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Classification of carotid atherosclerotic plaque components using T2 mapping
technique from magnetic resonance imaging
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Abstract

Introduction: Vulnerable plaque or soft plaque potentially increases risk of stroke. Accurate plaque
characterization is a demand for treatments. To date, magnetic resonance imaging (MRI) using multi-
weighted images, T1 weighted (T1W), T2 weighted (T2E), and proton density weighted (PDW), is one of the
best available tools. Due to the spin-spin relaxation property, different tissues reveal differences of T2s. We
proposed T2 mapping for analysis plaque components, and to examine the possibility of using T2 mapping
for carotid atherosclerotic plaque characterization.

Materials and methods: The 1.5 Tesla Philips, Acheiva Nova Dual, MRI scanner was employed to this study.
T2 mapping images of a phantom made from 4 types of tissues were compared with T1W, T2W, and PDW
images in term of accuracy. The comparisons were also performed on 4 different specimens and 8 volunteers
diagnosed with carotid atherosclerosis. Axial images were acquired along the length of the phantoms with
a scanning protocol including Spin echo-multi-echoes pulse sequence at 8 echo time (8TEs) from 15 ms. to
120 ms, inter-echo time 15 ms, field of view (FOV) 140x140 mm., matrix size 200x219, flip angle 90 degree,
number of signal average (NSAs) 4, repetition time (TR) 1,333 ms, and slice thickness 3 mm. For the 8
human volunteers, axial images were acquired at the narrowest stenosis of the carotid artery with a scanning
protocol slightly modified from that of the phantoms to suit for human scanning. The axial images from the
8 TEs were fit for T2 in each pixel with a simple mono-exponential model for generating T2 mapping. The
accuracy of the images at the same location between the T2 mapping and the 3 weighted images were
compared.

Results: The results from 4 known types of tissues showed that 4 major groups of tissues were classified
with T2 mapping. Each group of the classification has a frequency over 60% of the maximum frequency,
while T1W, T2W and PDW images were classified with intensity contrast into 2, 2 and 3 groups, respectively.
However, the study in the specimen phantoms and the human volunteers were not validated due to little
concordance of slice location between the images and those of the pathology section.

Conclusions: The T2 mapping showed more accurate classification in known types of tissue phantom
compared to those of the T1W, T2W and PDW. However, the study in humans may need further study.
Bull Chiang Mai Assoc Med Sci 2014, 47(1): 37-44

Keywords: atherosclerotic plaque, plaque characterization, soft plaque, vulnerable plaque, T2 mapping

Bull Chiang Mai Assoc Med Sci Vol. 47 No. 1 January 2014 37



uni: urnlydusilagen (vulnerable plague) ummLamaaﬂmlﬁLﬂ@Iﬁﬂ%aa@Laa@awaa (stroke) mmnﬂ@]aﬂu
nsugnysznnusulyiudsdanudniuagig Bysiansinmn imuumnumﬂ@ slFmwiBuans dunwimiin T1,
T2 Wz proton density Lﬂmﬁmmmwm LuaamnLuamamwu@ﬂummauuwaa T2 relaxation @19iu Gavin
ﬂmwmamavl,mauaﬂﬁlmmwuwmm T2 lumeAensimamlsenavaewiwlafuussdafnundsanudhlle
W mmasien T2 (T2 mapping) LwaﬁnLmnmuﬂimaumﬂluLquvlmuuluwﬂas lsanaaniiaauaianlsfauds
fanuruladn (carotid atherosclerotic plaque)

[

aammﬁﬁmﬁ%’a- I%Lﬂ%;aum’maﬁumimﬁﬂvlmlﬁ’] 1.5 t(M&A1 (1.5 Tesla, Achieva nova dual Philips) aﬁ”ﬂdmwuwuﬁ
A1 T2 L‘Llismmsmﬂum‘w T1 weighted (T1W), T2 welghted (T2W) Las Proton Density Weighted (PDW) ﬁl’m"wu,
ﬁ]’laamai’lwumnmama 4 1ia 'ﬂumaadmamammmm“uamwu‘huummu 4 mamma%ummawmwﬂ’m
L‘]_]%Iiﬂ%aaﬂLaa@]LL@]Gﬂ’IIﬁ(ﬂﬂLL‘lJ\‘l(ﬂ’Jﬁ]’mLLNuVL‘llﬁJu (carotid atherosclerotic plaque) 31%43% 8 318 mmimwmwm’m
S‘“mummw@aa@m’mm’a“uamumaaamaa\‘l"nuﬂmﬂmﬂummu spin echo-multi-echoes pulse sequence "n 8
echo time (8 TEs) mLL@l 15 Fad3wfl 9 120 FafIwf nanszninudasiaalawinny 15 Safiwf Auiinsuas
L#A% (field of view, FOV) 140x140 Maamm AR LBUANIW (matrix size) 200x219 mma\‘imiﬂi”@ml,mmuvl,msﬁ“ﬁu
(flip angle) 90 83N Lﬂuammﬂmm ammmaﬂaﬂid (4 number of signal average, NSAs) L’Jaﬂumimmwm (repetition
time, TR) 1,333 Jadawi LLam’J’m%u’mamVla@ (slice thickness) 3 AARLUAT slummaumm 8 318 RIWNINAY
iwmumﬂm%‘i“ﬂad%aaﬂLaémLmeI‘smmnmwummumummmu‘lmm (ﬂ’lEJL“nﬂuﬂ‘YllﬂaLﬂmﬂuIﬂﬂ‘]_]i‘UL‘WEJG‘LI’N
wAeasliinan: auﬂumiﬂﬂwﬂuuuw Tnmwenuszmnudaufilaan 8 TEs anilawnein (curve-ftting) luuuy
simple mono- exponentlal Lwaa‘n\umuﬂm T2 lagmsunuen T2 luﬂﬂej WﬂLsﬁauumwvlvl,ﬂmnmivmmmw LAz
mWLLanm T2 wvl,@ﬂﬂLi_lsm_lmwﬂum’mnﬂ@adnumwm 3 weighted images ﬂ@l’nmmmmﬂu

]
=

NAN13398: Naﬂ’ﬁﬂﬂﬂﬂ%ﬁu%ﬂﬂa\‘]‘Y]&IL%aLUa 4 19a WU'J']J’]']‘INLLNWVI@W T2 ﬁ']&l"liﬂ%']LL%ﬂ’ﬁ%ﬂL%aLﬂaﬂaﬂvL@Lﬂ%
4 ﬂﬂ&ll‘ﬁmI@ﬂ‘ﬂLL@]ﬁ nauummmnmu 60 Lﬂaimumaammnmaﬂlummmmw TAW uae T2W @1anuiduwad
WﬂL‘EﬂU%ﬂ"]W%WLL%ﬂ%%@]L%QLEJEIQQT']VL@]LWEI\‘] 2 ﬂammmwnmu 60 Lﬂail,‘ﬁ%@ma\‘]ﬂ']'mnﬁdﬁ@] haz PDW 41410
ﬁu@mamaaaﬂvlmﬂu 3 ﬂﬂll meiﬂﬂmhwumammam\iaammmuaﬂummaumwa"numaLLawmwmumiLﬂu
ﬂ%ﬂw@’ll,m%\‘]ﬂuﬁ]\‘]vl,llﬁ'm’]iﬂU%U%ﬂ?ﬂwgﬂ@]a\‘]’ﬂa%ﬂﬂ%ﬂiﬂ

ﬂiﬂﬂa ﬂ'lii]']LL‘l«l:ﬂ“ﬁ%(ﬂ’UﬂﬂL%aLﬂa@nEJI]'IWLLN%‘Y]F]’] T2 &Jﬂ??&lﬂﬂ@]ﬂdﬂ’)?ﬂﬂil‘ﬁ.ﬂ']w%']ﬂ 3 Welghted images
‘ﬂ’]ﬂﬂ’ﬁﬂﬂ‘l&ﬂl%%%?ﬂ’]ﬂﬂdﬂ‘/]'i’]u’ﬁu@]“ﬂE]\‘iLuE]LUE] Lmsl,ummaummﬂuwﬂam’sam‘s"lmumiﬂﬂwnwmm
?’)7@"]7!Wﬂ%ﬂﬂ’)?LtWWﬂL“EUJZW?J 2557, 47(1): 37-44

AW atherosclerotic plaque, plaque characterization, soft plaque, vulnerable plaque, T2 mapping

unun

Tsansaaidoauasudsiranudwluiu (plague) 59
muluanadsznaumeludu 1Rea wia vmﬂumu‘lﬁmuﬂ
\anunaaaliaauaianlsda (carotid artery) VS
Arnoluurwluiuarad wlevsunwluTursias au
(vulnerable plaque)®* uazunuluiuaiauds (burden
plaque)®® wewluTusiaudafinannmsazanvad luaiwly
wmmamaamuﬂmmVLﬂLﬂuﬁuﬂumesmu (calcification)
FnnseaiSentiirhimszdnrudostaslumsiaun
gnadulsanasaifiensussniaion Tl
FUadan (vulnerable plaque) mﬂ?ﬂaummmu"lmwm
LNUNANILUEIAN8 (lipid rich necrotic core, LRNC) Waliea

38  sasnadiemIwwngBoalng

uasfiunsndaluusinludiu (intraplaque hemorrhage) waz
dense fibrous tissue (Huds wriwlusuriaiduriafd
é’umwmm:ﬁmwL'f%'mgaﬁaa:Lﬁ@miﬂ%l,mnuanﬂummq
maamsq@é’umaamamﬁa@hUé.fuwé'ul,m:l,ﬁdimi'mS]
AN 16 1T 13a7RaaLaRNBITIALREA ANLBATIV ML
Suwna udu? dain mianamaudsznounsl
wrinlvdusfindaudsfuszlomddagiinuasnsnunm
M wesmmdetiann whsalefltlumsariam
m?qwumawaamaamnmmﬂwu‘l,uﬁquuu laun
1A38988A3TING (ultrasound, U/S) LaTadtanalye
AauRILADT (computed tomography, CT) Lm:m%‘m
LNTLITITUURADALH BN (digital subtraction angiography,

o

U9 47 a0 1 unTAN 2557



DSA) wdndasdadonandslisunsafisuunoiaves
winladuldainstaandiasannidaintalumsusnany
wandsvadiiatfiafidannuuandnsiuiesintos 1Hu
laganTauenanuLane19szning fibrous uae fatty
plaque ¢ ﬁawummmmmamwaLwn?ju@maaLLmu
T 1 X ST SR YT, WL (MRI)
Iﬂml,w"nﬂmmamamaamﬂmwsm zBsanmwlunans o
mvmﬂ (multiple contrast weighted images) U3znauniy
mmmw zananTnunnaiaadunlaTwla 7 ? uaz
nafdinidasendua T vaIuNnglulanaLazin
Lﬂuﬂ’]W‘Y]vL@ﬁ]’mLﬂia\‘iﬂiﬁ%ﬂauLL&JmaﬂvLWW’lﬂ’J’l&lLLN"Ua\‘l
FWNWILAANGITZAL 3 INFAT (tesla) Fuly ilesann
mminmnmwﬂmwa £188ag9 (high resolution
contrast) g7z mﬂmiﬂﬂmwmumwmwLquvl,m:uu
‘ﬁum’mm’l&l‘ﬁuﬁau (complex mixture plaque)vl,limmiﬂ
'3ﬁa1{fﬂL‘ﬁaa’hLmﬂﬂizm‘nmaaLLﬁiuvlmﬁuvl@TS'ﬁluLﬂuﬁmmﬁ
e ﬂmm’mm\mmmauhﬂnmmmLﬂuvl,ﬂ"l,@
luﬂwﬂmﬂsaamaaﬂau wimanWiwwe 1.5 naan &9
Hwedasdefltluszdunmsananisndfinfilsinagie

' =2 gy a oA o 6
LWIRREY I@] Elﬂ’]iﬂﬂ‘i:l"]%vl,@LﬁuaL‘ﬂﬂ%ﬂl‘lﬁNLWa"i]'] LLWNade

Usznaumounnladulasmsasmuunuian T2 (T2
mapping) lunn¢ wmsnauumw Tagandiananmsfiinen
T2 LﬂuﬂmauumLa‘m”maamawauma%uwmwmwaa
IﬂmaumidaﬂI@yLuamamwmﬂuum T2 6N9M% LT%
lipid core, fibrous cap LuaLﬂaﬂﬂ@l (normal tissue) LLae
LAALT (calcium) 61 T2 vy 28.1+5.9 Jadiunfl
51.249.6 HadIw1N 48.2¢7.4 HadiIwf waz 52+21 Nad
S MUEELE® FormmnLERAe T2 vasusiwludiv
FsurzfanudulylalunisduunsfiiaasdUsznay
moluwsinlaiu Ssuandnsannisiduiiondaenuiioy
619910 AMNITNVDIFYUIMUUAIN (image intensity
contrast) lwmsAfaduuazmiifadsdasandoninain
wanpihwinudsznauiu dain mnawlanwwiisfe
ANNLANIaY (artifact) 213avilwmidasedwld|den

Jdamlla:dSn1s

NwiTeil VL@]mﬂﬂm’moﬂu%umaawamwmm“
nurfiavediiiode v\umaaamamammm’;wamwu
Tagdu (carotid endarterectomy, CEA) uasfinsuea
aasfilasumaifessannunndinthodulsansaaiden
ud9@ranueiwlusTi (carotid atherosclerotic plaque) 31n
msﬂi%ﬁusl,ul,ﬁaaﬁuﬁamﬂ'%flaoé'a@%ﬁmw‘f URZNANIT
mwm\‘maunauﬂ LT NAFAUNNTNIARVRINLIY N3
Wa nInseda udu dmsfnelanlfindasess
ﬂaumeanVLWWWum 1.5 (N&A1 (Achieva nova dual 1.5
Tesla, Philips, Netherland) ﬂﬂ‘]:r’lﬂuwuﬁ]”laaﬂﬂﬂlwu@m’m
JUR MUY SENSE knee coil 4 elements A38inadia

Bull Chiang Mai Assoc Med Sci

MIFIINN spin echo multi-echoes pulse sequence LLae
AnsAnenuenaalnsltraa0 U Y U LU L
SENSE neuro vascular phase array coil 16 elements A
WadANIIRINNATN black blood spin echo multi echo
pulse sequence amiﬁmmaumwaainmwLmumm T2
@1’3UIﬂiLLﬂﬁJ'ﬂ‘W@lluﬂluLad%’mIﬂiLLﬂi&l Matlab version
7.9.0

nasfinuluiudiasw (phantom study)

ﬂﬂmnuwumaaa'ﬂmmﬂjmmamawmwwumn
oo 4 ThavaIny ﬂi”ﬂ@ﬂ@ﬂﬂﬁ?%‘ﬂﬂ%%ﬂ%&l"{ﬂ&m
"lmuwmsl:mﬂuml,mu aifeund (normal tissues) 81V
Tudiu (fat) 151 0udunu lipid suzeaanszgndan (cartilage)
’Lmﬂummu%uﬂmmamw (calcification) waz&IU8Y
BRI (blood clots) TR dudunn hemorrhage ‘ﬂmm’m
miﬂnmnmaatmuvlwu (plaque rupture) I@smsmuama
¥ 4 7ila lunaangauaFUHIAUENA1I 2 rudiuas
g9 4 LIufinT T aflnd@esii ussuslun iz
Uiiﬁ]%’]‘i’l&J“ll%’](ﬂﬂ’J’N 18 LTUALNAT 817 18 LIUALNAT uaz
§9 12 Ludlaag Aasdin uaﬂmﬂumwmumaamm
mnmammammawmuwu"[wu (CEA) NNTIRNA 4
@10819 wvlwadmimwmnwmﬂIsﬂ%aa@LaaﬂLL@aﬂw
Tsdaudsdanuinlodulas Wuswilesessnaseu
ma@@mmmaumﬂumma 0.5 Lsrmmams §9 10
LTWALUGAT LAY ma@mmuwawumammmwmmmﬂ
mmaa@m@LwaﬂJamumsmaauﬂrwmmmsﬂﬂmLLm
mvl,ﬂsl,ﬁsl,uma@wma@mmmimanmmmaumﬂumma
2 LTUALIAT §9 12 LTUALIAT wddniensneEann
uWMasWaimaummmmu 10 1asiFud (10% neutral
buffered formalin, NBF)***' Raldum IS eI WU IUR
"meuimmwawmmma@nmwmmiﬂnmumuﬂﬂ
LLﬂﬂummummwmmm@mw 18 LTUALNGT 8712 18
LTUALNAT UAZEI 12 LTUALNAT fiasfin vimsaann
MUITWILAAVINI (cross-sections) ARBAANNLNIVBIN
$na9IREITAA SLMARAMIFISNTWLLL spin echo-
multi-echoes pulse sequence mmwwswmaim@la‘lﬂu
8 Lanld (8 echoes times, 8 TEs) mLm 15 Naaiwfl 119 120
fadiunf e nudssioalayndy 15 ad3wf AR
NNINBILAL (field of view, FOV) 140x140 Radluas Au
azldganIw (matrix size) 200x219 M;J“ﬂadﬂ'liﬂimmmﬂ
m"[msmu (fip angle) 90 a4¢1 muammmmammmaﬂ
aﬂi\‘l (4 number of signal average, NSAs) DA I
@wm (repetition time, TR) 1,333 adIWIN LazaNUrw
maaa"l,a@] (slice thickness) 3 UaALNAT imwdtldannms
FIMWANTTIU§arNsInNaLsmfisula (region of
interest, ROIs) aunuien T2 lumwunudien T2 Tag
m3Nataas (curve-fitting) LWUL simple mono-exponential

Vol. 47 No. 1 January 2014 39



AIFUNIITN 1 waztimwwawnan T2 WIsuinaununw
multiple contrast weighted images N1GNLRUILALINY

-TE
SI-=p,-exp T2 ™

-S1da mmmwammmmmw (image s:gnal intensity) m?m TE ZW]
-P_fo fnsii w3 ANWTNYITY Y IUNIN s TE=0

- TE fia m\uvmwmmini:@mummaﬂZﬂZﬂ6] (echo time, f8d3w111)

- T2 fa Faaiariaunanziiiaifla (relaxation time, fa&3un#)

NS:UdUN1ISN1VWe1SINg (histology processing)

WdegnsiIsInsrarasurnluiui lendsnsrnda
Ve 4 drarsusluwinasWasinananua it
10 Wasidud (NBF) Tviaudwiile wenunnsRanson
é‘haﬂwaéadumnﬁ'zﬂ@nLﬂd'uﬁaﬂ'mﬁuwm%amwi@sJ
‘V]’JG] "lﬂmaamammammw %aamnummmmm
mammmamm uidadotnsaantdusu (section)
ummvxm?juaw 3-4 UABLUAT ARDAANNLIIVAIAIDENY
5989971 e lWaanndasAUTHAMURIA LT NAW
Lmaamaaﬂaml,uman'lwm (ANURWT 3 UABLUAT) LA
A3961081959890T2908 paraffin bloc Handeae
hematoxyllne eosin LAY serial section nn 5 lulasiuas
'*mmmemmﬂuﬂumwLﬂsaama'ﬁmammmaﬂ"lwwq

msAnunluenandiins (human subject study)

vmseneiuanaadasidulsavaondoaunas
lsAaudadranuiuladu $1uu 8 e Usznaude
WA 4 T8 WATE 4 318 18314 48-76 T aan
aum'ﬂLm'nwmsnmﬂaa"l,mmamumwmmimmmﬂ
Lra9nTIananLlnEnINH LAY mm’mmm’mmmlu
myananfauiduduseudninlumsdnem msdnwil
I HA%NNIFU899NNATENFTUNNTIIUFF TN RN T Y

ATLUNNEFEAS VR INeNaToslnd lasassnmwanu
FWUFAV LTI URRAL R aauaIN lsRauTIFINUHY
ladiu domadiawuy black blood spin echo multi-echo
pulse sequence i Aiaasdulnajinlounumsanm
lurudnaasuniin FOV 180x140 Hafiuas matrix size
180x132, NSA 2 UazANUnINaIaad 5 Tasiuas nwi
191N NIR NN TEUIUAAINIVBIRRALRBALAS
anlsdaudasdannuinladulagidonisnansvesvsimd
ummmumﬂﬂa@” = mlmmmnmnauh (region of
interest, ROI) Waa A WLHLAM T2

N1SaSONWIWUAAT T2

u’l’l]allﬂﬂqwgnwiwuflug]@ﬂn'w (axial plane) Ya3NN
¥4 8 TEs N’]Wmﬂaiwlu‘iﬂu‘uu simple mono-exponential
model @]ﬂﬁllﬂ'ﬁ‘ﬂ (1) L'Wﬂﬂ']%:lm‘ﬁ'\ﬂ'] T2 Vlﬂ 9 WﬂLsﬁaUu
NN ﬂ’]ﬂluu'ﬁnmﬂﬁulﬂﬂuﬂ’]wua LL'ﬂuﬂﬂq T2 'Y]ﬂ']u’)m
Talunurudien T2

nis3iasiiliisnensinliodonos histogram
INNWUWUNAT T2

maunsiien T2 mamumaawmﬂwumuama
m 4 muﬂmmaﬂmnm‘ﬂaﬂa 8319 histogram 9NUTLI 0k
maamwamuuﬂ"ﬁu@Luawamnm T2 deldsunsu
GraphPad Prism4 mmﬂ*n 1A 1iloifori 4 Thafidadin
Alnddpain a@mumaaLuammma”mu@mmmﬂsvmm
ledwdu 25 Lﬂ asiBuaa admam amv\m (25% frequency
fraction) muumﬂmﬂmmuamamﬂmﬂuﬂuaumm
histogram @273¢1 T2 lusSoiidendios 4 nga T,@m
wenznguildn %frequency fraction Inddusiuuaclins
@1 T2 maamamawu@"l%w frequency fraction LN
25 1asidud muu’l.ummmﬂamawaumamﬁu@lwm
25 %frequency fraction Lﬂumma@m awamuu histogram
LLaw‘INﬁ]’]’iﬂ,l,’]’J’]’}Ja&laﬁﬁ&l’]’iﬂvl,@ﬂﬂLLU\‘lLﬂuﬂﬂaN

Figure 1 Cross sectional image of a tissue phantom (A) including fat (upper middle), cartilage (lower middle), clot blood (ribbon arrow),
and red meat pork (white arrow) is compared with T2 mapping images displayed in gray scale (B) and color mapping (C), TIW (D), T2W

(E), and PDW (F).
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Figure 2 The phantom images from figure 1 were analyzed by histograms. T2 mapping (4) shows that 4 groups of data have frequency
fraction over 60% of the maximum possible. TIW (B) and T2W (C) demonstrate that only 2 groups have frequency fraction over 60%,
while the histogram of PDW (D) shows that 3 groups have frequency fraction over 60%.
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Figure 3 An example of histology image of carotid plaque specimen (A). MR images acquired at identical location but different data
acquisition techniques, T2 mapping (B and C), TIW (D) T2W (E), and PDW (F).
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Figure 4 Example of carotid plaque imaging of a volunteer diagnosed with carotid plaque stenosis. T2 mapping (4) and (B) show
differences of T2s inside the plaque by color and gray scale mapping. Different intensity inside the plaque from TIW (C) is hardly noticed.
T2W (D) and PDW (E) show different intensity inside the plaque but tissue chracterization requires a combination of all weighted images.
Arrows) indicate ICA plaque. Asterisks indicate the luminal of ICA. Annotation (ICA) Internal carotid artery, (ECA) External carotid
artery, (TIW) T1 weighted image, (T2W) T2 weighted image, (PDW) Proton density weighted image
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