PXVcXOaWXUe, ZaV fLUVW UeSRUWed LQ 1954 b\ J. LXdYLgVeQ [73]. The aOWeUed PXVcXOaWXUe aSSeaUed gUa\ RU
SaOe LQ cRORU UeVePbOLQg WhaW Rf chLcNeQ PeaW. MD ZaV RfWeQ faWaO, eVSecLaOO\ ZheQ aQLPaOV ZeUe
e[SRVed WR e[eUcLVe RU VWUeVV. PULRU WR deaWh Whe aQLPaOV had d\VSQea, c\aQRVLV, cLUcXOaWRU\
LQVXffLcLeQc\ UeVXOWLQg fURP PXVcXOaWXUe YaVRcRQVWULcWLRQ, aQd h\SeUWheUPLa. BULVNe\ aQd cROOeagXeV
UefeUUed WR WhLV cRQdLWLRQ aV SaOe, VRfW, e[XdaWLYe (PSE) WLVVXe [74], aQd KMRObeUg aQd cROOeagXeV
UefeUUed WR WhLV cRQdLWLRQ aV ³ZhLWe PXVcOe dLVeaVe´ [75]. ThLV aOWeUaWLRQ ORZeUed Whe TXaOLW\ Rf Whe PeaW
aQd WheUefRUe ZaV a VLgQLfLcaQW PRQeWaU\ ORVV WR Whe PeaW SURceVVRUV aQd UeWaLOeUV. PSE ZaV aVVRcLaWed
ZLWh SUedLVSRVLWLRQ WR acceOeUaWed SRVW-PRUWeP gO\cRO\VLV, aQd RQVeW Rf ULgRU PRUWLV aW SH YaOXeV beORZ
5.9 aQd WePSeUaWXUeV abRYe 35 �C. PSE PXVcOe XOWUaVWUXcWXUe VhRZed dLVUXSWLRQ Rf VaUcRSOaVPLc
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cRPSRQeQWV aQd SURWeLQ fLOaPeQWV; hRZeYeU, Whe WLVVXe aSSeaUed PacURVcRSLcaOO\ QRUPaO. The
ecRQRPLc LPSOLcaWLRQV Rf PSE PeaW geQeUaWed a VLgQLfLcaQW aPRXQW Rf UeVeaUch LQWR SRUcLQe VWUeVV
V\QdURPe (PSS) [73, 76±78].

1950V: ceQWUaO cRUe dLVeaVe

IQ 1956, Magee aQd Sh\ [50] LQYeVWLgaWed PXVcOe bLRSV\ fLQdLQgV fURP RQe OaUge faPLO\ ZLWh fLYe
affecWed PePbeUV. S\PSWRPV LQcOXded QRQ-SURgUeVVLYe, LQfaQWLOe h\SRWRQLa ZLWh PRVWO\ SUR[LPaO
ZeaNQeVV. AOO bLRSVLeV fURP affecWed LQdLYLdXaOV VhRZed VLPLOaU aSSeaUaQceV Rf OaUgeU WhaQ QRUPaO
PXVcOe fLbeUV (XS WR 240ȝP LQ dLaPeWeU), aPRUShRXV ceQWUaO cRUeV LQ aOPRVW aOO fLbeUV, aQd P\RfLbULOV
WhaW VWaLQed bOXe LQVWead Rf SXUSOe ZLWh G|P|UL WULchURPe VWaLQ. The P\RSaWh\ UeVXOWLQg LQ WhLV cXULRXV
hLVWRSaWhRORgLcaO feaWXUe ZaV OaWeU UefeUUed WR aV ceQWUaO cRUe dLVeaVe (CCD) b\ GUeeQfLeOd aQd
cROOeagXeV LQ 1958 [79], UefOecWLQg OacN Rf R[LdaWLYe eQ]\Pe acWLYLW\ LQ Whe aPRUShRXV cRUeV dXe WR
PLWRchRQdULaO deSOeWLRQ [51]. AddLWLRQaO hLVWRSaWhRORgLcaO feaWXUeV Rf CCD LQcOXde LQcUeaVed LQWeUQaO
aQd ceQWUaO QXcOeL, SUeVeQce Rf URdV, PLQLPaO WR PRdeUaWe eQdRP\VLaO fLbURVLV, LQcUeaVed faWW\ WLVVXe
aQd cRQQecWLYe WLVVXe LQfLOWUaWLRQ, Z-OLQe VWUeaPLQg, VaUcRPeULc dLVRUgaQL]aWLRQ, fLbeU VL]e YaULaWLRQ, aQd
SUedRPLQaQce Rf W\Se 1 fLbeUV [79].

1960V: PaOLgQaQW K\SeUWKeUPLa

IQ 1960, MLchaeO DeQbRURXgh aQd RRgeU LRYeOO deVcULbed a caVe LQ ZhLch a \RXQg PaQ QeaUO\ dLed
fROORZLQg geQeUaO aQeVWheVLa SURcedXUe ZLWh haORWhaQe fRU a cRPSRXQd fUacWXUe Rf Whe WLbLa aQd fLbXOa
[80]. TheUe had beeQ WeQ deaWhV aWWULbXWabOe WR geQeUaO aQeVWheVLa, VSecLfLcaOO\ eWh\O chORULde aQd eWheU,
LQ Whe SURbaQd¶V faPLO\. The SaWWeUQ Rf LQheULWaQce ZaV VLPLOaU WR aQ LQcRPSOeWe SeQeWUaQW dRPLQaQW
geQe RU geQeV [81]. AYaLOabOe PedLcaO UecRUdV VhRZed WhaW Whe cRXUVe Rf eYeQWV LQ Whe deceaVed faPLO\
PePbeUV had beeQ VLPLOaU, ZLWh cRQYXOVLRQ aQd h\SeUWheUPLa QRWed LQ WZR caVeV. ThLV ZaV Whe fLUVW
bUeaNWhURXgh LQ UecRgQL]LQg MH aV a heULWabOe cRQdLWLRQ.

1960V: cRUe-URd P\RSaWK\

Sh\ aQd cROOeagXeV UeSRUWed RQ a chLOd ZLWh a QRQ-SURgUeVVLYe cRQgeQLWaO P\RSaWh\ aQd cXUYed,
WhUead-OLNe VWUXcWXUeV aW Whe SeULSheU\ aQd ceQWeU Rf affecWed PXVcOe fLbeUV RQ hLVWRSaWhRORgLcaO
e[aPLQaWLRQ, aQd a cOLQLcaO SLcWXUe Rf a ³fORSS\ LQfaQW´ [82]. HLVWRSaWhRORgLcaOO\, Whe OeVLRQ VhRZed a
VSecWUXP Rf PXVcOe fLbeU VL]e UaQgLQg fURP 8 WR 56ௗȝP, ZLWh aggUegaWeV Rf SaOLVadLQg URd-OLNe PaWeULaOV
LQ Whe VXb-VaUcROePPaO aUeaV e[WeUQaO WR Whe P\RfLbULOV. The URdV VWaLQed Ued RQ G|P|UL WULchURPe
VWaLQ, VhRZed QR SROaUL]aWLRQ ZLWh ZhLWe OLghW RU cURVV-baQdLQg, cRQWaLQed QR fRUPed LQcOXVLRQV VXch aV
PLWRchRQdULa, aQd affecWed fLbeUV had gUeaWeU ShRVShRU\OaVe acWLYLW\ WhaQ XQaffecWed fLbeUV. TheVe
feaWXUeV UefOecWed a QeZ PRUShRORgLcaO PXVcOe ceOO abQRUPaOLW\ ZLWh hLghO\ RUgaQL]ed SURWeLQ-
cRQWaLQLQg URd fRUPaWLRQV ZLWhRXW cURVV-VWULaWLRQV. ThLV P\RSaWhLc SUeVeQWaWLRQ ZaV QaPed QePaOLQe
P\RSaWh\ becaXVe Whe VWUXcWXUeV cRXOd UeSUeVeQW aV URdV RU cRLOV Rf WhUead-OLNe VWUXcWXUeV.

BOXUULQg Whe dLVWLQcWLRQ beWZeeQ QePaOLQe P\RSaWh\ aQd CCD, a caVe Rf cRQgeQLWaO P\RSaWh\ ZLWh a
cRPbLQaWLRQ Rf cRUeV aQd URdV ZaV UeSRUWed LQ RQe faPLO\ LQ 1965 b\ AfLfL eW aO. [83]. SNeOeWaO PXVcOe
bLRSVLeV fURP Whe PRWheU aQd daXghWeU ZLWh aXWRVRPaO dRPLQaQW LQheULWaQce, cRQgeQLWaO, QRQ-
SURgUeVVLYe P\RSaWh\ ZeUe e[aPLQed. The daXghWeU¶V bLRSV\ e[hLbLWed CCD feaWXUeV, ZhLOe Whe
PRWheU¶V bLRSV\ e[hLbLWed chaUacWeULVWLcV Rf bRWh CCD aQd QePaOLQe P\RSaWh\. The aXWhRUV VXggeVWed
WhaW CCD aQd QePaOLQe P\RSaWh\ cRXOd be PaQLfeVWaWLRQV Rf RQe dLVeaVe SURceVV, ZLWh YaULRXV PeaQV
Rf e[SUeVVLRQ, becaXVe LW ZRXOd be PRVW XQXVXaO WR fLQd WZR XQUeOaWed UaUe dLVeaVeV ZLWh VLPLOaU cOLQLcaO
feaWXUeV aQd LQheULWaQce SaWWeUQV LQ Whe VaPe LQdLYLdXaO.

1960V: ceQWURQXcOeaU P\RSaWK\
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AQ XQdeVcULbed, VORZO\ SURgUeVVLYe P\RSaWh\ chaUacWeUL]ed b\ Whe SUeVeQce Rf ceQWUaO QXcOeL LQ abRXW
85% Rf PXVcOe fLbeUV ZaV UefeUUed WR aV P\RWXbXOaU P\RSaWh\ (MTM) b\ SSLUR aQd cROOeagXeV LQ 1966
[84] aQd faPLOLaO ceQWURQXcOeaU P\RSaWh\ (CNM) b\ SheU aQd cROOeagXeV LQ 1967 [85]. CNM VXbW\SeV
ZeUe XQLfLed hLVWRSaWhRORgLcaOO\ b\ VPaOO P\RfLbeUV cRQWaLQLQg h\SeUchURPaWLc ceQWUaO QXcOeL ZLWh
ZULQNOed RU VeUUaWed bRUdeUV LQ >ௗ25% Rf PXVcOe fLbeUV, aQd URZV RU aggUegaWeV Rf XS WR WhLUW\ QXcOeL RQ
hePaWR[\OLQ aQd eRVLQ VWaLQ. The ceQWUaO QXcOeL aUe XVXaOO\ VXUURXQded b\ aQ XQVWaLQed VSace.

1960V WR 1970V: cRQgeQLWaO fLbeU-W\Se dLVSURSRUWLRQ

FROORZLQg a VeULeV Rf deWaLOed hLVWRORgLcaO VWXdLeV Rf YaULaWLRQV LQ PXVcOe fLbeU W\SeV LQ QeXURPXVcXOaU
dLVeaVeV [86], MLchaeO BURRNe cRLQed Whe WeUP cRQgeQLWaO fLbeU-W\Se dLVSURSRUWLRQ (CFTD) WR deVcULbe
cRQVLVWeQWO\ VPaOOeU W\Se 1 PXVcOe fLbeUV WhaQ W\Se 2 fLbeUV LQ fRXUWeeQ SaWLeQWV, ZLWh fLbeU VL]e
dLVSURSRUWLRQ (FSD) gUeaWeU WhaQ 12% LQ Whe abVeQce Rf aQ\ RWheU hLVWRORgLcaO abQRUPaOLW\ [87]. CFTD
ZaV LQLWLaOO\ cRQVLdeUed WR be a QRQ-VSecLfLc feaWXUe WhaW SUeceded Whe deYeORSPeQW Rf PRUe VSecLfLc
hLVWRORgLc feaWXUeV, aV RWheU CMV SUeVeQWed ZLWh FSD aQd cRUUeVSRQdLQg cOLQLcaO PaQLfeVWaWLRQV [88].

1970V: PXOWL-PLQLcRUe dLVeaVe

MXOWLSOe VPaOO cRUe-OLNe VWUXcWXUeV RQ VNeOeWaO PXVcOe bLRSV\ LQ WZR VLbOLQgV ZLWh CM, WeUPed
PXOWLcRUe dLVeaVe, ZeUe fLUVW UeSRUWed b\ EQgeO aQd cROOeagXeV LQ 1971 [89]. DLffeUeQW fURP Whe ceQWUaO
cRUeV Rf CCD, WheVe YaULabOe, LQdLVWLQcW PXOWLSOe PLQL cRUeV Rf aUeaV ZLWh decUeaVed R[LdaWLYe acWLYLW\
e[WeQd RQO\ a VhRUW dLVWaQce aORQg Whe OeQgWh Rf Whe PXVcOe fLbeU, ZLWh VRPe OaUgeU PLQL cRUeV VWUeWchLQg
acURVV Whe fLbeU ZLdWh.

1980V WR 1990V: R\R1 ORcaOL]aWLRQ aQd PaOLgQaQW K\SeUWKeUPLa OLQNage

The chaUacWeUL]aWLRQ Rf R\R1 U\aQRdLQe bLQdLQg [90, 91], Sh\VLRORg\ Rf PSS aQd LdeQWLfLcaWLRQ Rf
SRUcLQe MH (hal) ORcXV [92±94], chaQQeO acWLYLW\ [95, 96], bLRchePLcaO SXULfLcaWLRQ [97, 98], cORQLQg
[99±101], aQd Whe LQLWLaO cOaVVLfLcaWLRQ Rf CCD, MPD, aQd CFTD aV ³cRQgeQLWaO P\RSaWhLeV Rf
XQNQRZQ aeWLRORg\´ [102] aOO WRRN SOace LQ Whe PLd-OaWe 1980V. LLQNage aQaO\VLV fRXQd MH VeQVLWLYLW\
WR cR-VegUegaWe ZLWh chURPRVRPaO PaUNeUV LQ Whe RYR1 geQe ZLWh a ORd VcRUe Rf 4.20, cRQVLVWeQW ZLWh
MH beLQg caXVed b\ PXWaWLRQV LQ Whe RYR1 geQe LQ 1990 [103]. TheVe VWXdLeV QaWXUaOO\ SURPSWed Whe
VeaUch fRU VSecLfLc RYR1 SaWhRgeQLc YaULaQWV aQd Oed WR LdeQWLfLcaWLRQ Rf Whe fLUVW MH caXVaWLYe YaULaQW
LQ 1991 (c.1843C>T; S.C\V615AUg) [5, 104] aQd WheQ VXbVeTXeQWO\ fRU CCD LQ 1993 [105].

2004: LPagLQg Rf LQWUaPXVcXOaU faWW\ LQfLOWUaWLRQ aV a dLagQRVWLc WRRO

The ZLde UaQge Rf SheQRW\SeV aVVRcLaWed ZLWh RYR1 YaULaQWV, Whe OaUge VL]e Rf RYR1, aQd cRPSOe[
hLVWRSaWhRORgLcaO RYeUOaS acURVV dLffeUeQW CMV dXe WR YaULaQWV LQ RWheU geQeV eQcRdLQg VaUcROePPaO
aQd VaUcRWXbXOaU SURWeLQV [29] SUeVeQW chaOOeQgeV LQ cRQfLUPaWRU\ dLagQRVLV. RYR1-RM-affecWed
LQdLYLdXaOV VhRZ a cRQVLVWeQW SaWWeUQ Rf UeOaWLYe VSaULQg Rf UecWXV fePRULV, addXcWRU ORQgXV, haPVWULQg
PXVcOeV, Whe PedLaO head Rf Whe gaVWURcQePLXV (e[ceSW LQ caOf-SUedRPLQaQW P\RSaWh\) [106], aQd
PXVcOeV Rf Whe aQWeULRU cRPSaUWPeQW Rf Oeg [107]. IQ 2004, JXQgbOXWh aQd cROOeagXeV XVed PagQeWLc
UeVRQaQce LPagLQg (MRI) WR cOaVVLf\ dLVWLQcW SaWWeUQV Rf VeOecWLYe PXVcOe faWW\ LQfLOWUaWLRQ XVLQg LQ
cRQgeQLWaO P\RSaWhLeV aVVRcLaWed ZLWh RYR1 caXVaWLYe YaULaWLRQV [107]. AV a UeVXOW, PXVcOe MRI LV
QRZ XVed WR VXSSOePeQW cOLQLcaO aVVeVVPeQW aQd geQeWLc WeVWLQg fRU Whe dLagQRVLV Rf SaWLeQWV ZLWh
YaULabOe hLVWRSaWhRORg\. The WeUP ³RYR1-UeOaWed cRQgeQLWaO P\RSaWhLeV´ ZaV XVed WR deVcULbe Whe
dLVWLQcW SaWWeUQ Rf PXVcOe LQYROYePeQW UeSRUWed.

2006: geQeUaWLRQ Rf fLUVW NQRcN-LQ PRXVe PRdeOV Rf RYR1-UeOaWed P\RSaWKLeV (RYR1-RM)
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CUeaWLRQ Rf a NQRcN-LQ PRXVe heWeUR]\gRXV fRU Whe Y524S YaULaWLRQ (eTXLYaOeQW WR Y522S LQ hXPaQV)
b\ CheOX eW aO. [108] ZaV Whe fLUVW WR UeSUeVeQW a PXULQe PRdeO Rf MH. TheVe PLce e[SeULeQced ZhROe
bRd\ cRQWUacWLRQV aQd eOeYaWed cRUe WePSeUaWXUeV LQ UeVSRQVe WR LVRfOXUaQe e[SRVXUe RU heaW VWUeVV
ZLWhRXW XQcRPSeQVaWed SR caOcLXP OeaN RU VWRUe deSOeWLRQ. IQ Whe VaPe \eaU, YaQg aQd cROOeagXeV
cUeaWed aQRWheU YaOLd MH VXVceSWLbOe RYR1 NQRcN-LQ PRXVe heWeUR]\gRXV fRU R163C [109]. The
R163C heWeUR]\gRXV PRXVe SR PePbUaQeV haYe a WZRfROd hLgheU affLQLW\ (Kd = 35.4ௗQP) fRU
[H]U\aQRdLQe bLQdLQg cRPSaUed ZLWh ZLOd W\Se.

2011±2012: a VSecWUXP Rf RYR1-UeOaWed P\RSaWKLeV (RYR1-RM)

AV hLVWRORgLcaO SheQRW\SeV aVVRcLaWed ZLWh RYR1 YaULaWLRQV caQ cRQWLQXaOO\ eYROYe RYeU WLPe LQ Whe
VaPe SaWLeQW RU YaU\ LQ LQdLYLdXaOV ZLWh Whe VaPe YaULaQW, WeUPLQRORgLeV WhaW LQcOXde WheVe feaWXUeV
PLghW QRW be aSSURSULaWe fRU VSecLfLc deVLgQaWLRQV [110]. The e[SaQdLQg hLVWRSaWhRORgLc (fURP QRUPaO
bLRSV\ fLQdLQgV LQ MH VXVceSWLbOe LQdLYLdXaOV, hLVWRORg\ W\SLcaO Rf CCD, MPD, CNM, aQd CFTD, WR
cRUeV LQ MH VXVceSWLbOe LQdLYLdXaOV, W\Se 1 fLbeU SUedRPLQaQce, aQd PL[ed hLVWRSaWhRORg\ Rf cRUeV aQd
URdV) aQd ePeUgLQg RYR1-RM SheQRW\SeV ZeUe Whe fRcXV Rf Whe EXURSeaQ NeXURPXVcXOaU CeQWUe
(ENMC) LQWeUQaWLRQaO ZRUNVhRSV LQ 2011 aQd 2016 [27, 111]. TheVe cRQVeQVXV-bXLOdLQg ZRUNVhRSV
deOLQeaWed RYR1-RM aV a VSecWUXP Rf cOLQLcaO aQd SaWhRORgLc SheQRW\SeV, ZLWh hLVWRORSaWhRORgLc
feaWXUeV UaQgLQg fURP VXbWOe abQRUPaOLWLeV VXch aV LQcUeaVed LQWeUQaOL]ed QXcOeL WR SURPLQeQW aQd
e[WeQVLYe VWUXcWXUaO cRUeV. The ZLde UaQge Rf RYR1-RM hLVWRSaWhRORgLcaO feaWXUeV, ZLWh PLOd
P\RSaWhLc chaQgeV aQd LUUegXOaU R[LdaWLYe VWaLQLQg LQ Whe OaWe-RQVeW SheQRW\SeV aQd PRUe fUeTXeQW
deWecWLRQ Rf cRUeV LQ Whe cRQgeQLWaO P\RSaWhLeV, LV VXggeVWLYe WhaW bRWh aUe SaUW Rf a VLPLOaU VSecWUXP
[30]. WLWh UeSRUWV Rf adXOW-RQVeW SheQRW\SeV [39, 40] UeVXOWLQg fURP LQcUeaVed aYaLOabLOLW\ Rf dLagQRVWLc
e[RPe aQd ZhROe geQe RYR1 VeTXeQcLQg [112], Whe fXOO VSecWUXP e[WeQdV be\RQd bLUWh aQd eaUO\
chLOdhRRd. A cRQfRXQdLQg facWRU LQ aVVeVVPeQW Rf OaWe-RQVeW caVeV LV adYaQcLQg age, aV aged PXVcOe
e[hLbLWV YaU\LQg degUeeV Rf LQcUeaVed LQWUaPXVcXOaU faW cRQWeQW RQ MRI, PXVcOe fLbeU aWURSh\ aQd ORVV,
WXbXOaU aggUegaWeV, aQd gUadXaO LQcUeaVeV LQ Uagged Ued fLbeUV aQd c\WRchURPe c R[LdaVe-QegaWLYe fLbeUV
[113].

2015±2016: adYaQceV LQ R\R1 VWUXcWXUe-fXQcWLRQ

The PROecXOaU aUchLWecWXUe Rf R\R1, VROYed XVLQg a cRPbLQaWLRQ Rf cU\R-eOecWURQ PLcURVcRS\ (cU\R-
EM) aQd [-Ua\ cU\VWaOORgUaSh\ Rf VROXbOe VXbdRPaLQV, UeYeaOV a hRPRWeWUaPeULc cRPSOe[ ZLWh a
PROecXOaU ZeLghW Rf 2.25 PLOOLRQ Da, cRQVLVWLQg Rf fRXU SURWRPeUV (aௗ565ௗNDa each) WhaW LQWeUacW ZLWh
RWheU UegXOaWRU\ SURWeLQV aQd OLgaQdV [114, 115]. AdYaQcePeQWV LQ cU\R-EM aQd dLUecW eOecWURQ
deWecWRU (DED) WechQRORg\ eQabOed Whe PRVW cRPSUeheQVLYe 3D UecRQVWUXcWLRQ Rf WhLV 5038-aPLQR acLd
VWUXcWXUe WR daWe. IQdeed, beWZeeQ 2015 aQd 2016, a VeULeV Rf VWXdLeV UeSRUWed R\R1 VWUXcWXUe aW QeaU-
aWRPLc UeVROXWLRQ, UaQgLQg fURP 3.6 WR 4.8ௗc [114, 116±118]. The cU\R-EM UecRQVWUXcWLRQV UeYeaOed
bLQdLQg VLWeV fRU chaQQeO agRQLVWV aQd aQWagRQLVWV, aV ZeOO aV Whe VWUXcWXUaO baVLV Rf chaQQeO gaWLQg aQd
OLgaQd-deSeQdeQW acWLYaWLRQ. C\WRSOaVPLc LQWeUacWLQg SURWeLQV (e.g., FKBP12 RU caOVWabLQ1 aQd
caOPRdXOLQ RU CaM) aQd SR SURWeLQV (e.g., WULadLQ aQd MXQcWLQ) bLQd aQd UegXOaWe R\R1 chaQQeO acWLYLW\
[119]. IQ Whe abVeQce Rf chaQQeO acWLYaWRUV (Ca , ATP, caffeLQe), Whe R\R1 cRUe LV ULgLd aQd UePaLQV LQ
a cORVed VWaWe. IQ cRQWUaVW, chaQQeO acWLYaWRU bLQdLQg aW dLffeUeQW VLWeV RQ Whe R\R1 C-WeUPLQaO dRPaLQ
(CTD) VeUYeV WR LQcUeaVe WUaQVLWLRQ WR aQd VWabLOLW\ Rf Whe chaQQeO RSeQ VWaWe [118].

2018: cRPSOeWLRQ Rf WKe fLUVW RYR1-RM QaWXUaO KLVWRU\ VWXd\ aQd cOLQLcaO WULaO

TheUe LV QR aSSURYed WUeaWPeQW fRU RYR1-RM. S\PSWRP PaQagePeQW LV SULPaULO\ VXSSRUWLYe, ZLWh
SUecaXWLRQV WaNeQ ZheQ MH ULVN LV eLWheU NQRZQ RU QRW aVceUWaLQed. TheUe haYe beeQ aQecdRWaO UeSRUWV
Rf SRVLWLYe UeVSRQVeV WR S\ULdRVWLgPLQe, aQ aceW\OchROLQeVWeUaVe LQhLbLWRU, LPSURYLQg faWLgXe aQd eQeUg\
OeYeO [43], aQd VaObXWaPRO, a beWa agRQLVW WhaW LPSURYeV PXVcOe VWUeQgWh aQd PRWRU fXQcWLRQ WhURXgh
PechaQLVPV WhaW aUe QRW cRPSOeWeO\ XQdeUVWRRd [120]. DeYeORSPeQW Rf SaWLeQW UegLVWULeV fRU cOLQLcaO
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WULaO UecUXLWPeQW aQd fXQdLQg VXSSRUW fURP SaWLeQW adYRcac\ gURXSV VXch aV Whe MXVcXOaU D\VWURSh\
AVVRcLaWLRQ (MDA), Whe RYR-1 FRXQdaWLRQ, CXUeCMD, aQd cRQgeQLWaO PXVcOe dLVeaVe LQWeUQaWLRQaO
UegLVWU\ (CMDIR) haYe beeQ LQVWUXPeQWaO LQ VXSSRUWLQg WheUaSeXWLc deYeORSPeQW fRU QeXURPXVcXOaU
dLVeaVeV. The fLUVW cOLQLcaO WULaO fRU RYR1-RM ZaV cRQdXcWed LQ aPbXOaWRU\ LQdLYLdXaOV aQd LQcOXded a
6-PRQWh Oead-LQ QaWXUaO hLVWRU\ ShaVe fROORZed b\ 6-PRQWh LQWeUYeQWLRQ ZLWh Whe aQWLR[LdaQW N-
aceW\Oc\VWeLQe (NAC) [121] (NCT02362425). The UaWLRQaOe fRU WhLV cOLQLcaO WULaO ZaV eYLdeQce WhaW
NAC UeVcXed eOeYaWed R[LdaWLYe VWUeVV aQd decUeaVed P\RSaWh\ LQ PXULQe [122] aQd ]ebUafLVh PRdeO
V\VWePV [123, 124]. AOO SaUWLcLSaQWV e[hLbLWed eOeYaWed R[LdaWLYe VWUeVV aV deWeUPLQed b\ XULQe 15-F2W-
LVRSURVWaQe cRQceQWUaWLRQ aQd decUeaVed Sh\VLcaO eQdXUaQce. HRZeYeU, RUaO WUeaWPeQW ZLWh NAC dLd
QRW LPSacW eLWheU RXWcRPe [121]. OWheU WheUaSeXWLc UeVeaUch RSSRUWXQLWLeV LQYeVWLgaWLQg Whe effLcac\ Rf
PRdXOaWRUV Rf caOcLXP UeOeaVe fURP Whe SR aUe XQdeUZa\ gORbaOO\. FRU RYR1-RM-affecWed LQdLYLdXaOV,
a ShaVe 1 cOLQLcaO WULaO WeVWLQg VafeW\ Rf Whe R\R VWabLOL]LQg R\caO PROecXOe S48168 (ARM210) LV
XQdeUZa\ (NCT04141670). MRUeRYeU, VeYeUaO dUXgV aOUead\ aSSURYed fRU RWheU LQdLcaWLRQV aUe LQ Whe
cOLQLcaO WULaO SLSeOLQe fRU SRWeQWLaO Ue-SXUSRVLQg, aQd QRYeO cRPSRXQdV, LdeQWLfLed b\ hLgh-WhURXghSXW
VcUeeQLQg, aUe beLQg WeVWed LQ SUe-cOLQLcaO VWXdLeV [125±127]. The UeceQW geQeUaWLRQ Rf PXULQe PRdeO
V\VWePV WhaW PRUe cORVeO\ deSLcW RYR1-RM cOLQLcaO SheQRW\SeV [128, 129] aQd gUeaWeU XQdeUVWaQdLQg
Rf R\R1 VWUXcWXUe-fXQcWLRQ [130] ZLOO SOa\ a cUXcLaO UROe LQ LdeQWLf\LQg RYR1-RM-affecWed LQdLYLdXaOV
ZhR cRXOd beQefLW PRVW fURP VSecLfLc WheUaSeXWLcV. HRZeYeU, Whe heWeURgeQRXV QaWXUe Rf Whe dLVeaVe
VXggeVWV WhaW a VLQgOe WUeaWPeQW LV XQOLNeO\ WR be XQLYeUVaOO\ effLcacLRXV.

CXUUeQW VWaWe Rf kQRZledge aQd diffeUeQWial diagQRVeV

CeQWUaO cRUe dLVeaVe (CCD)

CRUeV aVVRcLaWed ZLWh RYR1 YaULaWLRQV Pa\ be VWUXcWXUed RU XQVWUXcWXUed baVed RQ ATPaVe acWLYLW\
OeYeOV (SRVLWLYe, VWUXcWXUed; abVeQW, XQVWUXcWXUed) aQd P\RfLbULOOaU dLVUXSWLRQ. TheVe cRUeV aUe W\SLcaOO\
VeeQ LQ W\Se I fLbeUV ZLWh VLgQLfLcaQW fLbUR-adLSRVe LQfLOWUaWLRQ [131]. RYR1-aVVRcLaWed CCD LV
SUedRPLQaQWO\ aQ aXWRVRPaO dRPLQaQW cRQdLWLRQ. IQ aXWRVRPaO dRPLQaQW aQd de QRYR caVeV Rf CCD,
RYR1 YaULaWLRQV SUedRPLQaQWO\ affecW Whe R\R1 C-WeUPLQaO UegLRQ [56]. RYR1 YaULaWLRQV UeVXOWLQg LQ
CCD aQd MH VXVceSWLbLOLW\ ZeUe LQLWLaOO\ UeSRUWed WR SULPaULO\ ORcaOL]e LQ WhUee ³hRW VSRW´ UegLRQV (RU
dRPaLQV): dRPaLQ 1 (N-WeUPLQaO UeVLdXeV 1±614), dRPaLQ 2 (ceQWUaO UeVLdXeV 2163±2458), aQd dRPaLQ
3 (C-WeUPLQaO SRUe/WUaQVPePbUaQe UeVLdXeV 4136±4973) [3, 56]. HRZeYeU, PRUe UeceQW LQfRUPaWLRQ
LQdLcaWeV WhaW dRPLQaQW RYR1 YaULaWLRQV caQ VSaQ Whe eQWLUe OeQgWh Rf Whe geQe [111].

The cOLQLcaO feaWXUeV Rf CCD aUe YaULabOe, aQd aSSUR[LPaWeO\ RQe WhLUd Rf LQdLYLdXaOV ZLWh ceQWUaO cRUeV
dR QRW e[hLbLW aQ RYeUW cOLQLcaO SheQRW\Se [132]. COLQLcaO chaUacWeULVWLcV Rf aXWRVRPaO dRPLQaQW CCD
LQcOXde h\SRWRQLa, deYeORSPeQWaO PRWRU deOa\, SUR[LPaO ZeaNQeVV, P\aOgLa, aQd RUWhRSedLc
cRPSOLcaWLRQV VXch aV VcROLRVLV aQd hLS gLUdOe dLVORcaWLRQ. CaUdLac, bXObaU, aQd PRdeUaWe WR VeYeUe
UeVSLUaWRU\ LQYROYePeQW aUe UaUe [6]. IQfaQWLOe aQd eaUO\ chLOdhRRd SUeVeQWaWLRQ ZLWh SUR[LPaO ZeaNQeVV
LQ Whe hLS gLUdOe LV W\SLcaO [55] aQd, aOWhRXgh W\SLcaOO\ VWabOe RYeU WLPe, VORZ dLVeaVe SURgUeVVLRQ haV
beeQ UeSRUWed OaWeU LQ OLfe [133]. ReceVVLYe caVeV Rf CCD aUe UaUe bXW caQ SUeVeQW ZLWh PRUe VeYeUe
feaWXUeV LQcOXdLQg, aUWhURgU\SRVLV, UeVSLUaWRU\ dLVWUeVV aQd feWaO aNLQeVLa [29, 134]. CCD LV cRQVLdeUed
aOOeOLc WR MH VXVceSWLbLOLW\, ZhLch LV aOVR SUedRPLQaQWO\ aVVRcLaWed ZLWh a dRPLQaQW PRde Rf
LQheULWaQce [53]. GLYeQ WhLV geQeWLc cRQQecWLRQ, a VXbVeW Rf LQdLYLdXaOV ZLWh CCD dLagQRVeV aUe MH
VXVceSWLbOe, aQd a VXbVeW Rf MH VXVceSWLbOe LQdLYLdXaOV SUeVeQW ZLWh cRUeV RQ WheLU PXVcOe bLRSVLeV
[13]. R\R1 chaQQeOV ZLWh MH- RU CCD-aVVRcLaWed YaULaQWV VhRZ hLgheU acWLYLW\ aQd VeQVLWLYLW\ WR
acWLYaWLRQ WhaQ ZLOdW\Se chaQQeOV, ZhLch XOWLPaWeO\ OeadV WR LQcUeaVeV LQ UeVWLQg Ca  cRQceQWUaWLRQ
[135, 136]. COLQLcaO aQd hLVWRSaWhRORgLc fLQdLQgV LQ RYR1-RM-affecWed LQdLYLdXaOV aUe ZLdeO\ YaULabOe
aQd RfWeQ aOVR SUeVeQW LQ RWheU cRQgeQLWaO P\RSaWhLeV. GUeaWeU WhaQ 90% Rf caVeV ZLWh W\SLcaO CCD
cOLQLcaO PaQLfeVWaWLRQV aQd hLVWRSaWhRORg\ UeVXOW fURP RYR1 YaULaWLRQV [56]. HRZeYeU, VWUXcWXUeV
VLPLOaU WR cRUeV aUe aOVR RbVeUYed LQ ACTA1-aVVRcLaWed P\RSaWh\ [137]. TaUgeW fLbeUV Pa\ be cRQfXVed
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ZLWh ceQWUaO cRUeV aV Whe\ aUe chaUacWeUL]ed b\ abVeQce Rf R[LdaWLYe eQ]\Pe acWLYLW\, SaXcLW\ Rf
PLWRchRQdULa, aQd dLVRUgaQL]ed P\RfLbULOV LQ Whe ceQWeU, VXUURXQded b\ a ULP Rf PRUe LQWeQVe WhaQ
QRUPaO acWLYLW\ RQ LPPXQRhLVWRchePLcaO VWaLQLQg Rf PXVcOe bLRSV\ [138, 139].

CRUe-URd P\RSaWK\

AOWhRXgh hLVWRORgLcaOO\ dLVWLQcW, Whe SUeVeQce Rf cRUeV aQd URdV LQ Whe VaPe PXVcOe bLRSV\ e[aPLQaWLRQ
haV beeQ deVcULbed LQ RWheU caVeV ZLWh RYR1-RM [110, 140]. RYR1 YaULaWLRQV aUe Whe PRVW cRPPRQ
caXVe Rf cRUe-URd P\RSaWh\ aQd bRWh dRPLQaQW aQd UeceVVLYe fRUPV haYe beeQ deVcULbed [110, 141].
VaULaWLRQV LQ Whe NEB [142] aQd KBTBD13 [143] geQeV haYe aOVR beeQ LPSOLcaWed LQ cRUe-URd
P\RSaWh\, ZLWh KBTBD13-UeOaWed fRUPV aVVRcLaWed ZLWh VORZ PXVcOe PRYePeQW aQd SUR[LPaO
ZeaNQeVV [116, 144]. OWheU geQeV aVVRcLaWed ZLWh QePaOLQe P\RSaWh\ LQcOXde ACTA1, TPM3, TPM2,
TNNT1, aQd CFL2. KRQdR aQd cROOeagXeV UeSRUWed RQ a SaWLeQW dLagQRVed ZLWh VeYeUe cRQgeQLWaO
QePaOLQe P\RSaWh\ aQd cRPSRXQd heWeUR]\gRXV YaULaWLRQV LQ RYR1 [145]. COLQLcaO PaQLfeVWaWLRQV Rf
WhLV SaWLeQW LQcOXded feWaO aNLQeVLa, VeYeUe geQeUaOL]ed h\SRWRQLa, QaUURZ face ZLWh facLaO PXVcOe
ZeaNQeVV, SeUVLVWeQW RShWhaOPRSOegLa, fURg-Oeg SRVWXUe, SRRU-aQWL-gUaYLW\ OLPb PRYePeQWV, UeVSLUaWRU\
LQVXffLcLeQc\, aQd aQ LPSURYLQg cOLQLcaO cRXUVe [145]. HLVWRORgLcaOO\, QePaOLQe bRdLeV (RbVeUYed aV
QXPeURXV VPaOO URdV) ZeUe RbVeUYed LQ Whe c\WRSOaVP bXW QRW LQ Whe QXcOeL, aQd VPaOO W\Se 1 fLbeUV
ZLWhRXW ceQWUaO QXcOeL, fLbeU degeQeUaWLRQ, RU ceOOXOaU LQfLOWUaWLRQ ZeUe QRWed. NR ceQWUaO cRUeV RU
PLQLcRUeV ZeUe RbVeUYed LQ WhLV SaWLeQW. The abVeQce Rf cRUeV aQd Whe SUeVeQce Rf QePaOLQe URdV Pa\
dLffeUeQWLaWe WhLV caVe fURP SUeYLRXV UeSRUWV Rf UeceVVLYe RYR1 caVeV bXW cRXOd aOVR be UefOecWLYe Rf
deOa\ LQ cRUe SUeVeQWaWLRQ RQ PXVcOe hLVWRORg\ LQ \RXQg SaWLeQWV [146, 147]. IdeQWLfLcaWLRQ Rf cRUeV RU
PLQLcRUeV RQ OaWeU bLRSVLeV ZRXOd WheUefRUe cOaVVLf\ WhLV caVe aV a UeceVVLYe cRUe-URd P\RSaWh\, ZhLch
LV PRVW cRPPRQO\ aVVRcLaWed ZLWh RYR1 YaULaWLRQV [140].

CeQWURQXcOeaU P\RSaWK\ (CNM)

MLWRchRQdULaO R[LdaWLYe eQ]\Pe acWLYLW\ LV eLWheU cRQceQWUaWed RU abVeQW LQ Whe ceQWUaOO\ QXcOeaWed
fLbeUV (cRUe-OLNe aUeaV) [148]. The caVe UeSRUWed b\ SSLUR aQd cROOeagXeV cRXOd be aWWULbXWabOe WR
YaULaWLRQ(V) LQ RQe Rf Whe geQeV aVVRcLaWed ZLWh CNM. Of Whe QLQe geQeV cXUUeQWO\ aVVRcLaWed ZLWh
CNM (RYR1, MTM1, DNM2, BIN1, TTN, MTMR14, SPEG, CCDC78, aQd CACNA1S), RYR1 YaULaQWV
aUe Whe PRVW cRPPRQ caXVe Rf aXWRVRPaO UeceVVLYe CNM [28]. CNM V\PSWRPV SUedRPLQaQWO\ affecW
VNeOeWaO PXVcOeV. COLQLcaO feaWXUeV Rf RYR1-UeOaWed CNM LQcOXde e[WUePLW\ PXVcOe ZeaNQeVV (W\SLcaOO\
VeYeUe), fRRW abQRUPaOLWLeV, VcROLRVLV, RShWhaOPRSaUeVLV, aQd PLOd WR VeYeUe UeVSLUaWRU\ LQYROYePeQW
[146]. IQ LQdLYLdXaOV ZLWh CNM, dLVeaVe VeYeULW\ LV e[WUePeO\ YaULabOe ZLWh Whe PaMRULW\ Rf caVeV
e[hLbLWLQg cRPSRXQd heWeUR]\gRXV chaQgeV. VaULaWLRQV LQ Whe MTM1 geQe VhRXOd be LQYeVWLgaWed fLUVW
LQ VeYeUeO\ affecWed PaOeV, ZLWh aQaO\VLV Rf cDNA fURP PXVcOe WLVVXe UecRPPeQded Lf a YaULaWLRQ LV
QRW LdeQWLfLed RQ geQRPLc DNA [57]. FePaOeV ZLWh MTM1-UeOaWed CNM Pa\ SUeVeQW ZLWh QecNOace
fLbeUV aV a hLVWRORgLc PaUNeU [149]. DNM2 YaULaWLRQV VhRXOd be LQYeVWLgaWed fLUVW Lf WheUe LV a cOeaU
aXWRVRPaO dRPLQaQW faPLO\ hLVWRU\ RU de QRYR YaULaQW [2, 150].

CRQgeQLWaO fLbeU-W\Se dLVSURSRUWLRQ (CFTD)

AV BURRNe¶V defLQLWLRQ Rf > 12% FSD UeQdeUed CFTD a QRQ-VSecLfLc dLagQRVLV, FSD gUeaWeU WhaQ 35±
55% ZLWh cOLQLcaO feaWXUeV cRQVLVWeQW ZLWh CM LV cXUUeQWO\ XVed aV a dLagQRVWLc cULWeULRQ [151]. BRWh
dRPLQaQW aQd UeceVVLYe caVeV Rf RYR1-UeOaWed CFTD haYe beeQ UeSRUWed [59]. COLQLcaO feaWXUeV
UeSRUWed LQ CFTD SaWLeQWV LQcOXde h\SRWRQLa, UeVSLUaWRU\ faLOXUe, QRQ-SURgUeVVLYe PXVcOe ZeaNQeVV,
MRLQW cRQWUacWXUeV, P\RSaWhLc facLeV, RShWhaOPRSaUeVLV, feedLQg dLffLcXOWLeV, aQd VNeOeWaO defRUPLWLeV
[59, 152]. IW LV LPSRUWaQW WR QRWe WhaW PaQ\ SaWLeQWV LQLWLaOO\ dLagQRVed ZLWh CFTD deYeORS URdV, cRUeV,
aQd ceQWUaO QXcOeL RYeU WLPe, OeadLQg WR VSecLfLc dLagQRVeV WhaW VXSeUVede Whe LQLWLaO CFTD dLagQRVLV [2,
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151]. WLWh aQ aXWRVRPaO dRPLQaQW PRde Rf LQheULWaQce, TPM3 LV Whe PRVW cRPPRQ geQeWLc caXVe Rf
CFTD (25±50% Rf caVeV) [58]. RYR1-UeOaWed CFTD LV aQ aXWRVRPaO UeceVVLYe dLVeaVe accRXQWLQg fRU
abRXW 20% Rf CFTD caVeV [59]. ACTA1 aQd TPM2 aUe aOVR XQcRPPRQ caXVeV Rf CFTD [153, 154].

MXOWL-PLQLcRUe dLVeaVe (MPD)

The YaULabLOLW\ aVVRcLaWed ZLWh Whe aSSeaUaQce Rf cRUeV RQ PXVcOe bLRSV\ Oed WR VXbVeTXeQW UeSRUWV Rf
PXOWLcRUe dLVeaVe ZLWh YaULRXV QRPeQcOaWXUeV (PLQLcRUe P\RSaWh\, PXOWLcRUe P\RSaWh\, PXOWL-
PLQLcRUe P\RSaWh\) XQWLO a ZRUNLQg gURXS Rf e[SeUWV agUeed RQ a deVLgQaWLRQ Rf PXOWL-PLQLcRUe dLVeaVe
(MPD) [61]. MXOWL-PLQLcRUeV Pa\ affecW bRWh W\Se 1 aQd W\Se 2 PXVcOe fLbeUV aQd VhRZ deSOeWLRQ RU
abVeQce Rf PLWRchRQdULa RQ eOecWURQ PLcURVcRS\, ZLWh YaULabOe degUeeV Rf P\RfLbULOOaU dLVRUgaQL]aWLRQ,
abQRUPaO Z-baQd PaWeULaO, aQd UegLRQV Rf VaUcRPeULc dLVUXSWLRQ. IQcUeaVed LQWeUQaO QXcOeL, fLbeUV ZLWh
VORZ P\RVLQ (W\Se 1 SUedRPLQaQce RQ hLVWRchePLcaO VWaLQV), SURPLQeQW cRQQecWLYe WLVVXe aQd adLSRVe
WLVVXe LQ Whe abVeQce Rf QXPeURXV fLbeUV ZLWh deYeORSPeQWaO P\RVLQ, QecURVLV RU eQdRP\VLaO fLbURVLV
aUe aOVR QRWed LQ affecWed PXVcOeV [141, 155]. RYR1-UeOaWed MPD LV LQheULWed LQ aQ aXWRVRPaO
UeceVVLYe SaWWeUQ ZLWh hLghO\ YaULabOe cOLQLcaO feaWXUeV [156]. T\SLcaO feaWXUeV LQcOXde h\SRWRQLa LQ
LQfaQc\, a[LaO PXVcOe ZeaNQeVV, hLS gLUdOe ZeaNQeVV, RShWhaOPRSOegLa, dLVWaO MRLQW Oa[LW\, SURgUeVVLYe
VcROLRVLV, aQd PRdeUaWe UeVSLUaWRU\/bXObaU LQYROYePeQW. FRXU hRPRgeQeRXV MPD gURXSV haYe beeQ
LdeQWLfLed: (1) Whe cOaVVLc fRUP, PaUNed b\ SUedRPLQaQWO\ a[LaO PXVcOe ZeaNQeVV, eVSecLaOO\ QecN
fOe[RUV, VcROLRVLV, UeVSLUaWRU\ LQVXffLcLeQc\, aQd OLPb MRLQW h\SeUOa[LW\; (2) Whe RShWhaOPRSOegLa fRUP,
ZLWh geQeUaOL]ed PXVcOe LQYROYePeQW aQd VeYeUe facLaO ZeaNQeVV; (3) aQ eaUO\-RQVeW fRUP ZLWh
aUWhURgU\SRVLV; aQd (4) a VORZO\ SURgUeVVLYe fRUP ZLWh haQd aP\RWURSh\ [157]. OWheU geQeV aVVRcLaWed
ZLWh MPD LQcOXde SEPN1 [60], MYH7 [158], aQd TTN [159]. PaWhRgeQLc YaULaQWV LQ SEPN1 aQd RYR1
aUe UeVSRQVLbOe fRU aSSUR[LPaWeO\ 50% Rf aOO caVeV aQd SEPN1 YaULaWLRQV cRPSULVLQg a 75% Rf Whe
cOaVVLc fRUP Rf MPD [60]. RYR1 YaULaWLRQV aUe PRVWO\ aVVRcLaWed ZLWh bRWh Whe PRdeUaWe fRUP Rf
MPD ZLWh haQd LQYROYePeQW aQd Whe RShWhaOPRSOegLc fRUP [156, 160], bRWh Rf ZhLch W\SLcaOO\
SUeVeQW aV PLOdeU WhaQ cOaVVLc SEPN1-aVVRcLaWed MPD. MXOWL-PLQLcRUeV aVVRcLaWed ZLWh SEPN1
YaULaWLRQV aUe W\SLcaOO\ VPaOOeU LQ VL]e WhaQ WhRVe RbVeUYed LQ UeceVVLYe RYR1-UeOaWed caVeV [131] aQd
aUe accRPSaQLed b\ QRQ-VSecLfLc P\RSaWhLc chaQgeV VXch aV CFTD aQd MaOORU\ bRd\-OLNe LQcOXVLRQV
[161, 162]. MaOLgQaQW h\SeUWheUPLa aQd RShWhaOPRSOegLa aUe QRW XVXaOO\ QRWed LQ SEPN1-UeOaWed
P\RSaWhLeV [163]. OQ MRI, WheUe LV SURPLQeQW LQYROYePeQW Rf Whe VaUWRULXV PXVcOe LQ Whe WhLgh, aQd LQ
PRUe VeYeUe caVeV, Whe SaWWeUQ Rf WhLgh LQYROYePeQW VhRZ VLPLOaULW\ ZLWh WhaW VeeQ LQ RYR1-RM [164].
MYH7-, DES-, LMNA- aQd TTN-UeOaWed cRUe P\RSaWhLeV aUe UeceVVLYe, SURgUeVVLYe, aQd RfWeQ SUeVeQW
ZLWh VeYeUe caUdLRP\RSaWh\ WhaW caQ be LQdeSeQdeQW Rf UeVSLUaWRU\ LQVXffLcLeQc\ [158, 159, 165, 166].
JRLQW h\SeUPRbLOLW\, aOWhRXgh PRUe RfWeQ a VLgQ Rf cRQQecWLYe WLVVXe dLVRUdeUV, caQ be a SURPLQeQW
cOLQLcaO feaWXUe Rf RYR1-UeOaWed cRUe P\RSaWhLeV [167]. AddLWLRQaOO\, Whe SUeVeQce Rf a OaUge QXPbeU Rf
PXVcOe fLbeUV (XS WR 50%) ZLWh LQWeUQaO RU ceQWUaO QXcOeL haV beeQ UeSRUWed aV SaUW Rf Whe RYR1-UeOaWed
cRUe P\RSaWh\ VSecWUXP [168]. MLQLcRUeV aUe aOVR QRQ-VSecLfLc feaWXUeV Rf cRQgeQLWaO PXVcXOaU
d\VWURShLeV, d\VWURShLQRSaWhLeV, QeXURSaWhLeV, VhRUW-chaLQ ac\O-COA deh\dURgeQaVe defLcLeQc\,
MaUfaQ V\QdURPe, aQd caUdLRP\RSaWhLeV [2, 160]. NePaOLQe bRdLeV ZLWh cRUe-OLNe aUeaV haYe beeQ
deVcULbed LQ dRPLQaQW ACTA1-UeOaWed P\RSaWh\ [169] aQd LQ a faPLO\ ZLWh UeceVVLYe CFL2 YaULaWLRQV
[170]. MXOWLSOe cRUe-OLNe aUeaV SeU fLbeU ZeUe UeSRUWed LQ W\Se-1 fLbeUV LQ DOK7-aVVRcLaWed cRQgeQLWaO
P\aVWheQLc V\QdURPeV [171] aQd RYR1-aVVRcLaWed aW\SLcaO SeULRdLc SaUaO\VLV [35]. ³MRWh-eaWeQ´ fLbeUV
deVcULbed LQ ceUWaLQ PXVcXOaU d\VWURShLeV caQ aOVR be cRQVLdeUed cRUe-OLNe OeVLRQV [172]. HRZeYeU,
WheVe VPaOO cRUe-OLNe OeVLRQV aUe RfWeQ QRW cRQfLUPed ZLWh eOecWURQ PLcURVcRS\ cRPSaUed ZLWh PXOWLSOe
PLQLcRUeV. VaULaWLRQV LQ MYH7 aQd TTN VhRXOd be cRQVLdeUed Lf WheUe LV aQ aVVRcLaWed caUdLRP\RSaWh\.

PURSRVal fRU a XQified QRPeQclaWXUe
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The VLPLOaULW\ LQ PXVcOe hLVWRSaWhRORg\ aQd cOLQLcaO V\PSWRPaWRORg\ acURVV RYR1-RM VXbW\SeV,
cXUUeQWO\ YLeZed aV QRVRcRORgLcaOO\ dLVWLQcW eQWLWLeV, UefOecWV a ZLde UaQge Rf PaQLfeVWaWLRQV UeVXOWLQg
fURP defecWV LQ Whe VaPe geQe. SSecLfLcaOO\, SaWLeQW VeYeULW\ RccXUV RQ a VSecWUXP aQd LV RfWeQ
eYaOXaWed LQ Whe cRQWe[W Rf PRde Rf LQheULWaQce, hLVWRSaWhRORg\, aQd cOLQLcaO SheQRW\Se (FLg. 2). A
cRPbLQaWLRQ Rf facWRUV haV Pade XQdeUVWaQdLQg aQd deVcULbLQg PXVcOe dLVRUdeUV aVVRcLaWed ZLWh RYR1
YaULaQWV cRQfXVLQg fRU heaOWh caUe SURYLdeUV, UeVeaUcheUV, aQd SaWLeQWV/faPLOLeV. MRYLQg fRUZaUd, Ze
WheUefRUe SURSRVe Whe WeUP ³RYR1-UeOaWed dLVRUdeUV (RU RYR1-RD)´ aV a VLQgOe QRPeQcOaWXUe WR XQLf\
WhLV cRPSOe[ P\RSaWhLc/QRQ-P\RSaWhLc aQd cRQgeQLWaO/QRQ-cRQgeQLWaO VSecWUXP ZLWh Whe gRaO Rf
PLQLPL]LQg Whe fROORZLQg NQRZQ LVVXeV.

OSeQ LQ a VeSaUaWe ZLQdRZ
FLJ. 2

OYeUYLeZ Rf WKe R<R1 dLVeaVe VSecWUXP. AW WLPe Rf SUeVeQWaWLRQ, cOLQLcaO VeYeULW\ caQ YaU\ accRUdLQJ WR
PRde Rf LQKeULWaQce (dRPLQaQW, de QRYR, UeceVVLYe), KLVWRSaWKRORJLc feaWXUeV, aQd SKeQRW\SeV UaQJLQJ fURP
VeYeUe QeRQaWaO RQVeW WR PLOd QRQ-SURJUeVVLYe PXVcOe ZeaNQeVV. ReceVVLYe caVeV aUe W\SLcaOO\ PRUe VeYeUe
WKaQ dRPLQaQW caVeV. TKe PaMRULW\ Rf KLVWRSaWKRORJLcaO feaWXUeV aUe aVVRcLaWed ZLWK PRUe VeYeUe cOLQLcaO
SKeQRW\SeV, WKRXJK WKLV Pa\ QRW KROd WUXe fRU WKe cRUe P\RSaWKLeV. EPeUJLQJ cOLQLcaO SKeQRW\SeV
aVVRcLaWed ZLWK R<R1 YaULaWLRQV aOVR YaU\ LQ VeYeULW\

D\QaPLc aQd RYeUOaSSLQg KLVWRSaWKRORg\

HLVWRULcaO cOaVVLfLcaWLRQ aQd dLagQRVLV Rf QeZO\ ePeUgLQg RYR1-RD baVed RQ cOLQLcR-hLVWRSaWhRORgLc
feaWXUeV aUe cRPSOLcaWed becaXVe fLQdLQgV RfWeQ RYeUOaS ZLWh SUeYLRXVO\ LdeQWLfLed SheQRW\SeV. The
hLVWRSaWhRORgLc feaWXUeV XVed WR dLagQRVe RYR1-RD aUe YaULabOe RYeU WLPe, aQd WheUefRUe, VXbMecW WR
LQcRQcOXVLYe fLQdLQgV. The degUee Rf SaWhRORgLcaO chaQgeV Pa\ YaU\ b\ bLRSV\ VLWe RU age Rf Whe
LQdLYLdXaO ZheQ Whe bLRSV\ ZaV RbWaLQed. VeU\ \RXQg SaWLeQWV Pa\ QRW SUeVeQW defLQLWLYeO\ ZLWh cRUeV
XQWLO OaWeU LQ OLfe [173] aQd VRPe CCD caVeV ZLWh MH VXVceSWLbLOLW\ Pa\ QRW SUeVeQW ZLWh cRUeV [131].
COLQLcaO feaWXUeV Rf dRPLQaQW CCD W\SLcaOO\ SUeVeQW RQ Whe PLOdeU eQd Rf Whe SheQRW\SLc VSecWUXP
LQcOXdLQg h\SRWRQLa, PXVcOe ZeaNQeVV, aQd VNeOeWaO abQRUPaOLWLeV LQ Whe abVeQce Rf caUdLac
LQYROYePeQW [131]. HRZeYeU, Whe UaUe caVeV Rf UeceVVLYe CCD WhaW RfWeQ e[hLbLW a PRUe VeYeUe cOLQLcaO
SUeVeQWaWLRQ [174, 175] dR QRW aOZa\V cRUUeOaWe ZLWh hLVWRSaWhRORgLc fLQdLQgV [42].

DeOa\ed dLagQRVLV

DLagQRVLV LV deOa\ed aQd dLffLcXOW ZheQ QRVRcRORgLcaOO\ defLQLQg hLVWRSaWhRORgLc feaWXUeV aUe abVeQW,
aQd LQ caVeV ZLWh dXaO PRUShRORgLc SUeVeQWaWLRQV VXch aV cRUe-URd P\RSaWh\ [131]. AOVR, Whe abVeQce
Rf dLagQRVWLc PRUShRORgLc feaWXUeV RQ PXVcOe bLRSV\ dReV QRW e[cOXde a OLNeO\ SaWhRgeQLc YaULaWLRQ LQ
RYR1 [61]. WLWh QeaUO\ 700 RYR1 YaULaWLRQV LdeQWLfLed WR daWe [176], aYaLOabLOLW\ aQd acceVV WR e[RPe
VeTXeQcLQg aQd geQeWLc WeVWLQg Rf Whe eQWLUe RYR1 geQe caQ be cUedLWed fRU eaUO\ aQd faVWeU dLagQRVLV
[177], aQd e[SaQVLRQ Rf Whe RYR1 dLVeaVe VSecWUXP [178]. A UeceQW RYR1-RM QaWXUaO hLVWRU\ VWXd\
[179] UeYeaOed WhaW affecWed LQdLYLdXaOV bRUQ befRUe Whe adYeQW Rf Qe[W-geQeUaWLRQ VeTXeQcLQg (2004)
ZeUe W\SLcaOO\ dLagQRVed aV adXOWV, ZhLOe WhRVe bRUQ afWeU 2004 ZeUe geQeUaOO\ dLagQRVed LQ eaUO\
chLOdhRRd. AddLWLRQaOO\, hRPR]\gRXV RU cRPSRXQd heWeUR]\gRXV SURbaQdV RfWeQ e[hLbLW a SURfRXQd
P\RSaWhLc SheQRW\Se, ZhLOe heWeUR]\gRXV SURbaQdV PLghW RQO\ e[SeULeQce a WULggeUed SheQRW\Se. A
geQeWLcV-fLUVW dLagQRVWLc aSSURach LV UaSLdO\ becRPLQg Whe VWaQdaUd fRU cRQfLUPaWLRQ Rf dLVRUdeUV ZLWh
NQRZQ geQeWLc eWLRORg\ [112, 180]. NeYeUWheOeVV, Whe OLPLWed VeQVLWLYLW\ Rf Qe[W-geQeUaWLRQ VeTXeQcLQg,
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UeTXLUePeQW fRU PXOWLSOe WeVWLQg LQ VRPe caVeV, aQd LQWeUSUeWaWLRQ Rf OaUge QXPbeUV Rf LdeQWLfLed VUS
LQ a UeOaWLYeO\ OaUge geQe VXch aV RYR1 VWLOO UeTXLUeV a URbXVW NQRZOedge Rf Whe VXggeVWLYe feaWXUeV
aVVRcLaWed ZLWh each YaULaQW. AOWhRXgh cRPSOeWe UeOLaQce RQ hLVWRSaWhRORgLcaOO\ defLQed eQWLWLeV VXch
aV ceQWUaO cRUeV, PXOWL-PLQLcRUeV aQd ceQWUaO QXcOeL LV aUgXabO\ RXWdaWed, WheVe PXVcOe bLRSV\ fLQdLQgV
UePaLQ YaOXabOe aV dLagQRVWLc LQdLcaWRUV Rf dLVeaVe VXbcOaVVLfLcaWLRQ WhaW aUe QRW RWheUZLVe feaVLbOe
fURP geQeWLc fLQdLQgV aORQe. RYR1-RD affecWed LQdLYLdXaOV e[hLbLW VSecLfLc aQd YaOXabOe LQLWLaO SaWWeUQV
Rf cOLQLcaO aQd hLVWRSaWhRORgLc SUeVeQWaWLRQV WhaW caQ facLOLWaWe eaUO\ dLagQRVLV. AV Whe SRVVLbLOLW\ Rf aQ
LQheULWed SURceVV LV QRW aOZa\V aSSaUeQW [181], cOLQLcaO, hLVWRSaWhRORgLc, aQd geQeWLc LQfRUPaWLRQ VWLOO
Qeed WR be eYaOXaWed WRgeWheU LQ RUdeU WR UedXce Whe dLagQRVWLc Rd\VVe\ Rf SaWLeQWV aQd WheLU faPLOLeV
[182].

AdXOW-RQVeW SKeQRW\SeV

RYR1-RD aUe W\SLcaOO\ cRQVLdeUed SULPaULO\ eaUO\ chLOdhRRd-RQVeW cRQdLWLRQV ZLWh SUR[LPaO RU
geQeUaOL]ed PXVcOe ZeaNQeVV. ReceQW LdeQWLfLcaWLRQ Rf adXOW-RQVeW VXbW\SeV UefOecWV a deSaUWXUe fURP
Whe ORQg-heOd defLQLWLRQ Rf WhLV gURXS aV VWULcWO\ ³cRQgeQLWaO P\RSaWhLeV´ [39, 40]. CRQVLdeUed a OaWe
QeXURPXVcXOaU PaQLfeVWaWLRQ Rf MH-UeOaWed RYR1 YaULaWLRQV, OaWe-RQVeW a[LaO P\RSaWh\, e[eUWLRQaO
UhabdRP\RO\VLV, aQd SeULRdLc SaUaO\VLV SUeVeQW WhURXghRXW Whe OLfeVSaQ. LaWe-RQVeW RYR1-RD SUeVeQW
VLgQLfLcaQW dLagQRVWLc aQd geQeWLc cRXQVeOLQg chaOOeQgeV, aV ZeOO aV LPSOLcaWLRQV fRU SURSeU aQeVWheWLc
PaQagePeQW Rf SaWLeQWV aQd WheLU faPLO\ PePbeUV. TUXe adXOW-RQVeW caVeV aUe dLffLcXOW WR eVWabOLVh aV
Whe affecWed LQdLYLdXaO cRXOd haYe eLWheU WROeUaWed RU beeQ LQ deQLaO Rf PLOd V\PSWRPV e[SeULeQced
dXULQg chLOdhRRd. RYR1-RD SheQRW\SeV aUe VWLOO SUedRPLQaQWO\ eaUO\ chLOdhRRd RQVeW, aQd e[cOXdLQg
Whe ³cRQgeQLWaO´ deVcULSWRU dReV QRW deWUacW fURP WheLU cOaVVLfLcaWLRQ aV CM. HRZeYeU, aZaUeQeVV Rf
WheVe adXOW-RQVeW VXbW\SeV aOORZV: (a) cOLQLcLaQV WR cRQVLdeU RYR1-RD LQ Whe dLffeUeQWLaO dLagQRVWLc
SURceVV acURVV aOO ageV eYeQ LQ QeXURPXVcXOaU dLVeaVe caVeV ZLWhRXW SULRU PXVcOe bLRSV\ fLQdLQgV [39],
(b) LQcOXVLRQ Rf ROdeU adXOWV LQ cOLQLcaO WULaOV WeVWLQg QRYeO WheUaSLeV, aQd (c) cROOecWLRQ Rf PRUe URbXVW
QaWXUaO hLVWRU\ daWa RQ RYR1-RD acURVV Whe OLfeVSaQ [37].

SKaUed caOcLXP d\VUegXOaWLRQ

RYR1-RD UeVXOW fURP YaU\LQg dLVeaVe SaWhRPechaQLVPV WhaW cROOecWLYeO\ VhaUe aOWeUaWLRQV LQ a cRPPRQ
SaWhZa\²LQWUaceOOXOaU caOcLXP d\VUegXOaWLRQ UeVXOWLQg fURP SULPaU\ R\R1 d\VfXQcWLRQ (e.g., UedXced
R\R1 e[SUeVVLRQ, OeaN\ R\R1 chaQQeOV, LPSaLUed R\R1 LQWeUdRPaLQ LQWeUacWLRQV, eQhaQced VeQVLWLYLW\
WR PRdXOaWRUV, LPSaLUed e[cLWaWLRQ-cRQWUacWLRQ cRXSOLQg) [6, 22]. AOWeUaWLRQV LQ caOcLXP hRPeRVWaVLV
caQ aOVR Oead WR VecRQdaU\ ceOOXOaU d\VfXQcWLRQ LQcOXdLQg LQcUeaVed R[LdaWLYe/QLWURVaWLYe VWUeVV, aOWeUed
SRVW-WUaQVOaWLRQaO PRdLfLcaWLRQV, PLWRchRQdULaO daPage, aQd dLVUXSWed SURWeLQ-SURWeLQ/OLgaQd
LQWeUacWLRQV [3, 122, 183]. TheVe dRZQVWUeaP effecWV fXUWheU dULYe P\RSaWh\ aQd eQhaQce heaW
UeVSRQVLYeQeVV dXe WR a feed-fRUZaUd ORRS [11]. HRZeYeU, R\R1- RU ceOOXOaU/PLWRchRQdULaO-baVed
caOcLXP d\VUegXOaWLRQ VXch aV LQcUeaVed PLWRchRQdULaO caOcLXP XSWaNe, SURdXcWLRQ Rf daPagLQg
UeacWLYe R[\geQ VSecLeV [3, 122, 183] aQd XSUegXOaWLRQ Rf eQdRSOaVPLc UeWLcXOXP VWUeVV/XQfROded
SURWeLQ UeVSRQVe [184], Pa\ be RYR1 YaULaQW deSeQdeQW.

Discussion

The cRPSOe[ QaWXUe Rf Whe R\R1 SURWeLQ, cRXSOed ZLWh Whe e[SaQdLQg aQd RYeUOaSSLQg dLVeaVe
VSecWUXP Rf RYR1-RD, SUeVeQWV a WLPeO\ RSSRUWXQLW\ WR cRQVLdeU a XQLfLed QRPeQcOaWXUe aQd
cOaVVLfLcaWLRQ V\VWeP fRU WhLV heWeURgeQeRXV gURXS Rf dLVRUdeUV. HeUe, Ze SURSRVe Whe XVe Rf ³RYR1-
UeOaWed dLVRUdeUV (RYR1-RD)´ aV a VLQgOe QRPeQcOaWXUe WR XQLf\ WhLV cRPSOe[ P\RSaWhLc/QRQ-
P\RSaWhLc aQd cRQgeQLWaO/QRQ-cRQgeQLWaO VSecWUXP.
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AQ\ acceSWabOe chaQge LQ QRPeQcOaWXUe ZLOO UeTXLUe a caUefXO, ZLdeO\ dLVcXVVed aQd e[SaQVLYe
eYaOXaWLRQ b\ e[SeUWV LQ Whe fLeOd Rf QeXURPXVcXOaU dLVRUdeUV. A cRPSUeheQVLYe cOaVVLfLcaWLRQ V\VWeP
ZRXOd bRWh LQcRUSRUaWe Whe dLffeUeQW dLVeaVe SaWhRPechaQLVPV aVVRcLaWed ZLWh RYR1-RD aQd LdeQWLf\
SRWeQWLaO cRQVeTXeQceV WhaW Pa\ QRW be LPPedLaWeO\ aSSaUeQW. A XQLfLed QRPeQcOaWXUe LV Qeeded fRU
PXOWLSOe UeaVRQV, bXW PRVW LPSRUWaQWO\ WR facLOLWaWe XQaPbLgXRXV cRPPXQLcaWLRQ abRXW UeOaWed
cRQdLWLRQV aPRQg cOLQLcLaQV, UeVeaUcheUV, SaWLeQWV, aQd Whe Oa\ SXbOLc. A UeOeYaQW e[aPSOe LQ Whe
QeXURPXVcXOaU dLVeaVe fLeOd LV Whe cRQVeQVXV QaPLQg aQd cOaVVLfLcaWLRQ Rf PXOWL-PLQLcRUe dLVeaVe
(MPD) b\ a SaQeO Rf e[SeUWV [157]. FROORZLQg Whe fLUVW UeSRUWV Rf MPD [89], QXPeURXV caVeV ZLWh
YaULabOe cOLQLcaO e[SUeVVLRQ aQd PRUShRORgLcaO OeVLRQV ZeUe UeSRUWed. ThLV Oed WR PXOWLSOe hLVWRORgLc
deVcULSWRUV LQcOXdLQg PXOWLcRUe dLVeaVe, fRcaO ORVV Rf cURVV-VWULaWLRQV, PLQLcRUe P\RSaWh\, P\RSaWh\
ZLWh PXOWLSOe PLQLcRUe, RU SOeRcRUe dLVeaVe WR deVcULbe Whe VaPe dLVeaVe VXbW\Se [60]. IQ cRPSaULVRQ WR
UeOaWLYeO\ PRUe hRPRgeQeRXV dLVRUdeUV VXch aV SEPN1-RM [60] aQd COL6-RM [185] ZheUe geQe-
baVed QRPeQcOaWXUeV ZeUe LQWURdXced, WheUe LV aQ LQheUeQW SRVVLbLOLW\ WhaW a VLQgOe QRPeQcOaWXUe fRU
VXch a cOLQLcaOO\ aQd hLVWRSaWhRORgLcaOO\ heWeURgeQeRXV gURXS Rf dLVRUdeUV Pa\ be VeeQ RU LQWeUSUeWed
aV haYLQg Whe VaPe SaWhRPechaQLVPV aQd geQRW\Se-SheQRW\Se cRUUeOaWLRQV.

RYR1-RD VXbW\SeV aOVR SUeVeQW cOeaU cOLQLcRSaWhRORgLcaO aQd PRde Rf LQheULWaQce dLffeUeQceV. FRU
e[aPSOe, WheUe aUe QR UeSRUWed SedLgUeeV ZLWh XQeTXLYRcaO eYLdeQce fRU PXOWLgeQeUaWLRQaO dRPLQaQW
LQheULWaQce Rf RYR1-UeOaWed CFTD aQd CNM, bRWh RYeUZheOPLQgO\ aVVRcLaWed ZLWh UeceVVLYe RYR1
YaULaWLRQV. IQdLYLdXaOV ZLWh cRUe-URd P\RSaWh\ SUeVeQW ZLWh e[ceVV U\aQRdLQe UeceSWRU OeYeOV LQ Whe
cRUeV [140], ZhLOe MPD aQd UeceVVLYe fRUPV Rf CCD e[hLbLW a PaUNed UedXcWLRQ LQ R\R1 SURWeLQ
e[SUeVVLRQ [186]. AOWhRXgh W\Se 1 fLbeU SUedRPLQaQce aQd h\SRWURSh\ aUe RbVeUYed LQ PRVW caVeV, W\Se
1 fLbeU XQLfRUPLW\ ZLWhRXW VWUXcWXUaO chaQgeV (cRUeV aQd URdV) LV fRXQd LQ RYeU 99% Rf Whe W\Se 1
PXVcOe fLbeUV LQ ceUWaLQ caVeV ZLWh C-WeUPLQaO RYR1 YaULaQWV [33]. FURP a cOLQLcaO SeUVSecWLYe,
e[WUaRcXOaU PXVcOe LQYROYePeQW LV aOPRVW e[cOXVLYeO\ aVVRcLaWed ZLWh UeceVVLYe fRUPV Rf RYR1-RD,
ZheUeaV eQhaQced PaOLgQaQW h\SeUWheUPLa VXVceSWLbLOLW\ LV PRUe cRPPRQO\ VeeQ ZLWh dRPLQaQW UaWheU
WhaQ UeceVVLYe RYR1 YaULaWLRQV [187].

AddLWLRQaOO\, VRPe degUee Rf d\VfXQcWLRQ LQ caOcLXP hRPeRVWaVLV aQd/RU E-C cRXSOLQg LV a VhaUed
SaWhRPechaQLVP aPRQg RYR1-RD. The effecWV Rf VSecLfLc RYR1 YaULaQWV RQ WheVe PechaQLVPV deSeQd
RQ PRde Rf LQheULWaQce aQd ORcaWLRQ RQ Whe geQe [179]. TheUaSeXWLc deYeORSPeQW fRU RYR1-RD aLPLQg
WR SUeYeQW R\R1 caOcLXP OeaN Pa\ QRW be beQefLcLaO aQd cRXOd SRWeQWLaOO\ be deWULPeQWaO, LQ Whe cRQWe[W
Rf dRPLQaQW YaULaQWV WhaW UedXce R\R1 caOcLXP cRQdXcWaQce RU UeceVVLYe YaULaQWV WhaW Oead WR a
dUaPaWLc UedXcWLRQ LQ R\R1 e[SUeVVLRQ. The dLffeUeQW SaWhRPechaQLVPV caXVed b\ RYR1 YaULaWLRQV
(e.g., h\SeUVeQVLWLYLW\, eQhaQced caOcLXP OeaN, E-C XQcRXSOLQg, decUeaVed R\R1 chaQQeO e[SUeVVLRQ)
[6] aQd Whe SURVSecW Rf dLVWLQcW WheUaSeXWLc aSSURacheV Qeeded WR cRPbaW WheVe dLffeUeQW XQdeUO\LQg
dLVeaVe PechaQLVPV aUe VeePLQgO\ aW RddV ZLWh Whe cRQceSW Rf a XQLfLed QRPeQcOaWXUe. FLQaOO\, XQLfLed
QRPeQcOaWXUe Pa\ haYe XQLQWeQded QegaWLYe LPSOLcaWLRQV fRU UeVeaUch fXQdLQg RSSRUWXQLWLeV fURP
SaWLeQW adYRcac\ RUgaQL]aWLRQV fRcXVed RQ VSecLfLc cRQgeQLWaO P\RSaWhLeV aQd Pa\ SUeVeQW chaOOeQgeV
LQ fRUPXOaWLRQ Rf WUeaWPeQW, bLRPaUNeUV, aQd/RU cOLQLcaO RXWcRPe PeaVXUeV acURVV VXbW\SeV ZLWh
SaWhRPechaQLVPV WhaW affecW YaU\LQg VWageV Rf ceOOXOaU fXQcWLRQV. ThLV cRXOd VORZ Whe Sace Rf dUXg
deYeORSPeQW aQd WUeaWPeQW aSSURYaO b\ UegXOaWRU\ ageQcLeV.

IQ RXU RSLQLRQ, a XQLfLed QRPeQcOaWXUe VhRXOd QRW RQO\ eQcRPSaVV Whe cRPSOe[ cOLQLcaO aQd
SaWhRORgLcaO feaWXUeV aVVRcLaWed ZLWh RYR1 YaULaWLRQV (LQcOXdLQg cRQdLWLRQV WhaW dR QRW e[hLbLW aQ RYeUW
P\RSaWh\ VXch aV MH VXVceSWLbLOLW\ aQd e[eUWLRQaO UhabdRP\RO\VLV), bXW aOVR bRWh accRPPRdaWe
fXWXUe RYR1-UeOaWed SheQRW\SeV aQd QaYLgaWe Whe fLeOd aZa\ fURP XWLOL]LQg QRQ-VSecLfLc hLVWRSaWhRORgLc
eSRQ\PV (FLg. 3).
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OSeQ LQ a VeSaUaWe ZLQdRZ
FLJ. 3

DLVWLQcW aQd RYeUOaSSLQJ feaWXUeV Rf WKe R<R1-RD VSecWUXP. IQdLYLdXaOV ZLWK R<R1-RD SUeVeQW ZLWK bRWK
P\RSaWKLc aQd QRQ-P\RSaWKLc feaWXUeV. HLVWRSaWKRORJ\ caQ RYeUOaS aPRQJ WKe dLffeUeQW VXbW\SeV.
AddLWLRQaOO\, VRPe SKeQRW\SeV PaQLfeVW fROORZLQJ e[SRVXUe WR SKaUPacRORJLc, SK\VLRORJLc, RU
eQYLURQPeQWaO WULJJeUV. A cOaVVLfLcaWLRQ V\VWeP baVed RQ WKUee dLVWLQcW aQd RYeUOaSSLQJ caWeJRULeV
(P\RSaWKLc, QRQ-P\RSaWKLc, aQd WULJJeUed) accRPPRdaWeV cXUUeQW aQd PRVW fXWXUe VXbW\SeV Rf R<R1-RD

Conclusion

HLVWRULcaOO\, RYR1-RD haYe beeQ QaPed aQd dLagQRVed baVed OaUgeO\ RQ hLVWRSaWhRORgLc fLQdLQgV RQ
PXVcOe bLRSV\. HRZeYeU, Whe ePeUgeQce Rf QeZ VXbW\SeV aORQg Whe RYR1 dLVeaVe VSecWUXP cRPSOLcaWeV
dLagQRVeV. AV a ³geQeWLcV-fLUVW´ aSSURach WR LQheULWed dLVeaVe dLagQRVLV LV becRPLQg ZLdeO\ acceSWed,
QeXURPXVcXOaU dLVRUdeUV VXch aV RYR1-RD Qeed eVWabOLVhed gXLdeOLQeV aQd cRQVeQVXV SULQcLSOeV fRU
cOaVVLfLcaWLRQ aQd QaPLQg Rf ePeUgLQg SheQRW\SeV. The SURSRVaO fRU RYR1-RD aV Whe XQLf\LQg
QRPeQcOaWXUe LV a fLUVW VWeS aQd cRXOd be VXSeUceded b\ a beWWeU eQcRPSaVVLQg WeUPLQRORg\. We beOLeYe
WhaW VXch a dLVcRXUVe LV WLPeO\ aQd Qeeded fRU WhLV ZLdeO\ heWeURgeQeRXV gURXS Rf PXVcOe dLVRUdeUV.
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