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Beyond Coronary CT
Angiography: CT Fractional
Flow Reserve and Perfusion
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Cardiac CT has been proven to provide diagnostic and prognostic evaluation of coronary artery
disease for cardiovascular risk stratification and treatment decision-making based on rapid
technological development and various research evidence. Coronary CT angiography has
emerged as a gateway test for coronary artery disease that can reduce invasive angiography due
to its high negative predictive value, but the diagnostic specificity is relatively low. However, cor-
onary CT angiography is likely to overcome its limitations through functional evaluation to iden-
tify the hemodynamic significance of coronary artery disease by analyzing myocardial perfusion
and fractional flow reserve through cardiac CT. Recently, studies have been actively conducted
to incorporate artificial intelligence to make this more objective and reproducible. In this re-
view, functional imaging techniques of cardiac computerized tomography are explored.
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CT FFR and CT Perfusion C H -6;
Table 1. Myocardial Ischemic Cascade and Evaluation Modalities
Manifestation of Ischemic Cascade CT MRl SPECT PET Echo ECG
Degree of coronary artery stenosis O o*
Hypoperfusion O O O O
‘ Metabolic change O O
Diastolic dysfunction O O O O O
Systolic dysfunction O O O O O
ECG abnormality O

*Less commonly used.
ECG = electrocardiogram, Echo = echocardiography, SPECT = single-photon emission computed tomography

#¥H-8-(ischemic cascade)ole} st thYet HAARSS Boll A&5T 5182 H7Hd 4 AUth(Ta-
ble 1) (2-4). Wa F2Fo| MW HATeF7F Ak Al oiake] High Al de] o] gkt
5 B4, AHE o), 58 59 54 e o® fER2). AZeld 57545k
7412 e FAl& (percutaneous coronary intervention; 05} PCI) H= W52 93] &
(coronary artery bypass graft; o5t CABG)2 -2 AikF X858 S3E 4= ot it o]
QIS Boll FEFSHIAL Al A2 E ofFof whE X8 W] A% 1

onary artery disease; °|5F CAD)9] o] &5 7lA1go] SHEATHS, 6). webr] AR =4 A3

AW A2 ol 4% vHEH Bl W4 FASS Ba) 4TH B WUstes Auskn 9

o)

2019 FHAEE] Zho| EgiRlofM = A% Mateld3E3 (oI5t CT)& CADE dsh= +

al & 4<=(coronary artery calcium score; ©|3}t
CACS)9P CT d51 9<% (coronary CT angiography; ©|5} CCTA)S CADZE I3 A& T4
A (adverse cardiovascular event) &4z} ol S ol & AET & AlSsH L
915+ CADS] ot AJ&fs} 5l §443) 5 sial4] 3l JEiet4] H7HE S
11). o]ofl Blsl st=gllo] H AL ELfojo] M o2 HFsh4 o g [oJgt CADE %l et 4 9l
+ A5 CT (CT perfusion; CTP)2} CCTAE 0]-8-5F CT 7|5t &3 ZofjH| 2] (CT-fractional
flow reserve; ©|5t CT-FFR) 74 7|®Ho] Z{J&|o] A% CT= CADoll thlh 7|54 %1 240] 71

SHA| S|}l o|2fgt 754 A4S o]-&a1H, BHol o421 5 (lesion-specific ischemia)zt
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AR AR o2 50] F71go] YFHATH1215).
=S40l A CTS o] 83 5184 CADY] 4 IS EE 274412 4 9l 7157 B4

=
7Rl CTPe} CT-FFR| A 7291 ’jpHE, A, = A7 AHE thRalx} gitt.

I

M 2HebSH EEe| 715X "It 71E(Gold Standard)

28 FojH|2(fractional flow reserve; °|5} FFR)2 2<52] WA= i%‘%(invasive coro-
nary angiography; °|5}+ ICA) & °F= 2 5k 2o AP/ JeiolA dH54
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S AR RE FRE FFUE A2 A @RGE T AT o2 WA A &
PO T e HE-2 vgsh o] gk =
9Ju|3tch(17). FFR < 0.80%1 7%, Alei&o] Sli= Wda™ a2 Aldsr] ¢fgh xld <
74 90% o/de 2 I A At} FAME (Fractional Flow Reserve versus Angiography for
Multivessel Evaluation) &Lojl A ICARH Al85}al PCIE- At o]l vl FFR < 0.80%1 &1&
| ARIES QIS oA AR ARIES] (2.7 £ 1.2vs. 1.9 & 1.3, p <0.001)2}
8 A=A o] FAFA (major adverse cardiovascular event; ©]5t MACE, 18.3% vs. 13.2%, p

0.02)0] A={5] st tHe). ol A& v o= 74 7|54 AHFFR)E o #-ak4 A
CA)ol| 7}t 2M, FFRS o|-&3H PCI (FFR-guided PCI)= 3184] CAD2] o &E 7HAl5}
2 23 PCIE 74A)7|= BEF Axl(standard protocol)2 B E o] et A1 <54 FFR
2 273 ST 24785 AT Mol M= A=E vHe FFR k2 92 4= AW, =2 F7H |83} A
=9 54 4 544 59 wAR ARl /A Aol Algte] ATk(18, 19). THH, ISCH-
International Study of Comparative Health Effectiveness With Medical and Invasive
Approaches) A5 &0l S5E0lA 55 S1Eo] AUe P WeH Aekrte] AT AR
2 S0l dl 7] 54 2 8ef A B Atoof| 2 Zo]7} glgol ZRIEATH20). o] = Q15
44 | 59 CAD 2| 59] ZXho|lH A E S 22 ohe AR 252 &-8/d0l tigh =2
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CT 7|t E=l 70| (CT-FFR)

e
CT-FFR& Z4H3A195kS AR&ste] CCTA HlojElollA] e 55, e 9 2|3} due
512 e o] 85 FFRS Al4FITH22). CT-FFRE th3 Ul 7H4] 2ot 7Hgol] 78keict. 1) &

Al7]0] & We ™ PR Al ATl vl=lsitt. 2) FA17] W nAlE A g T

o] F7]of ¥ha|ESict. 3) ICA & oftlieAl 08 WfEulo] SfelH Uk og njAdy

/g0l 21% = H4shs 2o R o|E5to] 2o FIYE Y Akt 2de 75 4 ok CT-FFR

=74 Al ofelliedl e B ol A FAR, YERZ2|A|-e] Foj7} B sl 4) &

Sh= 32H Navier-Stokes {878 412 &0l W& 2A|o] S5} 2 At 4= AUATH23).
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CT-FFRe| 5742 7|2 CCTA /32 ¥4
off-site CT-FFR), 2| 5713 W] S%JoljA] o L;ﬂqg_,_ ATE 4}012 o] g3| 2o ]—5} &% CT-
FFR; on-site CT-FFR) 5h= {3 o] glch

o2 7] CI-FFR 97+ HeartFlow®E ©]-85F Aitoln] o] n]=-4]F2]ef=H(US Food
and Drug Administration)2] 491 -2 92 CT-FFR AlA&]o]tt, HeartFlow®sS 0]-835}7] ¢
3A4]= CCTA Hlo]E|S Eot HELQI S E5) o (HeartFlow ¥4 [Redwood, CA, USA)E
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Z&sfjof Sttt CCTA Hlo|ElE 28 (segmentation) St & Td-5aHo] 33t mellS AJ/detar oF
A 71&% 514 7S ARSSto], SEAFE R BRI $42)E oyt o]¢ SEER ¢

A tllofEl7F A=W L A= 1-4A12F oldjof] 2] 7]l FEETH22, 24).

A% CT-FFR AZEQ|o| 2= cFFR (Siemens), DEEPVESSEL FFR (Keya Medical Technolo-
gy), HeartMedi (AT Medic), 1-D CFD (Canon), uCT-FFR (United-Imaging Healthcare) 5] %!
o, 7|A ghg Sl F(25, 26), 4xH CT J4 F4 1 12 2 §A| £4(27), e2bd JAZ0i7h
H4 2l (patient-specific lumped parameter) (28, 29) 5= ©|-&3ttt. o] F HeartMedi (AT
Medic)= A F-A5HA| thighl= Al5o]ofEbi A o] F5517H HIRITH(30).
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=3 ’%ZTEPJ ‘—?Oﬂ% = '16— & (post-stenotic dilatation) 22 913l E& L2} ¢F2o] %Oﬂ%
7] wfgol FaRRe] FtollA] 10-20 mm Y H-2] CT-FFR 2 AFESh= 21S #

CT-FFRS CCTA2] E5-%=(50%-70%) B2H59] dat4 oS

ETH33). M54 FFRY vb7 A 2 CT-FFRe] AAER 0.80= o8-8ttt CT-FFR > 0.80|H, &<
o= 719 folido] gl HHOR T2 Z7HAL glo] AAet okEx| R E Ayttt v

Fig. 1. CT-FFR.

A. A 62-year-old male shows moderate stenosis (arrow) in the proximal left anterior descending artery on a curved multiplanar reconstruction
image.

B. CT-FFR reveals a value of 0.75 at the corresponding lesion (arrow), indicating hemodynamically significant stenosis.

C. Invasive coronary angiography demonstrates a decreased FFR of 0.76 (arrow).

FFR = fractional flow reserve
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Fig. 2. Recommended risk stratification of obstructive coronary artery disease with coronary CT angiogra-

Coronary CT angiography

] — — e
Left main disease,

phy and CT-FFR.

<30% 30%-69%

. : Three-vessel disease,
Coronary stenosis Coronary stenosis

or =70% stenosis

therap
A
High risk

[ | 1

Post-test assessment
1. Symptoms and clinical preferences
2. High risk plaque features and burden
3. Multi-vessel stenosis or proximal LAD stenosis
4. Trans-lesional CT-FFR gradient

Low risk

FFR =fractional flow reserve, ICA = invasive coronary angiography, LAD = left anterior descending artery

<0.759 74
(Fig. 2) (31).
CT-FFR 0.76-0.80 7dAIG o= A@AISSIE Qg JH7F 712 L astoh(24). Al 8aAk
DRATS AAshe R 2= FHoPgeRHAZY, Y9 A d[positive remodeling], napkin-
ring sign), Z42HRHe] &, W] F9F A2 FEE sid AlF 1 (subtended myocardial
mass), ¥ CT-FFR “AHtranslesional CT-FFR gradient) 5-°] Ith34). £3], 4 CT-
FFR AP = 0.069! 37, 54 Wds3 S5w0] 9l A 7s/do] &tH(35). ?H, CT-
FFRO] AR =4~ @2 glo] Eahe we} belo] Haf /4 o= Zashe 4ol v, 2
g3 37), YERZEMY 5 Ak (nitrates)oll Z25] HH3-51A] £5lo] @ 2PgE oAE,
n]ehAg 2ol oJgt BAgslst Axtel 4= QITh22, 24). I3 B2 S4at FREAS SRk /d
54 Yztol 7| =& FgH A CI-FFRE a5t Fa 27hE o -5 wheksliof ghrk(36, 37).
CCTAOIA] < 30% @259 ol ¢ CT-FFR S ICAS Al3¥sHA] Qa1 oFEX| 25 gict.
CCTA| 5= @ 255 @ 3to]u} three-vessel disease (3VD):= CT-FFR glo] ICAS A3
SHH31).

2, Wofsta o 2 folat @ate] 7HsAdo] kot ICAS AN X &8 mestok Sk

CT-FFR| TIEHAS

54 FFRE ZEEF(reference standard) 2.2 ARESH 92 CT-FFR¥} 7| Al8k5(machine
learning; ©J5} ML) 52 7|9k 2 gt A% CT-FFRO]l thsl of2] dtol|A] Zedso] HSE R

https://doi.org/10.3348/jksr.2021.0177 7
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T}, M52 FFR < 0.8 7|+ 2 & HeartFlow®S 0|89t CT-FFRS A& mf CCTATH AF-8-3 o
Hr} AekEo] =7t 7RAFICHDISCOVER-FLOW 82% vs. 40%; DeFACTO 54% vs. 42%; NXT
79% vs. 34%) (23, 38, 39). 5] NXT A-ollA] YU/ 2] 68%7} 21-2/d 02 ZE-FEATH?39). F
&, ofAJot & nj=-2] 57 ] HFof|A ML 7|8 CT-FFRE H7}5t MACHINE (Machine Learning
Based CT Angiography Derived FFR) &1-toilA] 21t ZJ 2= (CT-FFR 78% vs. CCTA 58%)2t &
O] = (ML CT-FFR 76% vs. CCTA 38%)7} 27| 7§ Axtg EATH?25). CT-FFRO| that HlE} &
Aof| A A F|EA B ko] E9hIZEE 899 (95% AlZ] 7t 85-92), E3FEC|E 71%
(95% A1=|417 61-80)2 EehdE 2 FRRIZE 85% (95% Al=|417t, 82-88), B350l 82%
(95% A2 7 75-87)2 Hict byt I3bd A %: CT-FFRO|] CCTAELH ol (g}
9 0.71 vs. 0.32; 3 0.82 vs. 0.46)7F =UA T W e = -F-25k 2fo] 7} QIRATHEAPE 0.89 vs.
0.93; &3 0.85 vs. 0.88) (40).
CT-FFRE Als] ol digh 1 gt e 7}
computed tomography; ©|5F SPECT)%} H] &=
sh= o] Qo] SPECTEL 17+ o E94TH91% vs. 41%) (41). T3+ CT-FFRE o Xthy
50] CCTA, SPECT T+ A& TE29)(o]5t PET)ECt ¢
O] (intention-to-diagnose) =0l A -3+ 455 ETH42).
o|x3 CT-FFR2 WrI' 518 7}l tigh 5ol =7} =0t ICA A8 A GapaQl AR of
AT AHES 53l S Ut PLATFORM (Prospective LongitudinAl Trial of FFRct: Out-
come and Resource IMpacts) A7ol|4 CT-FFRS AF&-3HH CCTA A7% vigho 2 AXie
ICA 5 61%9] A& H4FL, ICAE AAFS o vl CAD &2 CT-FFRE ARESH
FoA #AIS] FTHT3% vs. 12%) (43). 19 4] o] CCTAS CT-FFRE 74 A3t
739 CCTARE A3t - Ho} o+ o] 5H|-80] 33% A7 £8 5 ATH44). RIPCORD (Does

i

AGAE @29 (single photon emission
A|2H70% vs. 68%) FFR 4= EHA7HES oS

2

i)

=

3L, PET= hd 5l Xek

Routine Pressure Wire Assessment Influence Management Strategy at Coronary Angiogra-
phy for Diagnosis of Chest Pain?) &0l A= CT-FFR& A}-&5HH 22| 36%00lA4] 2| & AlE
(F=X] &, PCI, ®== CABG)o] H1Z = QITHPCI 30% 74, X &t Fke] M7 18%, oF2x| &
oA PCIZ ®¥17d 12%) (45). SYNTAX III (A Randomized Study Investigating the Use of CT
Scan and Angiography of the Heart to Help the Doctors Decide Which Method is the Best
to Improve Blood Supply to the Heart in Patients With Complex Coronary Artery Disease
ITT) Revolution Aol A =59 5= 3VDE A0 2 CCTALE CT-FFROll 7123 2|5 2742
ICAZ =&% 2|7 27X} Y2=7} &9k (Cohen’s kappa 0.82, 95% A&7+ 0.74-0.91) CT-
FFR& CCTAC! Z7F5HH 79%0lA] 218 Z7%(PCIH CABG)o] M= AL 129%0lA] A1 o/
o] W= lh46). DISCOVER-FLOW (Diagnosis of Ischemia-Causing Stenoses Ob-
tained Via Noninvasive Fractional Flow Reserve) A0l A] CT-FFR= AF&-351H ICATH Al3¥sH
7390) v]5j 1 E<QF MACEZ} 1206 7HA5}HT o] 2 H]|-80] 309 H7t=|%lcH47). ADVANCE (As-
sessing Diagnostic Value of Non-invasive FFRCT in Coronary Care) L0l 4] CT-FFR > 0.80
Ql 7%, 17t MACESH @3 A7H 5 Al&o] ZAFITH15). $hH, EMERALD (Exploring the

8 jksronline.org
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MEchanism of Plaque Rupture in Acute Coronary Syndrome Using Coronary CT Angiogra-
phy and computational. Fluid Dynamic) &7toll4] B¥ d$9] CT-FFR W3t Zho] =245 &
A T 25 o] T 9FS A|AFtHarea under the curve [0S} AUC], 0.725) (48).

XX
on

CT-FFR EF CCTA Qlofl 7F4 Q1 Z2GAL oFEFof WA =& glo] ey HE IS
4= = A o] Qe tha FEo|u A< B o] Q)= 749 CT-FFRL ¢ 27 50| W astHy
HS AHS= o] 0] HTH49). ot sl o] 7 ARIEES AUstal i A& o]%

CT-FFR2 CCTA 9 E4oll 34| 2957 2ol BAo] E7FsSH H|&o| Aoz &
CT-FFR #A] 71282 ADVANCE 7ol 2.9%, thit2 YA TS EO|A 8.4% = LERSITH
(51, 52). &3] Wiso] AH Adefoll A G e, & Dol 2E IZE0] Jl=sE o

A+e 353k Ao] ZR51TH4, 51, 53).

7

o 70| 2L BWHo] Z44E CT-FFRY] Eolwet Fwr} 7hadh 4= Qlar, Fsha o
FoJgt F&-E st ol 9lof CT-FFRE] REH-5(AUC, 0.73)0] CCTAS] XA ZTHZ]

(minimal lumen area; AUC, 0.71)x} H|alsl| SAH4 0.2 fo|dt 2fo] & Holx] ¢kS 4 Qith
(p=0.21) (54). FAHeE 2FA| FUoIt Aot Mejoh= CT-FFR 7toll 74421 = vlZd
4= QAT CACS7} =2 EHafof| A CT-FFRY] thd50] CCTARF Algist ZlEct 945 Zlo2
LFERATH(55-57).

CT-FFR2 g% CAD| thsiA =2 A7l om, A-EZ} 1741 CABG Has A28 4 2t
79, B Falgol A= A9 Aol gtk 5o d AAS2 o E FASel visl 8
o] 2u)7} Zobx] A& Ak 4514 e == 7ol & 9% mIA7] w2
CT-FFRS &3}4 0| #] 2LTh(58).

254 FFRE 7|52 & CT-FFR2 A¥ha o 2 Xok 7t £2]9H81.0%) 0.7-0.8 CT-FFR
ol M= AT} 4] RtTH46.1%) (59). Y+ Ao A= CT-FFRe] 2f& /o] tha "ol
74}, CT-FFR¥} %54 FER 1hol] 2hst A& Holx| 2UTH5S, 59). o] ﬁﬂ% 254 FFR
of thgh & AA7F CT-FFRo| 7= 91210l UA| U7 CCTAS] B/
U HEZZe| Aol Fol=|z] eI9l7] tEd 4= UTH24). A3t A=FE(< 50%

= =

1o
N
MN
k)

=

O{N mN
Py
£ A
&
o
X
2

A] CT-FFRo| H]|7g g0l H_mﬁ ZZ25 2= F 50%0014 CT-FFRO] AAY 4> Atk60, 61).
wfeba] CT-FFRE] ATH= 215 98 2918 1185l 21551 siAfaliof gt

ShH, 9]o] 7144 6&74]% st eks sie) ol ofahH, T by HASollE CT-FFRS
5ok ol5ul g MY st dAS 62).3

(Y]
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CT FFR and CT Perfusion _

Fig. 3. Time attenuation curves of normal and ischemic myocardium (blue and yellow) and LV cavity (red) in
CT perfusion.

A-C. Aand C are too early and too late, respectively, to detect myocardial ischemia, which shows similar at-
tenuation in normal and ischemic myocardium, and serial scans should be obtained between A and C dy-
namic CT perfusion. B indicates the optimal scan time for static CT perfusion, wherein the ischemic myocar-
dium is demonstrated as the less enhanced portion than the normal myocardium.

HU = Hounsfield unit, LV = left ventricle

350 @
CT Perfusion
300 Short axis view
— 250
=)
=z
c
-% 200 == (@ Normal
3 myocardium
[
® 150
g ,' ® Ischemia
/
100 I’
’ O - ~~~-
2 - - - - i
/ e I ) . © LV cavity
50 G -
"’ "’_—‘
—",——‘—— . .
0 =f== Static CT perfusion (sed]
t 4+ Scan time (sec
‘ Dynamic CT perfusion I
o, CI-FFR S4J0]) B2 #7140 A2, AEQl, ARk} vl 82 ol QAR Atk ez

EQ5He o] ZRSo] B 4 out, ABAs 7|4 o] §5) 1 REHS Wko] 713 eked)

el

CTP= §4]7|(rest phase)t F5}7](stress phase)oll ZF2F ZGA|7} A2 13 ExshaA] &
Aot 2 Al S8 AT 1he] B 2ol & B IRITHEg. 3) (64). AR st |
AEHS D57 ot golh BE 80% oloke] a1 dzto] A7 TAd el &7
A HFAS AaA7 = ¥ nA[d ik 2HE o] Aghs @5 AFs24 (autoregulation)©]

2 o FAlols ARBRIL RS Ralols AT Ak 4
S| %

FA7e} Baprlo] m% A5 20| AFHElo] Auwst Astert ol el o] 8s) FA]

o} B517]9] HERFE 5o

jubad
Lo
ol
et
1o
ox
H1
i
o,
N
N
Ol
>
30,
L
(o))
RS

MRSt faekx|(Myocardial Stress Agents)

Al ofe =4l (adenosine), AR14totE| =4l (adenosine triphosphate; ©]5} ATP), T
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Table 2. Myocardial Stress Agents for CT Perfusion

Action Mechanism Administration Half-Life Excretion
Adenosine Nonselective adenosine receptor agonist ~ 0.14 mg/kg/min IV for 5 minutes ~ 1-5seconds  Cellular clearance
Adenosine triphosphate Metabolized to adenosine 0.16 mg/kg/min IV for5 minutes < 20seconds Cellular clearance
Dipyridamole Increasing concentration of endogenous  0.14 mg/kg/min IV for 4 minutes ~ 30-45 minutes Liver
adenosine
Regadenoson A2A adenosine receptor agonist 0.4 mg IV for 10 seconds followed ~ 33-108 seconds Kidney

by saline flushing

IV =intravenous

1] 2]cthE(dipyridamole), 27184 (regadenoson) 5-& U FoI51H Altol| &8 o] ¥hAys)
o AHots e 4= QlthTable 2). ofel| i Al A2A ot Al =842t Adte W= &

A
"1 0O
HEHY, 82 58 99711, oftlicAlolu ATP BEEZ]7} o9 7] wiZo]] BE Apedx oz
i} 9k, Ta]2jrhE 2 QIgk Hakgo] 2)4E]E 49 obu]wm 2 (aminophylline 50-250
mg)E AR 4 Qloh 27 HEeE2 AdEA] ofH| Al A2A ZFEA|R B2l ffedo] dHiHo

STH(66-68). At 110 244171 ol Fhl e A 5HA) Sfolot T 5 BpEg Evjol o 2t

10 mm Hg 014 2432 53] 2913iTHe9). F3517] CTP JA-L 53} fi2opAlS Fofat 5 of
Aot ez} E/gol| whet 2-57 & FESE Al2Eo} §hgo] dojitS w] g 5o, ofe|Ale] A
ArbA 0 2 A4 Q) (continuous infusion)S A|2Fstal 3-48 o] & /S AA| HtHed)

gol 2 EITk70). A A7

of theh A7 wlolelE Aoy F2 ARt =S W2 27 H9lE 7= CTE AH8E 2

27} ek o] CTE ¥2 ABIGE(= 66 me)& WlHoll A= iz oz Z2|lo] 22
o

G ST 4 AT 54 CTP FAolA TS WS FAlo] Aksl7lo] 88 (CTAE
o

(e} =
CHFig. 3) (73). M9 FHLSAVIE HHEY, 294 FY 45, BF o3 35 S0 o
) 93RS W] whol AR 3790 1] QAR B 2R 2H714E o] 83 A5l 2

31 2927 Aol oF 2-102 7} AABITH74, 75). Ralet FA) 247t 5L W 5
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CT FFR and CT Perfusion

Fig. 4. Dynamic CTP.

A. A perfusion defect on the inferolateral wall is visible on a short-axis grayscale stress dynamic CTP picture,
indicating hemodynamically substantial distal obtuse marginal artery disease (arrows).

B, C. The corresponding area shows decreased blood flow (B) and volume (C) on the color maps compared
with normal myocardium.

D. Time attenuation curves represent the change of normal (green circle) and ischemic (yellow circle) myo-
cardial attenuation over time (green and yellow lines depict normal and ischemic myocardial attenuation,
respectively) during dynamic CTP study.

CTP =CT perfusion

[4] ROI (MPR)
Mean: 250.32 mL/100mL/min

(3] ROI (MPR)
Mean: 38.68 mL/100mL/min

[4] ROI (MPR)
Mean: 31.78 mL/100mL

[3] ROI (MPR)
Mean: 8.62 mL/100mL

Table 3. Characteristics of Dynamic and Static CT Perfusion

Dynamic CT Perfusion Static CT Perfusion
Advanced CT scanner and post-processing technology More necessary Necessary
Breath-hold time, post-processing time Longer Shorter
Radiation dose, susceptibility artifact Higher Lower
Optimal acquisition time Less essential Essential
Simultaneous coronary and myocardial perfusion evaluation ~ No Yes
Analysis of myocardial perfusion Qualitative/semi-quantitative/quantitative  Qualitative/semi-quantitative

More useful in multi-vessel and
microvascular disease
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Fig. 5. Static CTP.

A. A54-year-old male underwent coronary CT angiography to evaluate exertional chest pain. A curved multiplanar reconstruction image dem-
onstrates tight stenosis at the distal LM and LAD ostium.

B. The subendocardial perfusion defect is noted at LM territory on the short-axis static CTP image (arrows).

C. Invasive coronary angiography shows consistent findings (severe stenosis at distal LM and LAD ostium) with coronary CT angiography and
static CTP.

CTP =CT perfusion, LAD = left anterior descending artery, LM = left main

T —

Table 4. Comparison of Stress-First and Rest-First Protocols in CT Perfusion

Protocol Stress-First Rest-First
Recommended - High pre-test probability of obstructive CAD - Low-to-intermediate pre-test probability of obstructive CAD
indication - Extensive calcifications or stents
- Multi-vessel CAD
Advantages - High sensitivity for myocardial ischemia - High sensitivity for myocardial infarction
- No cross-contamination of contrast from the rest phase - No subsequent stress scan after rest scan with <30%
- No interference by beta-blockers or nitrates obstructive CAD resulting in radiation and contrast medium
dose reduction
Limitations - Less sensitive for persistent perfusion defectindicating - Less sensitive for inducible perfusion defect indicating
infarction in the rest phase due to delayed enhancement  ischemia due to cross-contamination of contrast to the stress
- Risk of imaging quality degradation of rest scan due to phase and prolonged effect of beta-blocker administrated
tachycardia by long half-life stress agent before rest scan
- Stress scan performed regardless of the presence of
obstructive CAD

CAD = coronary artery disease

A éﬁoﬂd His 7ISHCIP 9 SSEck R YAl 51K AgeH 2

Stress-First CTP, Rest-First CTP, or Stress-Only CTP

CTPL= 3317]9k 4710l 217 A2 53] wjol 29) 4ol weh geido] Itk(Ta-
ble 4). o] ZIAjel AL&E oF|o] ke Zol7] sl R5}7]et F417] CTP Apolo] 10-202712
217je] Wasth(Fig, 6) (64).

2817] 4 (stress first) CTPE 2517] B @A}% Bl AJagstod Al

& 4 L o) FAIoll HERKAIL BAIR S Rolste] F417] AlTRe} B 25

https://doi.org/10.3348/jksr.2021.0177 13
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Fig. 6. Timelines of CTP protocols.

A. Stress scan is first performed under adenosine infusion (pharmacological stress) followed by 10-20 min-
utes of pause to diminish the effects of stress agent to rest scan, with beta-blocker and/or nitrates adminis-
tered to improve image quality and optional LIE CT to visualize the myocardial infarction clearly.

B. For the rest-first protocol, when the rest scan demonstrates no significant stenosis in the coronary artery,
the stress scan can be omitted.

C. Stress-only protocol may be used to decrease radiation exposure with considerable diagnostic performance.
CCTA = coronary CT angiography, CTP = CT perfusion, LIE = late iodine enhancement

@ (on) Adenosine infusion (off)

Rest CTP LIECT

Stress CTP 10-20 min . i :

. (VI J  (optional) 40 (min) >

IContrastinjection' t t Contrast injection

B blocker Nitroglycerin
(on) Adenosine infusion (off)
CCTA ) Stress CTP

0 (Rest CTP) N 10-20 min (optional) 30 (min)
' t Contrast injection ' Contrast injection

Nitroglycerin
with/without B blocker

@ (on) Adenosine infusion (off)

Stress CTP

0 (CCTA)

<10 (min)

I Contrast injection

H2h2 bl Wrkshe o F-83it

F2417] $-A(restfirst) CTPE £3}7] 941 CTPECH A4 xidtol] chet W1zt ert 11 74
7] CTP9] CCTAOIA f-oft HHio] gle 3¢ 75 }71 CTPE AlRSHA] o= Hrh(e6). 74171
t7 5 =

e
Sl CTPOHH ?#:]7 zoJAle] FHEg He

G754 (pre -test probability of CAD) 10| = §47] A CTP
E, =2 A CAD §987Fs7d, FHSIsh Wi A3} PCIU 42734 of=o

= = AbtfjAlo 2 1 nko BP/\W of :eZ%]7] wjFol F5}7] T (stress-only) CTP
o Sl=alo) e sfe, A7) AR} BEalAe Adouae) AR Bag Sa) doslEol ot
G At 55 HATH76-78). CT 3AHAIE ol e /o2 o F2 & WAIZ 2S5 £ 1.1

mSV).0 2 1517] H CTP Rho 2 A1 2haet Pisn) Aeg S0l 71 4= Irk79).

0|Z olILx] CT A2 2FAAL

o|F ollulA] MAteldEE g (dual energy CT; ©I5F DECT)= A= HHE F ol A] & tizt
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CT @74 g53ttt & oluA] 0= 2ot ARt CT FAolA = HIsh 4] Al4E Hol=
B 50| ME OHE ofuR] $Fo A A2 T2 Yxjo] So]ZQl 7] B BYo=En B3
S E3ITHBO). DECTE ©1F A9, 14 kvp X% 0|55 4E7] 59 7145 B ee=d=
ot 7Md T o] g d(virtual monoenergetic image; ©|5F VMI) 52] o8] 271 942 A
/JeTH@g]). L& $R = Q 0 Bt 23l wAlS Zhxsto] Bob] CTPoIA 4, 51d 4 7
A AITS B 4 QITH82). R0 E BR T 7|2 AbRT) Athdso] 94610 HEFA BA

| 7F&3HH(81, 83). VMIE 40-200 keV - 9]ofjA] ofzl Tl of =] 2] of/dolm Z{ofi]
VMI (< 70 keV)&= 2.2 & K-edge?l 245H7] uf2o] 2 @ =o] =0 k4|2 Holct whahr] A4
AT S A T] o7} ZakE| o] IR Aol o FE|RITHg4). $HH, 1oy 2] VMIE ¥ 7
3} ABES Zol&= o f-837] whiel A5 ol thet THd 52 = 4= UThsH).

olr

XH7| e XASZCT

A7) 2 @ = 2HYZ7}(late iodine enhancement; ©]5} LIE) CT+= CTPE EE535H & A2
A G7HE 9k A7) oz AA7| 7hHEEls 295 MRI (late gadolinium enhance-
ment MRI)e} §AFSH} 2 @ & A E FE|/REHe] Alzelg1tol #F5lo] LIE CTE &9
MRS FokL AR-S3 Z-2 HIS 8/ A2HS2] B7toll AR 4 QTH(86-89).
LIEZ} 2s| YefueH QA7 Joid o= ofsfF skl CTPe] 7% LIE CToll 83 =
FA7E FAE] AT AR ] CCTA H=AIR! 73, LIE CTE A 45| E5atH 24| 37}
ZQlo] Wk 4= QIrk(87, 89-91). 71& LIE CT= WS R =4-8H| 2 ARgo| A5+ o] x]qt
U0 B

S WSk, RS AT, oS ollLlA] CTE &8 Aoll|A] VMI Y 2 e & FRx =5 o] g5l e

A& CTPE 22 AlZHA] 712 o3l o|ghe|2] ghe A2} vlmal Auetsh Ei A2 %
o] ojo] Lo Hol= e A0 2 Wolsth FAl 7101]% Ho]x] e} B5}7] CTPol| AR Hol
© BRAEL ATEHo|n Blr|ek FA7] miRo)A BRzo] Ho|H AZ Aol 2}y
94 CTPE g 5ot Z4¢ Rar|ol 2Uad 29 } Fol A7) BRAES 7 A
7 4 9)7) wiol a7 9JaiAlE LIE CT7H H25kcHed).

S, SPECT®H A1 11 414 slolln] 2ashe 17870 M2 142 oA 308 445
27} B51719F JA 7] Sk 2 4(Z2F summed stress score and summed rest score)2t

At 2bo] A4=(summed difference score)& A& S Wy =alet 4= ot

ol
T
o
ol

=
N
N
1_.

I
=l
1{;

QI &hAl
(92, 93). =3t 7453 TFH|(transmural perfusion ratio = s}t B 29 [attenuation]/2] 2k
St Wit 29)2 Al8-R o8] A4 (myocardial perfusion reserve index = [517] &9-F4]
7] S9)FA7] S9)E ST o= Alte 4~ Jlar th2 A2y S fARSE 2EAd
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AT AT A ot A /\]7u e E A :rLElX] ‘3%%‘1}(98) ”%kx—*. A2 SPECT°1W 3
715}7] o] 3VD2] 4 318 (balanced ischemia)S 7 15H= o] 885} 52 CTPol|A] Al
< BRE AFstols 84 o= Ad A5, thE2E =H (Patlak plot), 78 2@ (com-
partment model), &7 EXE 24 (extended Toft model), H 20| of7iH<4> =& (Fermi para-
metric model), model-independent deconvolution 522 ThFstA|TF EFE87}F SE6HA] &
ZAlzho| dTtuc} Algst 2bo] 7} 9lo] Aol 37} lrk(76, 99, 100).

ShH AtHE & oflH|ZH(relative flow reserve; ©]5F RFR = 5-517] MBE/55417] MBF)o| At}
MBFET} U2 g0 & thehdth101-103). RFRS FA|BAS 1} n| A& 7] 5ol thal 2% vt
7] whzoll A CADU W59 715 o7} = A9 W2 & EATH(72). RFRY F517]
MBF7}t %Z}H*J—} o FAoM 54 B EH <ol o 7 #lald CADE Xdst
7]ol F28F WA=, A oS5 =, 24 oIS =S BN PETH fARE 22HE EITH104, 105).
RFR-2 7t & @ﬂ? oS A= H% FESHAIRE AERA 9l §4] F4 CTP TR EF2

CTPe= o] AtollM Pt om §ofgt P52 HAEshe ol ol =2 W50l 4%
HATH102, 107-109). CRESCENT-II (Comprehensive Cardiac CT Versus Exercise Testing in
Suspected Coronary Artery Disease 2) A70llA] 52| CTP= 9% CAD et A] 7|2 7% 7
AHERSHIH =, Boti] 280}, = SPECT)E Al¥¥ohs 4Rt 7 Ake] B Rd(17% vs.
37%)H ICA A RI=E FE0 2 OE 7|5 AAMES & oz tixd 4 lgol SR
(110). CORE320 (Coronary Artery Evaluation using 320-row Multidetector Computed To-
mography Angiography and Myocardial Perfusion) +ollA] %4 CTPL} CCTAS S| AHS-
Sh= A97F CCTA =R} Fojsthz o 2 9ol & o] qiﬁP E0|5%=(74% vs. 51%), YA
Sl &= (65% vs. 53%), ITHHEE(AUC 0.87 vs. 0.82)7F = A3 A& CTP7F SPECTEL) &
& Ak A3 (AUC 0.78 vs. 0.69)2 EIh(111, 112). 54 C ( F)= A4 A dztet 7
St CCTA®}F CT-FFRETH MACEO] thh o % o550 w2 222 YERHTHHH]: MBF-
10.1 vs. CCTA-1.2 vs. CT-FFR-2.2) (13). =3+ 2] 9 52| CTP= MACES] /2] f1&dQlaket

H
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CCTAOI| B3l F7FAQ1 o5 of Z0] 7Fs52to] 2Ql=IT(113, 114).

b
oo

v}

2 =2 AREE IR =R AR 4 )ITK(115). CT
H

7
SttH12, 116). T Al mas gakslst

= W o] HoJsky %94*0, 237 7o 5830 CCTAL} §74 CADS] silHsH4 | &
Bk, doshy Q453 FAlo| Bt 7Hss st 4~ 9lo
o AW7NE 25 & GIHE B7FE 4= Jlth(76, 117). CTP= CT-FFRE| $HAIQI AlSh A3lef == &
HEZ} Qe SAlo|ME 7|5 HHE A2 4 9 E}(78 118). CTP= SPECTSE} H| 3] T2 o)A}

CTP= B3 CCTA @=2Atol] HIsl tiH] o & Agfo] Q75w 52| CTPoll B3k AR
o M2 CTPREU AFds] ETHAA CTP 1.9-15.7 mSy, 54 CTP 3.8-12.8 mSv, CCTAS} -5}
7] CTP 3-16 mSv) (121). 5FA|Tt CT 7]7]9] ¥, w2 3 )} W= 214 (iterative reconstruc-
tion; ©]3}HIR) 7| 52 S8l YA A A5HE HAsteHHA WA =2(< 4mSv)S =Y 4 Ut
(100, 122, 123). W2 x9S o]-8dk= A= CToll IR &a1e|E-2 F&oto] Jd 22 &
HAE = EY &'E}(m 125). IR garg|Eoll= A/ AR £017] Y3l o

o 7|t AghH slo]=a] = [Ro|u, €4 IR 71%{0] Rlk(126). 3Fo] 28] = IR} H| w3,
IR AHE-oHA 2 HgF 54 CTPollA] @t M-S 45HA] oot /d & o] e rh(122).
Zols F AT Alﬂ% =5t A CTPL] /¢4 243kl dloll /lgAlso] 4

o B L
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(@)
H
av]
rr
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&
do
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ox
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Sh= 4] 73} Q13- (beam-hardening artifact)o] #|Y &5}t 1] 4sh= UHbA o2 AlZ &
5
]_

%13 3189 F220] Qe XA B %P%kﬁ NP CTPOIA ) 23} 9132

7|25 P oA 71 B & 4 o‘E}(64 93). H] A3} B4 gi12]E = DECTS /\]-_9.
Sto] ] 73} Q1 EE-S X435 4= QITHSS, 130). 2AY Q1 FE = AEF 7] Q1FE 7o A
T8 JIFER QIS P/ TRAEo] UePE 4= Qltt. 23] o] AlEkE Bt Il E5EH
Q7™ QlaEo] WAYSHHo64).

Qo] AFFES 1@ 4l CTP= 135 CT, ATd SalelES IR = op7] ulzol Ee ARE:
Sh= o] 217 o] A7}, =gt Bt fikekA] Fojek st IAzbelo] 712 H e skal oFA|
H2lgof tha|g Jite S| ohedsfof $hrk(121, 131)

sH, 54 CTP+= A4 A olA SHAE2 AR B3t g7 dthe M1 44 CTP
£ CABG 4% 0% WdsH Y o]AlHS &t B35t ATF+ B7Pt AlgHolehs de
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Table 5. Comparison of CT-FFR and CT Perfusion
CT-FFR CTP
Advantages Functional analysis based on CCTA anatomy and CFD Real-time visualization of myocardial perfusion
No additional scan to CCTA Flow quantification (dynamic CTP)
Preferred for balanced ischemia, multi-vessel disease, Preferred for Heavy calcification or stent in coronary arteries
ortandem lesion
Limitations High dependency on image quality of CCTA Radiation exposure and contrast agent additional to CCTA
Appropriate patient selection Use and side effects of myocardial stress agent
(patient-related factors influencing CT-FFR calculation) Longer duration for examination (30-40 minutes)
Time-consuming and additional cost (off-site CTP) Requirement of high-end CT scanner (dynamic CTP)

CCTA = coronary CT angiography, CFD = computational fluid dynamics, CT-FFR = CT-fractional flow reserve, CTP = CT perfusion

nefalof gk
7Is™ 24 7142l H| et ey

CAD®] Fq5HY 24 7|92l CT-FFRe} CTP Fofl Ad=le 718 2hedat Q1ol

u
)
o,
ool
o
ne

=
+=tHTable 5). CT-FFR-2 th-22] A% CTollA] A= CCTAE o]&al S4& 4= A|qt, shalo]
Zolof opH, ¥4 CT-FFRE AH&She 3, BHE A7I7HA] Al Addet 371 vl-&o] dAdgh
TH(132). % CT-FFR RFabs AlARI o 2 E5] A7t Aot S tiif o= 47] wAdo] F
23}t CTP= &Y é“:‘#% W A A E A7 4 QA o ZREE 9 427 ks 3
o CT 71719k Al RolofES thf= Al o] F st CT-FFRE A7NE Alsol gt +
3 o, o ‘t, AL o] Sl A9 CTPEU AR 59t d FHST 3/ ST-seg-

ment elevation myocardial infarction (STEMI)ol|Al+= 7|7} %
Al ABIEZ} Q1= 739 CT-FFRECH £TH133, 134).

CTPe} CT-FFR2 354 FFRZ 7122 7|54 22 {23t CADE Aol glof Hl%5H|
Q45 ATk A2 Bl T 7Y BE CCTARTH AT 5-S IAFAIZITH108, 118, 135). |
B} FA0f|A] CT-FFR (0.72)4} CTP (0.77)& ©]-8-5FH CCTA (0.43)2] 5% Eol&=& 7|3t
136). 531, CT-FFR 0.74-0.85¢ ], 5% CTPE Al3¥5}H AUC 0.780114] 0.852 XHd50] 7H
A 1cH(118). HH, 2] CTPECH= CT-FFRo|, CT-FFRECH= 52 CTP7} 5184 CADol of
5t Eo| =7} o S HITH137-139).

2l

|5H2]0]Th23). CTPE A3lsi7t
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Y
rh

CCTAY CADO| chet 5814 215k RIghest o g $4=5131 CADE: vl 9lo] & ol

& a4 golidol Tiie 7= Al oIk, CTPe} CIFFRS %
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