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Abstract

CongeniWal m\opaWhieV UepUeVenW a clinicall\ and geneWicall\ heWeUogeneoXV gUoXp of eaUl\-onVeW
neXUomXVcXlaU diVeaVeV ZiWh chaUacWeUiVWic, bXW noW alZa\V Vpecific, hiVWopaWhological feaWXUeV, ofWen
pUeVenWing ZiWh VWable and/oU VloZl\ pUogUeVViYe WUXncal and pUo[imal ZeakneVV. IW iV ofWen noW poVVible
Wo haYe a diagnoViV on clinical gUoXnd alone. AddiWional e[WUaocXlaU, UeVpiUaWoU\, diVWal inYolYemenW,
VcolioViV, and diVWal la[iW\ ma\ pUoYide clXeV. The ³coUe m\opaWhieV´ collecWiYel\ UepUeVenW Whe moVW
common foUm of congeniWal m\opaWhieV, and Whe name paWhologicall\ coUUeVpondV Wo hiVWochemical
appeaUance of focall\ UedXced o[idaWiYe en]\me acWiYiW\ and m\ofibUillaU changeV on XlWUaVWUXcWXUal
VWXdieV. BecaXVe of Whe clinical, paWhological, and molecXlaU oYeUlapV, cenWUal coUe diVeaVe and
mXlWiminicoUe diVeaVe Zill be diVcXVVed WogeWheU.

Ke\ Zords: coUe m\opaWhieV, cenWUal coUe, mXlWiminicoUe, malignanW h\peUWheUmia

Introduction

The Vcope of WhiV VhoUW UeYieZ iV pXUe coUe m\opaWhieV: cenWUal coUe diVeaVe and mXlWiminicoUe diVeaVe
ofWen aVVociaWed ZiWh mXWaWionV in Whe VkeleWal mXVcle U\anodine UecepWoU 1 (5<51) and VelenopUoWein
N1 (6E3N1; alVo knoZn aV 6ELENON accoUding Wo neZ nomenclaWXUe).

MXWaWionV in Whe VkeleWal mXVcle U\anodine UecepWoU 1 (5<51) gene aUe aVVociaWed ZiWh dominanWl\
inheUiWed cenWUal coUe diVeaVe and VXbgUoXpV of UeceVViYel\ inheUiWed mXlWiminicoUe diVeaVe,
cenWUonXcleaU m\opaWh\ (CNM), and congeniWal fibeU W\pe diVpUopoUWion. MalignanW h\peUWheUmia
VXVcepWibiliW\ WUaiW iV a dominanWl\ inheUiWed allelic WUaiW and iV deVcUibed aV a phaUmacogeneWic
pUediVpoViWion Wo VeYeUe and poWenWiall\ life-WhUeaWening UeacWion in UeVponVe Wo halogenaWed aneVWheWic
agenWV and depolaUi]ing mXVcle Uela[anWV.
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5<51-UelaWed malignanW h\peUWheUmia VXVcepWibiliW\ iV allelic Wo cenWUal coUe diVeaVe and haV alVo been
deVcUibed aV a common caXVe of indXced and epiVodic phenoW\peV VXch aV e[eUWional Uhabdom\ol\ViV
oU peUiodic paUal\ViV, Zhich pUeVenW WhUoXghoXW life. LaWe-onVeW pUeVenWaWionV in Whe adXlWhood peUiod
highlighW UeleYance of Whe congeniWal m\opaWhieV foU adXlW neXUomXVcXlaU pUacWice.

A nXmbeU of diVWincW phenoW\peV aUe Veen in mXlWiminicoUe diVeaVe, Zhich iV moVW commonl\ caXVed b\
UeceVViYe mXWaWionV in Whe 5<51 and 6E3N1 geneV. IW haV been linked Wo dominanW mXWaWionV in Whe
gene foU beWa-m\oVin heaY\ chain pUoWein (M<H7) and aXWoVomal UeceVViYe mXWaWionV of WiWin (77N).
ReceVViYe mXWaWionV of VaWelliWe cell gene (MEGF10) aUe defined in paWienWV ZiWh eaUl\-onVeW m\opaWh\,
aUefle[ia, UeVpiUaWoU\ diVWUeVV, and d\Vphagia (EMARRD) .

CenWUal coUe diVeaVe iV pUobabl\ Whe moVW common foUm of Whe congeniWal m\opaWhieV . ReceVViYe
6E3N1-UelaWed minicoUe m\opaWh\ iV Whe Vecond moVW common coUe m\opaWh\ . The e[acW pUeYalence
of Whe condiWion iV XnknoZn. In pUeYalence VWXd\ of congeniWal m\opaWhieV in a UepUeVenWaWiYe pediaWUic
UniWed SWaWeV popXlaWion, oYeUall poinW pUeYalence of congeniWal m\opaWhieV ZaV 1 oXW of 26,000, ZiWh
mXWaWionV in 5<51 being Whe moVW common caXVe of congeniWal m\opaWhieV aW 1 oXW of 90,000 .

History

In 1956, Magee and Sh\ deVcUibed ³a neZ congeniWal nonpUogUeVViYe m\opaWh\´ chaUacWeUi]ed b\ a
diVWincWiYe micUoVcopic appeaUance on VkeleWal mXVcle biopV\ . IW ZaV Whe fiUVW UecogniWion of Whe
congeniWal m\opaWhieV, Whe diagnoViV of Zhich ZaV baVed on Whe diVWincW VWUXcWXUal oU hiVWochemical
changeV in biopVied VkeleWal mXVcle, aV a diVWincW gUoXp of diVeaVeV.

ThiV diVoUdeU ZaV When named cenWUal coUe diVeaVe , and an abVence of o[idaWiYe en]\me and
phoVphoU\laVe UeacWiYiW\ in Whe coUeV ZeUe demonVWUaWed on mXVcle biopV\ in WheVe paWienWV .

In 1971, Engel and colleagXeV deVcUibed a paWienW ZiWh mXlWiple Vmall coUeV ZiWhin mXVcle fibeUV ,
Zhich ZeUe laWeU Uenamed aV ³mXlWicoUeV,´ ³minicoUeV,´ ³focal loVV of cUoVV-VWUiaWion,´ ³WaUgeW-like
leVionV,´ and ³miniaWXUe coUeV;´ mXlWiminicoUe diVeaVe iV noZ Whe pUefeUUed WeUminolog\ .

Clinical manifestations

TheUe iV a Zide clinical VpecWUXm of coUe m\opaWhieV, ZiWh VeYeUiW\ Uanging fUom mild Wo VeYeUe.
H\poWonia, joinW la[iW\, deYelopmenWal dela\ in moWoU mileVWoneV, hip giUdle oU a[ial ZeakneVV, and
congeniWal hip d\VplaVia ma\ be among eaUl\ clinical pUeVenWaWionV. AUWhUogU\poViV UepUeVenWV Whe
VeYeUe end of Whe VpecWUXm. TheUe ma\ be a YaUiabiliW\ eYen ZiWhin Whe Vame famil\; Vome of Whe
indiYidXalV being aV\mpWomaWic and oWheUV pUeVenWing ZiWh h\peUCKemia, e[eUWional m\algia,
Uhabdom\ol\ViV oU peUiodic mXVcle VWiffneVV, and paUal\ViV (Fig. 1).
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FigXUe 1.

CenWUal coUe diVeaVe (CCD).

T\pical cenWUal coUe diVeaVe paWienWV pUeVenW ZiWh mild and V\mmeWUical ZeakneVV, h\poWonia, and
dela\ed moWoU mileVWoneV, and alWhoXgh laWe, paWienWV achieYe independenW ambXlaWion. The coXUVe iV
XVXall\ nonpUogUeVViYe oU VloZl\ pUogUeVViYe. PaWienWV pUeVenWing ZiWh VeYeUe neonaWal ZeakneVV,
aUWhUogU\poViV, and UeVpiUaWoU\ failXUe UeTXiUe eaUl\ UeVpiUaWoU\ VXppoUW and coUUecWiYe VcolioViV VXUgeU\.
MoUe VignificanW UeVpiUaWoU\ mXVcle ZeakneVV iV Veen in infanWV ZiWh UeceVViYe coUe diVeaVe .
E[WUaocXlaU mXVcleV aUe VpaUed in Whe dominanW foUmV. BecaXVe of mXVcXloVkeleWal defoUmiWieV
inclXding congeniWal hip diVlocaWion, k\phoVcolioViV, peV caYXV, peV planXV, and WhoUacic defoUmiWieV,
paWienWV aUe fUeTXenWl\ UefeUUed fUom oUWhopedic clinicV. HeaUW diVeaVe iV noW conVideUed aV a paUW of Whe
W\pical ³coUe m\opaWh\´ VpecWUXm. Some caUdiac abnoUmaliWieV deVcUibed inclXde miWUal YalYe
pUolapVe, aUUh\WhmiaV, and aV\mpWomaWic UighW bXndle bUanch block . InWelligence iV geneUall\ noUmal
in cenWUal coUe diVeaVe.

GeneWic UeVolXWion of coUe m\opaWhieV in UecenW \eaUV fXUWheU lead Wo ³mXWaWion-Vpecific´ clinical
pUeVenWaWionV and phenoW\pe-genoW\pe coUUelaWionV. AYailabiliW\ of ne[W-geneUaWion VeTXencing (NGS)
WechniTXeV lead Wo impUoYed deWecWion UaWe foU mXWaWionV and e[panded Whe clinical VpecWUXm .

CenWUal coUe diVeaVe iV aVVociaWed mainl\ ZiWh dominanW 5<51 mXWaWionV, and mXlWiminicoUe diVeaVe iV
geneWicall\ a moUe heWeUogenoXV condiWion .

DominanWl\ inheUiWed 5<51-UelaWed cenWUal coUe diVeaVe iV chaUacWeUi]ed b\ mild Wo modeUaWe mXVcle
ZeakneVV pUeVenWing fUom infanc\ Wo childhood. CongeniWal hip diVlocaWion, VcolioViV, and geneUali]ed
joinW la[iW\ aUe common. In conWUaVW Wo Whe UeceVViYe foUmV ZiWh a moUe VeYeUe clinical phenoW\pe, WheUe
iV no e[WUaocXlaU mXVcle inYolYemenW. BXlbaU, UeVpiUaWoU\, and caUdiac inYolYemenW iV Xncommon.
M\algia ma\ be pUominenW. CenWUal coUe diVeaVe WendV Wo be VWable oYeU long peUiodV ZiWh a poVVible
pUogUeVVion in adXlWhood, and dXe Wo inWUafamilial YaUiabiliW\, WheUe ma\ be a dela\ in diagnoViV .

MalignanW h\peUWheUmia iV a diVoUdeU of calciXm meWaboliVm. CenWUal coUe diVeaVe iV aVVociaWed ZiWh an
incUeaVed UiVk of malignanW h\peUWheUmia. MoVW paWienWV ZiWh malignanW h\peUWheUmia haYe noUmal
mXVcle biopV\ feaWXUeV, and leVV Whan 30% of Whe paWienWV ZiWh cenWUal coUe diVeaVe haYe malignanW
h\peUWheUmia VXVcepWibiliW\ . TZo Zell-knoZn malignanW h\peUWheUmia-UelaWed V\ndUomeV aUe King-
DenboUoXgh V\ndUome and NaWiYe AmeUican m\opaWh\ (NAM).
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The aVVociaWion beWZeen malignanW h\peUWheUmia and cenWUal coUe diVeaVe paWienWV ZaV fiUVW deVcUibed
in 1973 and haV Vince been confiUmed in man\ oWheU UepoUWV . King-DenboUoXgh V\ndUome iV
chaUacWeUi]ed b\ facial and VkeleWal d\VmoUphiVm, malignanW h\peUWheUmia VXVcepWibiliW\, and
m\opaWh\. All geneWicall\ VolYed paWienWV Wo daWe aUe dXe Wo 5<51 mXWaWionV.

NaWiYe AmeUican m\opaWh\ iV chaUacWeUi]ed b\ mild facial d\VmoUphiVm, VkeleWal abnoUmaliWieV, and
mild e[WUemiW\ ZeakneVV. All indiYidXalV Wo daWe aUe fUom LXmbee NaWiYe AmeUicanV in NoUWh
CaUolina, ZiWh UeceVViYe mXWaWionV in 67AC3, coding a pUoWein UegXlaWing e[ciWaWion-conWUacWion
coXpling 

In a UeWUoVpecWiYe cohoUW VWXd\ inclXding 277 pediaWUic and adXlW paWienWV UefeUUed foU malignanW
h\peUWheUmia and inheUiWed m\opaWhieV, 5<51 mXWaWionV ZeUe deWecWed in 77 XnUelaWed paWienWV ZiWh a
deWecWion UaWe of 28%, and e[eUWional Uhabdom\ol\ViV phenoW\pe ZaV pUominenW in WhiV DXWch VeUieV .

5<51-UelaWed malignanW h\peUWheUmia VXVcepWibiliW\ iV allelic Wo cenWUal coUe diVeaVe, and Vome paWienWV
ZiWh cenWUal coUe diVeaVe ma\ alVo haYe malignanW h\peUWheUmia VXVcepWibiliW\. E[eUWional
Uhabdom\ol\ViV and peUiodic paUal\ViV ma\ pUeVenW WhUoXghoXW life . LaWe-onVeW pUeVenWaWionV in Whe
adXlWhood peUiod highlighW UeleYance of Whe congeniWal m\opaWhieV foU adXlW neXUomXVcXlaU pUacWice (
Fig. 2).

FigXUe 2.

MXlWi-minicoUe diVeaVe.

MXlWiminicoUe diVeaVe iV a clinicall\ heWeUogeneoXV diVoUdeU. FoXU majoU clinical VXbgUoXpV aUe
Uecogni]ed . CoUe phenoW\pe dXe Wo 6E3N1-UelaWed m\opaWhieV can be defined aV pUedominanW a[ial
ZeakneVV, eaUl\ Vpinal UigidiW\, VcolioViV, and UeVpiUaWoU\ inYolYemenW. TheUe iV a diVpUopoUWion beWZeen
a[ial and VkeleWal mXVcle ZeakneVV. ThiV iV Whe moVW common (appUo[imaWel\ 75% of all caVeV)
³claVVic´ foUm, Zhich pUeVenWV in Whe neonaWal peUiod oU fiUVW \eaU of life. AffecWed infanWV aUe h\poWonic
and Zeak and haYe dela\ed moWoU deYelopmenW. Some childUen haYe aVVociaWed congeniWal
abnoUmaliWieV VXch aV clefW palaWe, diVlocaWed hipV, oU aUWhUogU\poViV . Ph\Vical e[aminaWion UeYealV
geneUali]ed h\poWonia, joinW h\peUla[iW\, and aVWhenic phenoW\pe ZiWh decUeaVed mXVcle bXlk. ShoUW
VWaWXUe and failXUe Wo WhUiYe aUe common in childUen ZiWh VignificanW ZeakneVV. InWelligence iV noUmal.
WeakneVV in Whe claVVic foUm iV pUedominanWl\ a[ial. The neck fle[oUV aUe XVXall\ Whe moVW affecWed
mXVcleV, ZiWh pooU oU abVenW head conWUol in infanc\ being chaUacWeUiVWic of WhiV diVoUdeU. TheUe iV mild
Wo modeUaWe ZeakneVV of Whe pUo[imal limb mXVcleV. Facial ZeakneVV iV common bXW of YaUiable
VeYeUiW\, ZheUeaV Whe e[WUaocXlaU mXVcleV aUe VpaUed. The deep Wendon Uefle[eV aUe abVenW oU
diminiVhed. E[WUemiW\ ZeakneVV ma\ be VWaWic oU VloZl\ pUogUeVViYe oU ma\ eYen appeaU Wo impUoYe
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VlighWl\ ZiWh incUeaVing age. PaUaVpinal UigidiW\ and k\phoVcolioViV fUeTXenWl\ lead Wo eaUl\-UeVWUicWiYe
UeVpiUaWoU\ d\VfXncWion ZiWh pUogUeVViYe UeVpiUaWoU\ inVXfficienc\, Zhich ma\ be Uapid in onVeW.
WeakneVV and Vpinal defoUmiW\ aUe XVXall\ VWaWic afWeU adoleVcence. BecaXVe limb ZeakneVV iV ofWen
UelaWiYel\ mild, moVW paWienWV aUe ambXlanW Zell inWo adXlWhood, eYen in Whe pUeVence of VignificanW
UeVpiUaWoU\ compUomiVe. Up Wo WZo WhiUdV of paWienWV ZiWh Whe claVVic foUm of minicoUe diVeaVe deYelop
UeVpiUaWoU\ inVXfficienc\ in laWe adoleVcence oU eaUl\ adXlWhood . CaUdiac inYolYemenW iV XVXall\ in Whe
foUm of coU pXlmonale VecondaU\ Wo UeVpiUaWoU\ inVXfficienc\, UaWheU Whan pUimaU\ m\ocaUdial
inYolYemenW. AboXW 50% of caVeV of ³claVVic´ mXlWiminicoUe diVeaVe aUe caXVed b\ UeceVViYe mXWaWionV
in Whe 6E3N1 gene .

The modeUaWe foUm of mXlWiminicoUe diVeaVe ZiWh hand inYolYemenW iV UelaWiYel\ UaUe (feZeU Whan 10%
of all caVeV) and iV chaUacWeUi]ed b\ UelaWiYel\ mild diVWal ZeakneVV of Whe XppeU limbV ZiWh hand
am\oWUoph\ and maUked joinW h\peUla[iW\. The loZeU e[WUemiWieV aUe mildl\ affecWed ZiWh pUo[imal
pelYic giUdle ZeakneVV. ScolioViV and UeVpiUaWoU\ inYolYemenW aUe minimal oU abVenW .

FeZeU Whan 10% of caVeV of mXlWiminicoUe diVeaVe aUe of Whe ophWhalmoplegic foUm, in Zhich WheUe iV
e[WeUnal ophWhalmoplegia in addiWion Wo pUo[imal limb ZeakneVV . ThiV foUm of minicoUe diVeaVe ma\
be aVVociaWed ZiWh UeceVViYe mXWaWionV in 5<51 .

TheUe iV a hXge phenoW\pic YaUiabiliW\ in mXlWiminicoUe diVeaVe. SpaniVh kindUedV ZiWh a dominanWl\
inheUiWed diVWal m\opaWh\ ZiWh ZeakneVV of Whe gUeaW Woe and ankle doUVifle[oUV and ofWen aVVociaWed
neck fle[oU, fingeU e[WenVoU, and mild facial ZeakneVV ZeUe foXnd Wo haYe minicoUe m\opaWh\ caXVed
b\ Whe common mXWaWion in Whe M<H7 (beWa-m\oVin heaY\ chain pUoWein) gene, Zhich iV moUe
commonl\ knoZn Wo caXVe Laing diVWal m\opaWh\ . A UepoUW deVcUibed 2 kindUedV ZiWh minicoUe
diVeaVe caXVed b\ dominanW mXWaWionV in M<H7, pUeVenWing in childhood ZiWh pUo[imall\ pUedominanW
ZeakneVV ZiWh pUogUeVVion in adXlWhood Wo diVWal ZeakneVV and dilaWed caUdiom\opaWh\ .

ReceVViYe mXWaWionV of a VaWelliWe cell gene (MEGF10) aUe alVo implicaWed in mXlWicoUe diVeaVe .
Clinical phenoW\pe iV chaUacWeUi]ed b\ eaUl\-onVeW m\opaWh\, aUefle[ia, UeVpiUaWoU\ diVWUeVV, and
d\Vphagia (EAMRDD).

In 2015, a Vingle caVe ZiWh a VeYeUe congeniWal m\opaWh\, ophWhalmoplegia, and UeceVViYe YaUianWV in
Whe gene encoding Whe alpha-1 VXbXniW of Whe dih\dUop\Uidine UecepWoU (CACNA16) iV deVcUibed .

AW Whe beginning of 2020, 75I34 mXWaWionV leading Wo loVV of Whe coacWiYaWoU pUoWein ASC1, Zhich
diUecW bindV Wo WUanVcUipWion facWoUV, haYe been VhoZn Wo caXVe mXlWiminicoUe diVeaVe ZiWh a
conWUacWXUal phenoW\pe .

Prognosis and complications

The coXUVe iV VWaWic oU VloZl\ pUogUeVViYe in moVW cenWUal coUe diVeaVe paWienWV. InYolYemenW of Whe
UeVpiUaWoU\ mXVcleV ma\ be of inVidioXV onVeW and ma\ Uemain VXbclinical XnWil XnmaVked b\
inWeUcXUUenW illneVV oU aneVWheVia. LXng fXncWion VhoXld be moniWoUed ZiWh VeUial pXlmonaU\ fXncWion
WeVWV, and ZheUe indicaWed, pol\VomnogUaph\. CaUdiac complicaWionV aUe Xncommon, bXW baVeline
elecWUocaUdiogUaph\ and echocaUdiogUaph\ aUe appUopUiaWe in moVW caVeV of VXVpecWed m\opaWh\.
ChildUen VhoXld be moniWoUed foU Whe deYelopmenW of VcolioViV and oWheU VkeleWal defoUmiWieV . Man\
paWienWV ZiWh cenWUal coUe diVeaVe aUe aW UiVk of deYeloping malignanW h\peUWheUmia dXUing a geneUal
aneVWheWic. AV Whe fiUVW e[poVXUe Wo WUiggeU VXbVWanceV eliciWV an eYenW in onl\ 50% of malignanW
h\peUWheUmia VXVcepWibiliW\ paWienWV, a pUeYioXV hiVWoU\ of WoleUance of halogenaWed aneVWheWic agenWV oU
depolaUi]ing mXVcle Uela[anWV doeV noW gXaUanWee WhaW WheVe agenWV can be XVed Vafel\ in fXWXUe
aneVWheWicV. AppUopUiaWe aneVWheWic pUecaXWionV VhoXld be Waken in all inVWanceV .
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MinicoUe m\opaWh\ folloZV a YaUiable coXUVe. In man\ paWienWV, Whe condiWion UemainV benign ZiWh
VWaWic oU VloZl\ pUogUeVViYe ZeakneVV of Whe e[WUemiWieV and UeWenWion of independenW mobiliW\. In
Vome, Vpinal UigidiW\ becomeV a clinicall\ pUedominanW feaWXUe in laWe childhood oU adoleVcence. SeYeUe
pUogUeVViYe VcolioViV iV appaUenW in a minoUiW\. SXUgical fi[aWion of Whe Vpine iV UeTXiUed in moVW VXch
caVeV. MinoU conWUacWXUeV of Whe elboZV, kneeV, and hipV ma\ deYelop afWeU infanc\ and aUe geneUall\
amenable Wo ph\VioWheUap\.

PUogUeVViYe VcolioViV oU UeVpiUaWoU\ inVXfficienc\ iV Veen in Xp Wo WZo WhiUdV of paWienWV ZiWh Whe
³claVVic´ foUm of mXlWiminicoUe diVeaVe, alWhoXgh Whe abiliW\ Wo Zalk independenWl\ iV ofWen pUeVeUYed
eYen in adXlWV ZiWh UeVpiUaWoU\ failXUe. TheUe iV a maUked diVcUepanc\ beWZeen pUofoXnd UeVpiUaWoU\
impaiUmenW and pUeVeUYed ambXlaWion . MoUWaliW\ fUom mXlWiminicoUe diVeaVe iV XVXall\ UelaWed Wo
complicaWionV of UeVpiUaWoU\ diVeaVe. MoUWaliW\ UelaWed Wo caUdiac inYolYemenW iV Xncommon bXW haV
occaVionall\ been UepoUWed .

Pathogenesis

CenWUal coUe diVeaVe iV caXVed b\ mXWaWionV in Whe 5<51 gene on chUomoVome 19T13.1. The 5<51 gene
encodeV a pUoWein pUodXcW, Whe calciXm UeleaVe channel U\anodine UecepWoU (R\R1), Zhich iV highl\
e[pUeVVed in VkeleWal mXVcle VaUcoplaVmic UeWicXlXm, B l\mphoc\WeV, and l\mphoblaVWoid cellV .

The 5<51 gene iV laUge (conWaining 106 e[onV), UendeUing genoW\pe-phenoW\pe coUUelaWion difficXlW.
MXWaWionV in Whe U\anodine gene can be idenWified in moUe Whan 90% of paWienWV ZiWh cenWUal coUe
diVeaVe Zhen all paUWV of Whe 5<51 aUe caUefXll\ VeTXenced . MXWaWionV caXVing cenWUal coUe diVeaVe
and malignanW h\peUWheUmia clXVWeU Wo 3 UegionV of Whe 5<51 gene. AppUo[imaWel\ 50% of paWienWV ZiWh
clinical eYidence of a m\opaWh\ and cenWUal coUeV on mXVcle biopV\ haYe a mXWaWion in Uegion 3 in
e[onV 93 Wo 104 of 5<51 . ReceVViYe 5<51 mXWaWionV ma\ caXVe a maUked decUeaVe in VaUcoplaVmic
UeWicXlXm calciXm UeleaVe dXUing e[ciWaWion-conWUacWion coXpling .

CenWUal coUe diVeaVe haV WUadiWionall\ been UegaUded aV an aXWoVomal dominanW diVeaVe ZiWh YaUiable
peneWUance. De noYo mXWaWionV aUe UelaWiYel\ common . The neZ mXWaWion UaWe iV eVWimaWed Wo be
aboXW 10%.

AXWoVomal UeceVViYe inheUiWance of cenWUal coUe diVeaVe haV been Uecogni]ed in a nXmbeU of familieV
. ReceVViYe cenWUal coUe diVeaVe linkV Wo 5<51 bXW demonVWUaWeV moUe clinical and paWhologic

heWeUogeneiW\ Whan WhaW iV Veen ZiWh dominanW inheUiWance. PUoWein e[pUeVVion VWXdieV YaUiabl\ VXggeVW a
coUUelaWion beWZeen Vpecific mXWaWionV, pUoWein leYelV, and phenoW\pe. ReceVViYe coUe diVeaVe ma\ be
moUe common Whan haV pUeYioXVl\ been Uecogni]ed.

The paWhological hallmaUk of cenWUal coUe diVeaVe iV Whe pUeVence of Zell-demaUcaWed coUeV (UoXnd oU
oYal Vhaped UegionV ZiWhin a mXVcle fibeU WhaW lack o[idaWiYe en]\me acWiYiW\ on hiVWochemical VWainV)
ZiWhin W\pe 1 mXVcle fibeUV (Fig. 3). TheUe iV XVXall\ W\pe 1 fibeU pUedominance, Zhich ma\ be moVW
maUked in WhoVe ZiWh 5<51 mXWaWionV aW Whe C-WeUminal . CoUeV XVXall\ e[Wend along moVW oU all of
Whe lengWh of Whe fibeU. TheUe ma\ be 1 oU moUe coUeV ZiWhin a fibeU. AlWhoXgh Whe biopV\ ma\ VhoZ
oWheU m\opaWhic feaWXUeV VXch aV fibeU Vi]e YaUiabiliW\, incUeaVed inWeUnal nXclei, and fibeU VpliWWing, Whe
pUeVence of coUeV aV Whe pUedominanW paWhological feaWXUe in Whe biopV\ eVWabliVheV Whe diagnoViV of
cenWUal coUe diVeaVe. NecUoViV and VignificanW fibeU UegeneUaWion aUe Xncommon, bXW e[WenViYe fibUoViV
and faWW\ infilWUaWion aUe Veen occaVionall\ .
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FigXUe 3.

CenWUal coUe diVeaVe mXVcle biopV\ findingV (coXUWeV\ of DU. BeUil Talim), NADH VWaining.

CoUeV ma\ be cenWUall\ oU eccenWUicall\ placed and, in a minoUiW\ of caVeV, ma\ UeVemble minicoUeV,
UaiVing Whe poVVibiliW\ of Whe VepaUaWe bXW UelaWed diVoUdeU minicoUe m\opaWh\, Zhich iV geneUall\
aXWoVomal UeceVViYe in inheUiWance. In VXch caVeV, micUoVcopic eYalXaWion of cUoVV VecWionV ma\ noW
diVWingXiVh beWZeen cenWUal coUe diVeaVe and mXlWiminicoUe diVeaVe, ZheUeaV longiWXdinal VecWionV
UeYeal Whe coUeV of cenWUal coUe diVeaVe Wo UXn Whe Zhole lengWh of Whe fibeU (Fig. 4). ThoVe of
mXlWiminicoUe diVeaVe aUe XVXall\ VhoUWeU and aUe Veen in boWh W\pe 1 and W\pe 2 fibeUV. DiagnoViV iV
alVo difficXlW in Whe Vmall nXmbeU of paWienWV ZhoVe mXVcle biopV\ demonVWUaWeV XnifoUmiW\ of W\pe 1
fibeUV ZiWhoXW coUeV. ThiV enWiW\, noZ knoZn aV congeniWal neXUomXVcXlaU diVeaVe ZiWh XnifoUm W\pe 1
fibeU and 5<51 mXWaWion (CNMDU1), iV caXVed b\ mXWaWionV in 5<51 in 40% of caVeV .

FigXUe 4.

MXlWiminicoUe diVeaVe biopV\ findingV (coXUWeV\ of DU. BeUil Talim), NADH VWaining.

DeVmin (an inWeUmediaWe filamenW pUoWein foXnd in mXVcle fibeUV) UeacWiYiW\, deWecWed b\ an indiUecW
immXnoflXoUeVcence aVVa\, iV abnoUmal in coUeV . AccXmXlaWionV of deVmin aUe Veen in man\ oWheU
m\opaWhieV. M\oWilin, a Z-diVc pUoWein WhaW bindV alpha-acWinin, gamma-filamin, and F-acWin, iV alVo
pUeVenW in cenWUal coUeV . ImmXnoc\WochemiVWU\ iV helpfXl in demonVWUaWing coUeV bXW VhoZV no oWheU
Vpecific abnoUmaliWieV in cenWUal coUe diVeaVe .

ElecWUon micUoVcopic e[aminaWion of coUeV VhoZV an abVence of miWochondUia, Whe anaWomical coUUelaWe
Wo Whe loVV of o[idaWiYe en]\me acWiYiW\ in hiVWochemical UeacWionV .

MXVcle MRI ma\ help Wo define diVWincW paWWeUn of inYolYemenW and can be XVed aV a poWenWial
biomaUkeU foU diVeaVe VeYeUiW\ in neXUomXVcXlaU condiWionV .
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SelenopUoWein N, a gl\copUoWein, locali]eV Wo Whe endoplaVmic UeWicXlXm and iV foXnd aW loZ leYelV in
YiUWXall\ all bod\ WiVVXeV. SelenopUoWein N mXWaWionV haYe alVo been implicaWed in m\ogeneViV, ZiWh
ZoUk VXggeVWing a poVVible Uole in mXVcle VaUcomeUic oUgani]aWion and m\ofibeU aWWachmenW . 6E3N1
mXWaWionV caXVe 40 Wo 50% of caVeV of claVVic minicoUe m\opaWh\ .

MXWaWionV in 2 geneV aUe UeVponVible foU appUo[imaWel\ 50% of caVeV of minicoUe diVeaVe. In a VWXd\
fUom IWal\, mXWaWionV of 6E3N1 UepUeVenWed 6% of congeniWal mXVcXlaU d\VWUoph\ paWienWV .

ReceVViYe mXWaWionV in Whe gene foU 6E3N1 accoXnW foU 30% of all mXlWiminicoUe diVeaVe and UepUeVenW
40 Wo 50% of all ³claVVic´ foUm (20). Homo]\goXV mXWaWionV of Whe Vame gene ZeUe oUiginall\
deVcUibed in congeniWal mXVcXlaU d\VWUoph\ ZiWh Uigid Vpine (Uigid Vpine mXVcXlaU d\VWUoph\) , an
enWiW\ WhaW iV noZ felW Wo UepUeVenW VeYeUe ³claVVic´ minicoUe m\opaWh\ pUeVenWing in eaUl\ childhood .

MinicoUe m\opaWh\ iV deVcUibed in VXbjecWV ZiWh mXWaWionV in M<H7, a gene foU beWa-m\oVin heaY\
chain pUoWein XVXall\ aVVociaWed ZiWh Laing diVWal m\opaWh\ . WeakneVV in VXch caVeV ma\ be of
childhood oU adXlW onVeW, ma\ be pUo[imall\ oU diVWall\ pUedominanW, and ma\ be aVVociaWed ZiWh an
adXlW-onVeW caUdiom\opaWh\.

Diagnostic work-up

The WUadiWional appUoach Wo Whe diagnoViV of a congeniWal m\opaWh\ iV combining deWailed clinical and
famil\ hiVWoU\ ZiWh ph\Vical e[aminaWion findingV in oUdeU Wo Uecogni]e clXeV Wo claUif\ a phenoW\pe.
The InWeUnaWional SWandaUd of CaUe CommiWWee foU CongeniWal M\opaWhieV pUoYideV a diagnoVWic
appUoach and highlighWV Whe facW WhaW oWheU Whan mXVcle biopV\ inYeVWigaWionV aUe UaUel\ Vpecific foU
congeniWal m\opaWhieV bXW aUe Zidel\ XVed Wo e[clXde oWheU poVVible diagnoVeV. EYalXaWion of mXVcle
biopV\ iV impoUWanW; hoZeYeU, one VhoXld alVo keep in mind Whe oYeUlap and moUphological
abnoUmaliWieV Veen in WheVe condiWionV, maUked YaUiabiliW\ in WheiU clinical pUogUeVVion, and VeYeUiW\ .

SeUXm cUeaWine kinaVe iV XVXall\ noUmal oU mildl\ eleYaWed.

ElecWUom\ogUaph\ (EMG) and neUYe condXcWion VWXdieV (NCS) aUe XVefXl Wo e[clXde deneUYaWion
diVoUdeUV. EMG iV W\picall\ noUmal oU VhoZV m\opaWhic feaWXUeV, ZiWh VhoUW-dXUaWion, Vmall-ampliWXde,
pol\phaVic moWoU XniW poWenWialV.

MXVcle imaging (XlWUaVonogUaph\ and MRI) ma\ be XVefXl in diagnoViV demonVWUaWing a chaUacWeUiVWic
paWWeUn of VelecWiYe mXVcle inYolYemenW, Zhich ma\ be XVed in conjXncWion ZiWh clinical feaWXUeV Wo
gXide geneWic WeVWing. MXVcle biopV\ and anal\ViV of mXVcle hiVWolog\, hiVWochemiVWU\,
immXnohiVWochemiVWU\, and XlWUaVWUXcWXUe b\ lighW and elecWUon micUoVcop\ (EM) haYe been Whe
mainVWa\ of Ueaching Whe diagnoViV of a Vpecific foUm of congeniWal m\opaWhieV .

FUom a feZ laboUaWoUieV ZoUldZide offeUing diagnoVWic mXWaWional VcUeening, WheUe iV a VhifW in
paUadigm, fUom inYaViYe pUocedXUeV Wo Whe neZ eUa of NGS VWUaWegieV . CoVW-effecWiYeneVV and
incUeaVing aYailabiliW\ of WheVe WechniTXeV in diffeUenW cenWeUV giYe Whe oppoUWXniW\ Wo diUecWl\ peUfoUm
molecXlaU anal\ViV.

DiagnoVWic ZoUk-Xp finall\ inclXdeV molecXlaU geneWic WeVWing. In a paWienW ZiWh a phenoW\pe conViVWenW
ZiWh coUe m\opaWh\ fiUVW 5<51 mXWaWionV, minicoUe m\opaWh\ fiUVW 6E3N1 mXWaWionV and Vecond 5<51
mXWaWionV VhoXld be VcUeened. In caVe of aVVociaWed caUdiom\opaWh\, M<H7 and 77N anal\ViV iV
Uecommended .

Whole-e[ome VeTXencing and Zhole-genome VeTXencing appUoacheV, ZheUeYeU aYailable, ma\ help
diagnoViV in a coVW-effecWiYe Za\ .
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CoUe elemenWV of WUeaWmenW inclXde ph\Vical WheUap\, oUWhopedic inWeUYenWionV, managemenW of
UeVpiUaWoU\ complicaWionV, and feeding pUoblemV.

InYolYemenW of Whe UeVpiUaWoU\ mXVcleV ma\ be of inVidioXV onVeW and ma\ Uemain VXbclinical XnWil
XnmaVked b\ inWeUcXUUenW illneVV oU aneVWheVia. ReVpiUaWoU\ fXncWion VhoXld be moniWoUed ZiWh VeUial
pXlmonaU\ fXncWion WeVWV, and ZheUe indicaWed, Vleep VWXdieV.

CaUdiac complicaWionV aUe Xncommon in cenWUal coUe diVeaVe, bXW baVeline elecWUocaUdiogUaph\ and
echocaUdiogUaph\ aUe appUopUiaWe in moVW caVeV .

ChildUen VhoXld be moniWoUed foU Whe deYelopmenW of VcolioViV and oWheU VkeleWal defoUmiWieV. ScolioViV
ma\ deYelop TXickl\ and ma\ be of a VeYeUiW\ diVpUopoUWionaWe Wo WhaW of limb ZeakneVV. CongeniWal
diVlocaWion and d\VplaVia of Whe hip UeTXiUe oUWhopedic WUeaWmenW. Gamble and colleagXeV UepoUWed a
higheU nXmbeU of WUeaWmenW failXUeV and hip conWUacWXUeV afWeU VXUgeU\ in childUen ZiWh cenWUal coUe
diVeaVe Whan in oWheU m\opaWhieV .

BecaXVe malignanW h\peUWheUmia VXVcepWibiliW\ iV common in cenWUal coUe diVeaVe, all paWienWV VXbjecWed
Wo geneUal aneVWheVia UeTXiUe pUeopeUaWiYe aneVWheWic conVXlWaWion and planning Wo enVXUe WhaW a
nonWUiggeUing aneVWheWic WechniTXe iV XVed. IndiYidXalV ZiWh mXlWiminicoUe diVeaVe aUe XVXall\ able Wo
caUe foU WhemVelYeV in all acWiYiWieV of dail\ life. Schooling iV XnaffecWed. A Uegime of ph\Vical WheUap\
ZheUein mXVcle VWUengWh iV mainWained, and Uange of moWion pUeVeUYed iV geneUall\ appUopUiaWe. MinoU
conWUacWXUeV of Whe elboZV, kneeV, and hipV ma\ deYelop afWeU infanc\ and ma\ UeVpond Wo ph\Vical
WheUap\ oU VplinWing. SXUgical UeleaVe iV UaUel\ neceVVaU\.

One VWXd\ e[amined Whe effecW of ValbXWamol, a beWa-2 agoniVW, on effecW on mXVcle VWUengWh in cenWUal
coUe and minicoUe diVeaVe. FiYe childUen ZiWh minicoUe m\opaWh\ (aYeUage age 13.6 \eaUV) UeceiYed 2
mg ValbXWamol oUall\ 4 WimeV a da\ foU 6 monWhV. One VWopped Whe medicaWion becaXVe of WUemoUV and
palpiWaWionV. The oWheU 4 compleWed 6 monWhV of WheUap\, aW Whe end of Zhich, Whe\ UepoUWed impUoYed
VWamina and had a Vmall bXW VignificanW impUoYemenW in VWUengWh meaVXUed b\ m\omeWU\ and MRC
VcoUeV, and in WheiU YiWal capaciW\, UelaWiYe Wo baVeline .

The 2 majoU complicaWionV of mXlWiminicoUe diVeaVe aUe Whe deYelopmenW of pUogUeVViYe k\phoVcolioViV
and pUogUeVViYe deWeUioUaWion of UeVpiUaWoU\ fXncWion. MoniWoUing of Vpinal gUoZWh iV impoUWanW,
eVpeciall\ dXUing gUoZWh VpXUWV. GiYen Whe poVVibiliW\ of ³malignanW´ k\phoVcolioViV, iW iV adYiVable Wo
obWain a VXUgical opinion aV Voon aV k\phoVcolioViV becomeV eYidenW, and eaUl\ Vpinal opeUaWion VhoXld
be conVideUed in WhoVe ZiWh pUogUeVViYe UeVpiUaWoU\ inYolYemenW . The poVVible pUediVpoViWion Wo
malignanW h\peUWheUmia VhoXld be kepW in mind in all paWienWV ZiWh mXlWiminicoUe diVeaVe .

ReVpiUaWoU\ fXncWion VhoXld be moniWoUed in all affecWed childUen, bXW eVpeciall\ WhoVe ZiWh VignificanW
VcolioViV and Vpinal UigidiW\. The degUee of UeVpiUaWoU\ inVXfficienc\ Veen in minicoUe diVeaVe iV ofWen
diVpUopoUWionaWe boWh Wo Whe e[WenW of peUipheUal ZeakneVV and Wo Whe VeYeUiW\ of VcolioViV, and in WhoVe
ZiWh VignificanWl\ diminiVhed UeVeUYe, WheUe iV poWenWial foU life-WhUeaWening decompenVaWion of
UeVpiUaWoU\ fXncWion ZiWh inWeUcXUUenW illneVV. Pol\VomnogUaphic eYalXaWion VhoXld alVo be XndeUWaken
in oUdeU Wo eYalXaWe foU VXbclinical nocWXUnal h\poYenWilaWion.

EYalXaWion of caUdiac fXncWion, in Whe foUm of a clinical aVVeVVmenW, ECG, and echocaUdiogUam, VhoXld
be XndeUWaken aW baVeline and in paWienWV ZiWh pUogUeVViYe VkeleWal ZeakneVV oU UeVpiUaWoU\
inVXfficienc\. CaUdiac inYolYemenW in mXlWiminicoUe diVeaVe iV moVW commonl\ in Whe foUm of coU
pXlmonale aV a VeTXela of pUogUeVViYe UeVpiUaWoU\ failXUe, bXW occaVional caVeV haYe been aVVociaWed
ZiWh pUimaU\ caUdiom\opaWh\ .
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