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A comprehensive evaluation of cardiac function includes information in relation to cardiac out- Non-Commercial License
(https://creativecommons.org/

. . . . . . . licenses/by-nc/4.0) which permits
ventricles, each with its own unique mechanical function. These four cardiac chambers, their unrestricted non-commercial use

valves, and the pulmonary circulation system are inter-related as they preload or afterload on distribution, and reproduction in
each other. Cardiac dysfunction is a failure of global cardiac function, resulting in typical clini- jvr;yr:“ise‘;ir‘;”;;’l;oc"iit‘:f the original
cal manifestations. To investigate the underlying cause of cardiac dysfunction, a step-by-step

evaluation of cardiac blood flow tracks is necessary. In this context, imaging markers showing

details of the cardiac structures have an important role in assessing cardiac function. An im-

age-based evaluation allows for investigation of function in terms of individual cardiac compo-

nents. Evaluation of cardiac function using cardiac CT has recently been validated. This review

aimed to discuss cardiac CT-based imaging markers for comprehensive and detailed cardiac

function assessment.

put and systemic venous return. The heart is composed of four chambers: two atria and two

Index terms Cardiac CT; Cardiac Function; ECG-Gating; Imaging Markers
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Fig. 1. Retrospectively ECG-gated cardiac CT data processed using dedicated software (Vitrea v6.8.109.1, Vital Images, Canon Medical Sys-
tems, Otawara, Japan) to generate multi-chamber evaluations. Twenty image datasets were reconstructed during one cardiac cycle (R-R

interval).
A. An axial plane cardiac CT image reconstructed at the mid-diastolic phase.

B. A semi-automatic three-dimensional segmentation of the endocardial and epicardial borders is conducted on the LV (red) and RV

(blue) and the LA (yellow).

C. Volume-based functional parameters of the three chambers are obtained. Biventricular ejection fractions, end-diastolic and end-sys-
tolic volumes, stroke volumes, and cardiac outputs are acquired. Secondarily through simple comparison Qp/Qs (right and left ventricu-

lar stroke volume ratio) can be generated as 0.96 in this case.

D. Time-volume curves for the three cardiac chambers are generated. The LV (red) and RV (blue) show decreasing volume during systole
(ED to ES) and increasing volume during diastole (ES to ED). The left atrium (yellow) exhibits paradoxical motion.
BSA =body surface area, ECG = electrocardiogram, ED = end diastole, ES = end systole, LA = left atrium, LV = left ventricle, RV = right ventricle
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0
0 10 20 30 40 50 60 70 80 90
Phase %
@ . . LV RV LA
arameter Value Index Value Index Value Index
Ejection fraction (%) 74 57 33
End diastolic volume (mL) 150 83 187 104 128 71
End systolic volume (mL) 39 22 81 45 86 47
Stroke volume (mL) 111 61 106 59 42 23
Cardiac output (L/min) 52 2.9 5.0 2.8
Lv LA
Parameter Parameter
Value Index Value Index
Myocardial mass (g) 130 1.8 Maximal volume (mL) 151 83
Myocardial volume (mL) 123 Cyclic volume change (mL) 65 36
LV/RV regurgitation fraction (%) 4.1 Reservior volume (mL) 32
Heart rate: 47 bpm
BSA: 1.8 m2
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Fig. 2. Cardiac CT-based time-volume curve of the three cardiac chambers.

A, B. During diastole, the ventricular volume increase (V [e - a] in panel a) overwhelms the atrial volume re-
duction (V [a - d] in panel b), owing to imported blood volume directly from the pulmonary vein to the left
ventricle during the conduit phase of the left atrium (T [b - c] in panel b) and simultaneous diastasis of the
left ventricle (T [c-d] in panel a).

A. During diastole, the T (a - b) segment of the left ventricular curve (red) represents isovolumetric relax-
ation. T (b - d) represents passive filling, and T (d - €) represents active filling. V (e - a), V (d - a), and V (e - d)
represent stroke volume, passive filling volume, and active filling volume, respectively. Ve and Va are the
end-diastolic and end-systolic volumes of the left ventricle.

B. During systole, the left atrium (yellow) shows a reserve phase (T [d - a]) by receiving blood flow from the
pulmonary veins. During diastole, the left atrium empties blood into the left ventricle through three distinct
phases. T (a-b),T(b-c),and T (c- d) represent passive, conduit, and active filling phases, respectively. V (a -
b) and V (c- d) represent passive and pumping flow volumes. During the conduit phase, the left atrial volume
change (V [b - c]) is not significant compared with the left ventricular volume increase in the same phase.

ED =end diastole, ES = end systole, T ( - *) = time period between =,V (x - ») = volume change between =

@ Trigger delay (msec) Trigger delay (msec)
100 1 + * E.'S + t + 100 1
75t ' 5T
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o o
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- 0
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
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UHER TS 4= Q= A 2719k A2 FAIE E2318E 274 758 (corrected EF)E AHAISI S
o A7 HES ARFSHA Hrkn Eusleich Arenja 5(20)2 A% MRIZ ©]-&51o]
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(myocardial contraction fraction)= AQtstloH HIS R/ YA TZ9] o ool =2
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strain) O 2 ST A4 £F 7150 Bl EEERTH S5 A Ho|H ol F oS0
& =94 7Ex7F Qa2 SRt Alz-gatollA = A Y534 (myocardial speckle track-

M

Table 1. Functional Parameters and Their Normal Reference Values

Chamber Target Action Parameters Function Units Reference Range*  Modalities  References
Cardiacoutput CO SVXHR L/min 3.0-6.0 CcT (15)
PTT TpLV-TpRV sec <20.5 CT (14)
LV Expansion LVEDVI LVEDV / BSA mL/m? M: 48-76, F: 52-47 CcT (15)
Contraction EF SV /LVEDV % M: 55-72, F: 58-74
MCF SV/LVMM X 1.0° % MRI (20)
LAS (LVLDdia - LVLDsys) / LVLDdia % 14-19
SV SV/BSA mL/m?  M:29-49, F: 32-48 cT (15)
Cl CO/BSA L/min/m? 1.9-3.0
LVMMI LVMM / BSA g/m? M: 65-94, F: 55-73
LA Expansion LAVImax  LAVmax/BSA mL/m? M: 48-68, F: 40-54 CT (45,49)
LAVImin  LAVmin /BSA mL/m? M: 26-40, F: 20-36
Emptying LAEF (LAVmax-LAVmin) / LAVmax % >40 CcT (31)
LAVCI LAEDV / LVEDV % MRI (33)
RV Expansion RVEDVI RVEDV / BSA mL/m? M: 60-100, F: 63-87 MRI (34)
RVESVI RVESV/BSA mL/m? M:26-52, F: 27-43
Contraction RVEF RVSV / RVEDV % M: 47-57, F: 46-62
RVSVI RVSV /BSA mL/m? M: 28-54, F: 32-48
RVOI RVO / BSA L/min/m?> M:2.0-3.8,F:1.9-3.5
RA  Expansion RAVImax  RAVmax/BSA mL/m? M: 39-65, F: 41-68 CcT (41)
RAVImin ~ RAVmin / BSA mL/m? M:20-39, F: 18-39
Contraction RAEF (RAVmax - RAVmin) /RAVmax % M: 32-54, F: 35-61

*Reference range is calculated as interval between mean - SD and mean + SD.

BSA = body surface area, Cl = cardiac output index, CO = cardiac output, EDVI = end-diastolic volume index, EF = ejection fraction, F = fe-
male, HR = heart rate, LA = left atrium, LAVCI = left atrioventricular coupling index, LAV = LA volume, LAVI = LA volume index, LV = left ventri-
cle, LVEDV = LV end-diastolic volume, M = male, MCF = myocardial contraction fraction, PTT = pulmonary transit time, RV = right ventricle,
RVO = RV output, SD = standard deviation, SV = stroke volume, SVI = stroke volume index, TpLV = LV peak enhancement time, TpRV = RV
peak enhancement time
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SF LAY (global strain)2 AR o] & S5RRFe] LA o] Aoz F-842 2
g Jlom A #% 7|5 FrlelM e FEEET WAkl ek A= Erkal o1
31 QUUH25). A7 CTollM = A2 Wl 324 7Fs?t 5518t 2142 Z2Fsl7] of g, wh2ba] Jsfd
MRS 2ol AZWE- Ui AANS st 54 FRl5e FAste] Hige AEsh|= ot
T}, o] ¢ Hxgut At 9 A Qg A1 EQ] N-terminal pro brain natriuretic peptide

3

proBNP)2}F 7-2] 3t /HtAI7F BAars] 1 Qlrk(26). o9} 2ol o= =AY AH
5742 5ol A CT7 2 5 2 ol 6= B71E & ok 12y 18 2A| 2 T3]0
g osto] Husls] 7|l §kA7F Qlo] H]lok

A % 7|50l 2 A SRR ohl gt 244 o) S RSHE JRFe nlxith Al
g 18 59 F7HE FHoPL A7)0l nixle I wsA mielsh] flsl v E &
7 o]Qloll &= A thE 27/d (distensibility) 52 7]'5-S AAFH | % St} Meenakshisundar-
am 527 ZS5THARE o] -&5to], gkl A dwtell vlsh f2lshAl tise /(4
Z71ds 217 - ol |t s A7) / ol s WA Fle] Akl tiE™ 2] = (stiffness, =
Log [5718%/ o178 <]/ s ebd ) ok 2t vl o= S71Hd8 Earsiith

AR A7 lo) SIaL ARolekr|o] 43It HAe] 458 A4S (atrial
systole)2 FEdsEAL} o] 27|47 |-5(diastolic atrial function) 2= F&s}7| & 3ff £E0] US
4 9lek. 2hAle] 432 Algolek(diastole)el Bl Ao 2 ST Wet k. 4w gt

72 o o 2 HE] PollZ =Q]otH o] A|7|E %7 (reserve phase)2t St} 2HA R 2H/d o]

Aolehr] Eete] Al 52 3uA R JiEE 4 QT 27]4FHlZ(early passive empty-
ing)7], &2 (conduit)”], B7]'5-55Z(late active contraction)”| 2 F/JEtt. s~5HiE7]oll+=
AeZ7) B2t 240 o2 A AE PHo] AR o Afof| oJs 25X 0 o]F
(passive flow) 5}H, S27]0l= 2H 2] 82 wgt glo] wgujol A 2 d 2 2% -f-5(con-
duit flow)o] FAY5IAL, 555F7oll= AW s54F0l 23 -5 (pumping flow)o] 248
Sheh, 7 oA E3-53-2 40%, 35%, 25% =2 HiEE CHFig. 2B) (28).

Agole] AR 59 553 2492 52f-5(conduit flow)oltt. o] TAoll= AR
o] 84 e A9 glovt A2 etsiA|ah 24401 843 7HE Hol= F7]0leh (dias-
tasis)ll s et} A2t o &2 AIR-8A oA A 84577 24Re] 84 ek 2
Al SHETH9). F, BER-SOE Qo] el T S -2 A A f-53o] sl
2 2halR 84 Z4ol] oJ5h ALf- viETE A3k FTh)).
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=
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451 E|o] E/A H|2F Zho] 24l A o]eh7] 7] ol/de] A37t 7] %= gHek(28). 417 CTLF MRIC
A A #Al A o) AT-EA A9 715 A mEo] 2] ol 71s Al {83 o
0] A k22, 30). A E AR (major adverse cardiac events; MACE)S cll&gol ?lof
A % 75 ol E 24 Htioll tiste] 24R e o]do] S- A o]l 714 I o 5
£ 7RItk Bl QIok(31).
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Kiihl 5(34)& A% CTE o]&sto] 2 715 AxESS S5 oH HISTHSAHZ B8NS
(non ST elevation myocardial infarction; NSTEMI) £-2k£2] 2| & (mortality) 2} B] 5 ct.
Cox proportional hazards modelellA] tole} 53 Agh A 155, A5 (Killip
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CTE o] 85 24W9] 75 7} AA+t= okl AlgHalolnt. o2l 2 A% CT] frad A5
ARe] ABA o ol 512k 2A o] §-8/dS HEohe BAlRE & 4 k. WA Schweitzer 5(38)
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TAPSE®= 2P A3 24] £ 7Hs3ltHFig. 3).
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A HIEYE AlrFehE 75 A FEE0] ot Tt HleHe] SR e HuddE AlAKShE 7]
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5| FHlEHe] 27 o] 17 s E T A A ol H Y02 THEE| QT S5 2]
273 29 mmE AR Z S 5HIHRY oS TIZtE = 87%, S0l 89%E HIlE| UrH42).
HEHo] S/ = A% CTollA S74o] 7hsottt. fula o] 2ot 2] jy] HAMslE v
(arterial distensibility) Z4sto] Hl1EY Aok}t Y= BHol §-835Ho] B 1w Qlrh(43). 1)

A A SRS F7HA 2AA FEl H1RS 22t Tan 5(44)2 HALEdollA
SAA Ao B S (6 mm o), SEHIA T BI2] F7H0.32 o)), S Ul A AH] St
1.28 o]d), Tl 5/t s 274 57H0.84 °1) 52l HES A4 o= A5kt

}:1
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Al AANTE SUT Wehol A5 U 84 Wske eItk S Asioige u
A B PEolct. teby LAl SR Al AZE S Sl U
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Fig. 3. A retrospective ECG-gated cardiac CT scan of a 69-year-old male with intermittent chest discomfort during exertion. This patient
has a 20-year history of hypertension and is currently medicated.

A. LAD, LCx, and RCA show multiple borderline stenosis (arrows) due to both soft and calcified plaques.

B. Four-chamber view at end-diastole (D) and mid-systole (S) demonstrates a prominent left atrium (x). Tricuspid annular plane systolic
excursion is measured as 36.6 mm without right ventricular systolic dysfunction.

ECG = electrocardiogram, LAD = left anterior descending, LCx = left circumflex, RCA = right coronary artery
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Fig. 3. A retrospective ECG-gated cardiac CT scan of a 69-year-old male with intermittent chest discomfort
during exertion. This patient has a 20-year history of hypertension and is currently medicated.

C. Three-chamber function analysis indicates normal LV systolic parameters, including a LVEF of 59% and
an EDVI of 71 mL/m2 The LVMM indexed according to BSA is at the upper limit of normal (95 g/m?), whereas
the myocardial contraction fraction (LVEF/LVMM) is significantly low (32%) (20). Additionally, the left atrial
maximal volume is increased with a dominant late atrial contraction volume (large arrow) exceeding the
reservoir volume (small arrow). The LV time-volume curve (red) exhibits weaker active filling volume (ar-
rowhead) compared with the left atrial late contraction volume, suggesting diastolic dysfunction. This com-
prehensive multi-chamber functional assessment reveals diastolic and possible systolic dysfunction of the
left ventricle, even at rest.

BSA = body surface area, ECG = electrocardiogram, ED = end diastole, EDVI = end-diastolic volume index,
ES = end systole, LA = left atrium, LV = left ventricular, LVEF = left ventricular ejection fraction, LVYMM = LV
myocardial mass, RV = right ventricle

© LV RV LA
Parameter
Value Index Value Index Value
Ejection fraction (%) 59 67 24
End diastolic volume (mL) 133 71 149 79 181
End systolic volume (mL) 55 29 50 26 137
Stroke volume (mL) 78 42 99 53 43
Cardiac output (L/min) 52 2.8 6.7 35
Lv LA
Parameter Parameter —
Value Index Value
Myocardial mass (g) 182 2.5 Maximal volume (mL) 196
Myocardial volume (mL) 172 Cyclic volume change (mL) 59
LV/RV regurgitation fraction (%) 21 Reservior volume (mL) 16
Heart rate: 67 bpm
BSA: 19m2

Trigger delay (msec)
T S g T E
S 2 D

0 10 20 30 40 50 60 70 80 90
Phase %

2hR(systemic venous return) 5717+ 5o} S7tol| st ot o AP = g7 =

A A RSE Sl 7]og

CTE 013 944 7% ZAH: A2 18] choysha] kot obs Butahsjx] ggkom] ¥
=9) 2% Bgo] B Aok, S DA 7|5 AEE Hh 87, B2 WakF, H4 87
50|k, Budoff 545) CTE ol 83 -5 Aol 8] 5l k252 Z79st0] W 7he) 4|

S WS tHTable 1).
o2& o 2= 4% 2% (congestion)o] BT ¢ AN 842 FUIeC St AAH
%3

Wd7g ™5 (coronary sinus), SFEHA, Aol e s 4 Stk 2454 CTY
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Fig. 4. A retrospective ECG-gated cardiac CT of an 84-year-old female with persistent dyspnea on exertion six years after coronary recana-
lization. This patient has had systemic hypertension managed with medication for 12 years.

A. CT coronary angiography shows patent stents in the LAD and RCA. No other significant coronary artery stenosis was noted.

B. A left ventricular outflow tract view shows basal septal bulging (arrow) and ascending aortic prominence (x), suggestive of hypertensive
remodeling.

C. Afour-chamber view shows a dilated left atrium (). The long axis strain has decreased (11%).

ECG = electrocardiogram, LAD = left anterior descending, RCA =right coronary artery
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Fig. 4. A retrospective ECG-gated cardiac CT of an 84-year-old female with persistent dyspnea on exertion
six years after coronary recanalization. This patient has had systemic hypertension managed with medica-
tion for 12 years.

D. A three-chamber function report suggests decreased LV early diastolic filling fraction (24%) but a normal
ejection fraction, myocardial muscle mass index, end-diastolic volume index, and cardiac output index. The
LA shows increased maximum and minimum volume indices (76 and 46 mL/m?), decreased reserve flow
fraction (14%), and increased pumping flow fraction (39%) but normal emptying fraction. The right ventric-
ular functional parameters are normal.

Interpretation: these findings of a resting state CT suggest LV apical systolic and possible diastolic dysfunc-
tion, left atrial dilatation with compensated normal function through augmented late contraction, normal
right ventricular function, and normal global cardiac function. During exertion, left atrial compensation
should be attenuated, provoking left atrial dysfunction and dyspnea.

BSA = body surface area, ECG = electrocardiogram, ED = end diastole, ES = end systole, LA = left atrium, LV =
left ventricular, RV =right ventricle

(D) v RV LA

Parameter Value Index Value Index Value Index
Ejection fraction (%) 69 59 33
End diastolic volume (mL) 96 62 120 78 103 67
End systolic volume (mL) 29 19 49 32 69 45
Stroke volume (mL) 67 43 72 46 34 22
Cardiac output (L/min) 4.3 2.8 4.7 3.0
Parameter S Parameter A
Value Index Value Index
Myocardial mass (g) 86 1.5 Maximal volume (mL) 114 74
Myocardial volume (mL) 82 Cyclic volume change (mL) 45 29
LV/RV regurgitation fraction (%) 7.0 Reservior volume (mL) 12
Heart rate: 65 bpm
BSA: 1.5m2

Trigger delay (msec)
150 £S T g
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