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Assessment of myocardial ischemia in patients with stable angina is important in deciding
whether to treat coronary artery disease and in predicting clinical outcome. The fractional flow
reserve is a standard reference for the diagnosis of myocardial ischemia, but this procedure has
limitations because of its invasiveness. Coronary computed tomography angiography (CCTA) is
now an established tool in the anatomic diagnosis of coronary artery disease; however, there
are limits to the diagnosis of hemodynamically important stenosis that causes myocardial isch-
emia. In order to address this problem, studies using quantification of coronary atherosclerotic
plaques, myocardial perfusion, and noninvasive calculation of fractional flow reserve based on
CCTA have been actively conducted and recognized for their diagnostic value. In this review,
several imaging techniques of CCTA used to assess myocardial ischemia are described.

Index terms Myocardial Ischemia; Computed Tomography Angiography; Angina, Stable;
Coronary Angiography; Coronary Artery Disease
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B35} A =3 AHtread mill test), 2
Hot el dxhdE AFE TSI (single photon emission computed tomography; ©|5}
SPECT) I} FHAPETEEY (positron emission tomography; ©]st PET) 1211 A2 15
%/ (cardiac magnetic resonance imaging; ©15} CMR) &5 A7} 9o o]2{gh ’HE-2
’SEO% 5 Fdohs 9t oz fofgh Ws d2tS ohdl=tl ARETHS, 6). I54
A2 s "3 E (conventional coronary angiography; ©15F CCA)2 s
2 F2he Wdshs 2EHAR 92 ARSE AL )AL, CCA A& Foll Aldshe @Al (pressure

wire)2 0|85+ 2 & Fof|8]3(fractional flow reserve; ©|5} FFR) AN @] A51d 1
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a2 P2 Ao y)= 47 st (atherosclerotic plaque)o] E4J) tiet JE = ZﬂJ—‘a}tﬂ il
e Fzhe] Mgk Ao CCAS H| s 340l S =7} 95~99% 2 FEfZ o2 [-o|gh Tt
S0 S Aohshs 2235 AL WHo|th(Fig. 1) (8-10). 2 9= National Institute for
Health and Care Excellence (NICE) 7}o] =24Q1-2 Qg 45 (stable angina) A7} B &
= ARl Y45 Z4H(atypical or typical angina)2 Eol AL PAF2] FEo] ofyu; A
oA 51&o] 24 %= 7-9-(non-anginal chest pain but 12-lead resting ECG has been done
and indicates ST-T changes or Q waves), 5 2Agke] APAHAL Z-50] $A|glo] CCTAS
A= R Slo] 2|42 Q] 7| HPH 0 2 A8EtEE U 115} E]'(ll).

TAoll= FE AAS EfellA] CCACIA EE FENZ 02 Folsh s 2ol cish 4]
25 8o|| tfst W7} glo] Z7kaQl ZHu| M TS mZEAY Al (percutaneous coronary interven-
tion)o|ut ¥Hd-52-2-3] <% (coronary artery bypass graft)S 3l F2He o] Aitn A=
S Algal] giet. shA]RE ool tjsl 2= £ 29t W e ARIE AJ&o] A& H]-g2] Z7e} Al

S P PSS oA AT Y AT EE 7o) Atk Aol AH|7E o
gttt 2 2ol ofe] dTsoli A EE 74§ Al eyt ZHJJFE Al oRE x| B AREA QL 9

U Eﬂ1~r°ﬂ ’\“’41 O 2 oS Eet Eo|=rt Bt 5k A5 S Mdketal Heetd 4~ gl
7] wjio] A downstream investigation)S S7HA7]= 2417 0] Ath(Fig.

gk 22 CTe) 7147 WA} B 4megjoje] G40 2 CCTAS 0|83t Aosld A WS
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Fig. 1. Example of CCTA in a 37-year-old man with obstructive coronary artery disease of the RCA.

A. Curved multiplanar reformatted CCTA image shows significant stenosis (arrow) with non-calcified plaque
and negative remodeling of the proximal RCA.

B. Static rest perfusion CT image shows no perfusion defect in the mid inferior and inferoseptal left ventricu-
lar wall.

C. Conventional coronary angiography shows significant stenosis (arrow) of the proximal RCA.

CCTA = coronary computed tomography angiography, RCA = right coronary artery

o] 7= o] ARgSHAL Rlrt. o2’ M AT W2 S/d7dshne] 4] SAdutelat gt
.

CT FFR, AAts} L%% 3 A ZF(CT myocardial perfusion; ©|5} CTP) A= 71 2tk 714

o] ilEOH o] Alaslae] A £ .43 AlTslEm ol ALgaks CCTAS] of2] AR |Y
o thel) 47ak At S,
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WU RO s AT WF Asks doA ATo] ata 3dat o] EwtgE 2eskL
A AN o it st oz [oljt w-EH HRol] ofeh HEsd W2 tiAt
old, AAo|7 TR, AdsH7e A, A= o, aBa A SH(ES)eE sk
S A4S (ischemic cascade)S Yo 7Ict. olzidt A25|d o] Tk 5P ArkSo] 7|2
AQl e Aeieha 2ol bRl dgol whet Aot Xd S Adeslof St AslE e
7V 271 ol 270 i faol B2 AT UFHANE HE AT FAlIA 27 25
= e 4 tH(17,18)

Aol FAP] e Beplol Hisl fofshAl Hor FobA e Ed A B
& 7HIER WEH o] lofe A7t FA7] BRe AR fAE w2t s
2 F2ho] 809%7HA] XFshe 2ol FA7] AT R F/dolM B ool HHHA k= 4

A i

3
At 252 SHAU koS SHH A9/ Fke] A TE R o Al ER<] 4647 Tk
2L} 50% o F2ro] e WdE U o ol g

onary steal phenomenon)= 2.0 4ol] {&@o] BAITHH(19). Z CCA0IIA &L W52 B
B4Rl Hte] e AT E A= Brish=t $HAI7E QAL £5] Wd-aol 50~70%2] W
Fzo] = A FERSH AT BRAAE Aol A ool =

B3} sllo)a} Al TR ALl HI3) QFEH5F CMRO] I L Q- 5al WA ieZo] gl

D2 A=A s 7P FHERSE AR 0] tH(18, 20).

1o

d2o1d 710| = xR X =2 52

Patel 5(21)2] Ei1o] 2J5HH CCAS Al H412] 37.6%0l A7 2 ¥d-sdgho] A
1, 53] 39.092] SAjoll A= Wo] gl7IL 200 vlvke] F2to] QIIT Eg Al R ZAA oF
3E EQl #xkio] SFAALS AlggekR] ok Firtol vlsl P WiswERo] folaHA
1QkTH41.0% vs. 35.0%; p < 0.001). & CCAE A3 62.4% A= 5 5 HALS Al¥sH A
|3 S E g7 fIet JAAAEE LA Ytk 2ol

Clinical Outcomes Utilizing Revascularization and Aggressive Drug Evaluation (COURAGE)
trial §-oJ5h T s A ekt 42618 S 7H 22877 9] P E -5 A 2l(stable CAD) 22}
52 O R & AR Hudds s Alsat 274 k=% & (percutaneous coronary in-
tervention with optimal medical therapy) & (n = 1149)°] A% k=2 &%t A4St 1&(n =
1138)0fl HlsH AP, A27dA 28j il the . AFA ARIES] f1de 7R el B
WSFATH?22). 12t COURAGE trial®] sub-study©llAli= SPECT 48R AtellA] 50 o)/ 4]
o618 IS AT SRl A AR X 271 5% n]Rte] ghato] vls] F2 o/ AEs H
TH23). thed WdsdeS 71Kl @8 o2 oF Kim 5(24)2] f17tollA] SPECT A3

Tl 71Hket 426 7ol = AR X & Ad42 CCA 7ol = Ak X| 2ol Hlsh 2 A%

e

O

3} =& PA B2-8(major adverse cardiac and cerebrovascular events)o] 241 Z21th(16.2 vs.

20.7%, p =0.001). Fractional Flow Reserve Versus Angiography for Multivessel Evaluation (°|
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S} FAME) 1+l 41(25) FFR 7}o] E4= CCA 23 HEC & | 5351 T1-Fo] Hlsf SAbg ARSet ARIE
o] S2AkE Al om(2.7 +1.2vs. 1.9 £ 1.3, p < 0.001) 11F9] kol A AlZ7MZ0] dhay A
W e o7 NES Alge] BERlaabie] WA E QojulakA] Wokth(18.3% vs. 13.2%, p =
0.02). & FFRel 2J8t 5} AL 7ho] =of uh2 2| 57} CCAol| &J3t s -8H4| At 7 o] =of u}
£ 2|50l v]al S-d3he SH5IAC.
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FaA]Z)= 2ol 583 X8 J31US FRISHITH26, 27). of2] FAAI S M B
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HEH HAEW ™ SEA 3E’-J'.l_FZE?%'%(Quantitative CCTA)

CCTACIA -5 % W E 2] g ol wheh A7 =™ 50% ol /<]
FoJgt 2t 7 Mdsitt, Jejuk CCASH HlasiA CCTAE 7]&2Q] A=
RIeiA s WHA= S 2o T Ay 7Isict. CCACIA S74E a3 Had = ol
7 oJgld o2 folot Pao] 479 HE R 1(28), CCANA] /42l
7390 %= FFRol|A1= 18%0ll4 st o 2 -g-olgt (29). FAME 10
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CCTA® Wdae] 329l et HH S Alastez udd2, ¥ Ao,

2]
2] (minimum luminal area), AW E-(minimum lumen diameter), 12|11 T
A

o

3%: ]

1o 1
N

Xt

1

rlr

1

4

rJ

A=l & zlo] Q)9 TH

EL'

b
b
=

r i [m
o

fob el o oM
Dy ok

C

2

=
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gho 2 IS QRS 7HE she Zluth WolstHoR olot BB o] At A
g www of 5] 25112 230, 31). Wb CCTAS o] §alo] e FAsiwe] 54
o J25|Ee WSkt £85I BN ole] ASo] AT MU= HUEYAS

82| (percent aggregated plaque volume)-2 4| E¥-&2]tH] =2]5/d7dahE 82 (cumula-
tive plaque volume) 2 2 W& @ 22| CCTA 749l M-S0l vlal A6 S Xdkeh=t] 94
StaL, &7 ARSI S5 E2H(30~69% W HN)elM A2side] 2, A T2 AERE
FIATAL SFATH28). Park 5(32)9] Aol osti o2 S/d7ehat E-SEAE Y=

¢
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ZJsh 84, A A/ (positive remodeling, H¥ A4 /71522174 = 1.1), A

(any voxel < 30 HU), A4 A13]8Kspotty calcification, 27 A18]5} £4745HE < 3 mm)|] 51&
2 Yo7l = WEEUHS Holdls 21 AR, 53] P A2 BE AZHES ¢
o 7] WS o] Jlglou HAE HEs/d7deht 84 2139 /47822 24 50%
ol/ge] dztollA HAH AP} whrdo] QU Driessen 5(33)2 Fol5474sHHE/A
(adverse plaque characteristics; 159 S/4743HH, &/ A7, A/ A3} Wzld 4<,
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Fig. 2. Example of quantitative CCTA in a 62-year-old man with obstructive coronary artery disease of the
RCA.

A. Curved multiplanar reformatted CCTA image shows significant stenosis (arrow) with non-calcified plaque
containing low attenuation plaque and positive remodeling in the proximal RCA.

B, C. Cardiac magnetic resonance images acquired during stress (B) and at rest (C) show complete revers-
ible subendocardial perfusion defect (arrows, B) in the mid-inferoseptal and inferior left ventricular wall.

D. Conventional coronary angiography shows significant stenosis of the proximal RCA (arrow).

CCTA = coronary computed tomography angiography, RCA = right coronary artery

_ Stenosis:
w | Area: 93%
Diam: 75%

HA G, Sk o), &4 HA)o] ol TS 58/ A2 R (hyperemic myo-
cardial blood flow)= Z44ghs Bustth E5] G A7L/d= v A 3]st = 374 sh-8-4 (< 150
HU)o| PETOIA S H 874 A2d7dole] 53cl&12) o|ith. 54 FFR¥} H|w gt #E
o}2fji# (area under the receiver-operating characteristic curve; ©]s} AUC)S &2t HJr+=
0.86, & H e} H|A 3]sl 2A7dskH-82]0] 0.89 (p < 0.001), 2|3 YA ATLA7HA] Bish
0.90 (p = 0.044) °| AT}, ZEH 02 CCTAS] H& Aol o]FEdh= 54 Q! B} v wshA 7
iS5 E4= A 5sto] @7 7kshH Al g s o=t f-8-5tth(Fig. 2) (34, 35).
A DAY S/ A2 E k] HAIE et A ETet ARl BelEA] 7]
A2 QAR o] 5 S7dsho] AretAER| ARt S P F0] Rlo] B At 2719 AL S
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HAMSIHEEA M2 RFAHACT Myocardial Perfusion)

ot =4l (adenosine), TlT] & tHE(dipyridamole), Z12]aL 27| £ (regadenoson) 2t 22
U E FUFAleto] A2EE S ool HRAARE Aldsh s &7 37k
717 “3ee] 3~5ullol] o] &t ofElleAl S 7H Wol ARESHH HE 427 ofH| Al A uSEAlS)
© 5 2JAE FUct BFFES D=t Foprie FA7] HRA] A A= ozl &
51715 WA AR Hoprt fsh 512 EFe Aol Foprlel ER7 4
StEg 9ot ZPAIZF A= A2l A=A Zalf deid oz tohE Aol vls A7t
Zashs 719 BRZAeo 2 vehdth A 28] (myocardial infarction/fibrosis)+= 74
719} Bo5}7lof| R EF77F gaste 2 A& IHRde0 2 LERdTie, 16, 38, 39).

CTP= 2AIE FUsHA L= CT FDAIN} F7d Aol wet = 7HA] o= vseth. o
54 CT 7 AHdynamic CTP)«= A9] AlZ-2l& =4 (time-attenuation curve)& et
2] CT dataE o] 54 F/dE 35 A2 293549 upslopes 7Alitste] A7
Adigks 7 4 ohFig. 3). o] AtollA Ysha oz fofdh Wdew Fae 2= A2
£9] Aakzhcut-off value)2 75~88 mL/100 mL/minS 2 &4 St} A& CT T4 Ak(static
CTP)= oI5=e Hiid T 2954 ARIOIM 9 CT dataE A=t He 295744 ﬂi%‘%“
ol[A1 100~150 HUS Hal & & 7~16%0] B/-Z Do A|ZF& 0 &2 Al 749 Xfo
oS XIStt(Fig. 4) (40, 41). 374 (transmural perfusion ratio)& ol%%koﬁ A
e WS 9l HzIQ) S AFRs7| = sh AlZHA o 2 17 (qualitative analysis)sh=
AR A 7127} w4]= @TH42). o] 24 0 2= W<eo] Al 07 Xt} 29574 AJElolA
AT E S Zodles A4 CTPEMH= 2934 A2ER9 Aoixs

& = 54 CTP7F 55 Folu thsddhs Heh 49
Al eket 4= lTh(40). T ok P 0 2= ool 2] CTE o]-839t TFAtoltt. o] FolA]
CT= th2 ofluf ] 29]9] = XA1(80 kv 140 KV, 2-2 100 kVel 140 kV)o] E7 EZlojjA Yo7
+ 4] =] Zol7t Qlehs AbAe] HRtste] 29| FRE RS 4 Atk
oot Tl )3 Lol A ekEHs §lo] QFY 7] M & o] Foll A CTZ A2 &
S5 UAe LeEREAEE o]-&5to] AT E S Zobd 4= il B skglck(Fig. )(43)
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CT A2 2FZAe ZIT 45

AHEE CTP Z2 EZo| mhet A& e 442 ohafshAl Ealxal Qo CORE 320 (The
Coronary Artery Evaluation using 320-row Multidetector Computed Tomography Angiog-
raphy and Myocardial Perfusion) th7|3 &1-tol|A{(44) CCTASE A4 CTP 232 CCA%t

SPECT 232} HlwsiA 21d 2ol 8 AddA ARA[(AUC = 0.68; 95% 41271
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Fig. 3. Example of dynamic stress CTP in a 64-year-old man with chest pain.

A. Dynamic CTP image shows subendocardial perfusion defect in the mid-inferoseptal, inferior, and infero-
lateral left ventricular wall (arrows).

B. Color-coded dynamic CTP image shows decreased myocardial blood flow (blue color, 40-53 mL/100 mL/
min) in the RCA and LCX territories compared to that in LAD territory (green color, 105 mL/100 mL/min), in
dicating the presence of hemodynamically significant stenosis of the RCA and LCX.

C, D. Conventional coronary angiography images show significant stenosis of the proximal RCA (arrow, C)
and occlusion of the proximal LAD (arrowhead, D) with TIMI 1 flow and proximal LCX (arrow, D) with TIMI 0
flow and collateral flow from inter-arterial collateral.

CTP = CT myocardial perfusion, LAD = left anterior descending coronary artery, LCX = left circumflex artery,
MPR = multiplanar reformation, RCA = right coronary artery, ROI = region of interest, TIMI = thrombolysis in
myocardial infarction

[2] ROl (MPR)
Mean=1.05.16 mL/1 OOmL/min}

' ~g[5] ROI (MPR)
. ean 612 39 mL/ﬁ)mL/mln

50.00

&

V& 40 A I0GmL/min
L.J[61ROI (VPR)
Mean 53.31 mL/100mL/min

0.62~0.75) vs. (AUC = 0.71; 95% Al 2] 77}t 0.65~0.79) p = 0.36] &7] F2 A &TA AR 221
A A2E-0] of|Z0] fALSIITE CTPF CCTA ZAFe] 2812 CCASL A-F 2|25 58l T4
A1 1270 8 A Z A AR Sl Th(45).

2 CTP HEFEA o)A (46) 2] CTP+= SPECTS} CMRI} H|wal| & AAS Hch gk} 2
Hof| A (per patient) Y= 0.85 (95% 412|713} 0.70~0.93), E°]&= 0.81 (95% A= 2k
0.59~0.93), AUC 0.90 (95% A1Z]717k: 0.87~0.92) 0]l F3k i loi| A (per vessel) F1ZHE 0.80
(95% A1=]71F: 0.67~0.88), 501 %= 0.81 (95% 4l=]717F: 0.72~0.88) 12| 2L AUC 0.87 (95% A1=]++
7+ 0.84~0.90)0] At} T35+ CCTALF A2 CTPE 2gshH CCAL} Hlws] W17t =o] folat 7h4a
o] Eol=r}t af ol A 0.62 (95% AlZ]F1ZF: 0.52~0.70)°14] 0.842(95% Al 3T

nllo
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Fig. 4. Example of static CTP in a 62-year-old man with chest pain on walking.

A, B. Curved multiplanar reformatted CCTA images show significant stenosis with non-calcified plaque of the proximal LAD (arrow, A) and mid
RCA (arrow, B).

C, D. Static CTP images acquired during stress (C) and at rest (D) show complete reversible subendocardial perfusion defect (arrows, C) in the
mid-inferoseptal and inferior LV wall.

CCTA = coronary computed tomography angiography, CTP = CT myocardial perfusion, LAD = left anterior descending coronary artery, LV = left
ventricular, RCA =right coronary artery

0.74~0.91) (p = 0.008), L&) 3t F3 2fHojlA] 0.72 (95% A4l=|71F: 0.63~0.79)°14] 0.90°2-2(95%
AIZ|717E: 0.85~0.93) (p = 0.001) Z715t0] A2 CTP7H AlZ51 8 2t &2 A Hoes B
At of2] AZHE P EHTY v Wk 54 CTP HEREA oA =(47) Al2EF79] S84
2ot SgEol == 24 ¥ (per segment)ollA] 0.83 (95% A& 717E 0.80~0.86)2} 0.90 (95% 41
F 77 0.88~0.91), 3t oA 0.85 (95% A= 77E: 0.80~0.88)2F 0.81 (95% A= 1t
0.78~0.84) 1211 2k} &fof|A] 0.93 (95% A1Z| 713} 0.82~0.98)2F 0.82 (95% 412|411t
0.70~0.91)5 .3t} o]2igt Ad 22 % & CTPL} H|wsl o sttt o524 CTPoA TFrdse
EAet Abe 8 A A AP e] 1@t o] Q1AL of= CCTACIA XIeHe s &
2k A Y AR 9 AFWA Ao S7kehe P BATH4R).

el

Z| CCTAE AlAsHA| il 44 CTPTFO 2 Wha Wt Al F-RE 3 ®iof| 7lsl LA Ql
H®FE FA7Ie Bol7| TR EZT JARRE XT A Ho|HA] Idaae] el 1eja g
SHA7IA] AA} 7HseHe HuskItk(Fig. 5) (49, 50). & CTPIHS: 0]-835h= 79 thaat 7+
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Fig. 4. Example of static CTP in a 62-year-old man with chest pain on walking.

E-G. Cardiac magnetic resonance images acquired during stress (E), at rest (F), and delayed enhancement (G) show complete reversible sub-
endocardial perfusion defect (arrows, E) without delayed hyperenhancement (G) in the mid-inferoseptal and inferior LV wall.

H, 1. Conventional coronary angiography images show significant stenosis of the proximal LAD (arrow, H) and near-total occlusion of the mid
RCA (arrow, I).

CTP = CT myocardial perfusion, LAD = left anterior descending coronary artery, LV = left ventricular, RCA = right coronary artery

(e

™

T2 EEg 185 & 4 9ok CCTAS CTP 257t 5/doH o o) 37F At "
, CCTAZ} 273 0Iut CTP7F /g0l ™ CCTAS] & SA0IS=E 254 T ol AR 2
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Fig. 5. Example of single stress dual-energy CTP in a 63-year-old man with chest pain.
A, B. Curved multiplanar reformatted CCTA images show significant stenosis with noncalcified plaque of the left main trunk and the ostium of
LAD (arrow, A) and near-complete occlusion of the distal RCA (arrow, B).
C. Stress dual-energy CTP-iodine map image shows circumferential perfusion defects in the entire mid LV wall (arrows).
CCTA = coronary computed tomography angiography, CTP = CT myocardial perfusion, LAD = left anterior descending coronary artery, LV = left
ventricular, RCA =right coronary artery
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Fig. 5. Example of single stress dual-energy CTP in a 63-year-old man with chest pain.

D, E. Cardiac magnetic resonance images acquired during stress (D) and at rest (E) show complete revers-
ible subendocardial perfusion defect in the entire mid LV wall (arrows).

F, G. Conventional coronary angiography images show significant stenosis of the left main trunk, ostia of
LAD and left circumflex artery (arrowheads, G), mid LAD (arrow, G), and distal RCA (arrow, F).

CTP = CT myocardial perfusion, LAD = left anterior descending coronary artery, LV = left ventricular, RCA =
right coronary artery
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Fig. 6. Example of CT-derived FFR in a 60-year-old man with chest pain.

A, B. Curved multiplanar reformatted CCTA images show significant stenosis with noncalcified plaque of the distal LCX (arrow, A) and superfi-
cial type of myocardial bridging in the mid LAD (arrow, B).

C. The CT-derived FFR value of the distal LCX lesion (arrow) is 0.82, which indicates insignificant coronary stenosis.

D. Conventional coronary angiography image shows insignificant stenosis (arrow) with a FFR of 0.81 in distal LCX.

CCTA = coronary computed tomography angiography, FFR = fractional flow reserve, LAD = left anterior descending coronary artery, LCX = left
circumflex artery
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Fig. 7. Example of CT-derived FFR and dynamic stress CTP in a 54-year-old man with chest pain.

A, B. Curved multiplanar reformatted CCTA images show significant stenosis of the mid RCA (arrow, A) with non-calcified plaque and mid LAD
(arrow, B).

C. The CT-derived FFR value of the mid LAD lesion (arrow) is 0.74, which indicates significant coronary stenosis. The CT-derived FFR value of
the mid RCA lesion (arrowhead) is 0.81, which indicates insignificant coronary stenosis.

D. Color-coded dynamic CT perfusion image shows normal myocardial blood flow (> 133 mL/100 mL/min) in all coronary artery territories.
CCTA = coronary computed tomography angiography, CTP = CT myocardial perfusion, FFR = fractional flow reserve, LAD = left anterior descend-
ing coronary artery, MPR = multiplanar reformation, RCA = right coronary artery, ROI = region of interest
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Fig. 7. Example of CT-derived FFR and dynamic stress CTP in a 54-year-old man with chest pain.

E, F. Conventional coronary angiography images show insignificant stenosis in the mid RCA (arrow, E) and
significant stenosis of the mid LAD (arrow, F).

CTP = CT myocardial perfusion, FFR = fractional flow reserve, LAD = left anterior descending coronary artery,
RCA=right coronary artery
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