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WHAT IS MYOCARDIAL
BLOOD FLOW?




“ourage Trial: PCl vs Medical Rx In Non-Acute CAD No benefit
f stents over medical treatment alone based on angiogram
-AME | showed physiology plays a major role.
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CA-FFR (fractional flow reserve)
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nvasive Coronary Angiography - FFR

ros
New gold standard for
evaluating stenosis severity.

Eval and deploy therapy at the
same time.

Cons
* |[nvasive

* Requires highly skilled invasive
cardiologist

* Additional time
* Additional equipment

* Difficult to evaluate regional
impact or diffuse disease
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» on renal dialysis with dyspnea on exertion, no angina, has HTN, DM, stress EF 65%,
mia, hypothyroidism, coronary calcium, no angina or ST changes during stress.
urgeon: “No renal transplant until CABG is done”. Angiogram called 60% to 90% DS.

tomogram - relative
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Septal Anterior Lateral Inferior

0% Normal, from healthy young volunteers .
I 11% Minimally reduced, risk factors only normal subendocardial

87% Mildly reduced stress perfusion

2% Moderately reduced
0% Severely reduced, definite ischemia

t-op CFC shows microvascular dysfunction & non-obstructive coronary calcification.

. tomogram - relative
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5% Moderately reduced

0% Severely reduced, definite ischemia

stress perfusion

normal subendocardial

Objectively measured % DS

e

LCx 40% DS

/

‘Diagonal 50% DS /2‘

L
-

N, R & . ‘ : r" \'
JE . " "
4mm / by ,F,-» W0y
LAD 43%DS - | B

|}
mm —— 1

1 ¥



“TA with FFR~

1, et al. Feb 2022 Radiographics 42(2) 340-358



-FR.7 (HeartFlow)

Pros
* Easily reimbursed

* FFR; performs better than CTA alone

Cons

More expensive than SPECT, Echo, and
CMR

DeFACTO low specificity (54%) and
positive predictive value (67%).

NXT trial confirmed the positive
predictive value of only 65%.

Lower accuracy in intermediate lesions
and high false+ in terminal vessels.

Contraindication for contrast or prep

Difficult in diffuse disease and serial
stenosis



FFRyreport

FFRcr
AD = 0.67
Cx =0.84
RCA = 0.94




T Images

Clinical Report
Name: Age: 50 Sex: Male I1D: GE15507 Date: Aug 12 2019 Isotope: Rb
Rest Arterial=9.56 Stress Artorial=8.28
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“MR-CFR (coronary flow reserve)

Stress

&

r, et al. Apr 2008 JCMR 10 (18)



_MR Pertusion and CFR

'ros

Gold standard for anatomy, wall
motion, and viability.

No ionizing radiation

Similar accuracy to ICA-FFR

Cons

* Least available in US

* Poorly reimbursed

* Device contraindications

* Technically difficult

* Contrast contraindications

* Small number of slices

* Poor artery specific perfusion



Stress CMR = PET

Functionally significant CAD

Test Sensitivity (%), Specificity (%),
(95% CI) (95% CI)
ICA 68 (60-75) 73 (55-86) * FFR as reference
Stress ECG * stable CAD
Stress echo no data e 23 studies
CCTA 93 (89-96) 53 (37-68) * 4131 subjects
SPECT 73 (62-82) 83 (71-90)
PET 89 (82-93) 85 (81-88)
Stress CMR 89 (85-92) 87 (83-91)

. 2018 Sep 14;39(35):3322-3330. (Table 1 portions with annotations)



T MPI with CFR & CFC (coronary flow capacit
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ET Myocardial Perfusion Imaging (MPI)
Vivocardial Blood Flow (MBF)

’ros Cons
Artery specific perfusion * Expensive capital investment
Fast patient turnaround * Technical expertise required

PET flow precision is the same as ¢ Reimbursement challenges
ICA FFR 10%

Improves mortality when used
to direct patient management.

Accurate in high BMI

, JACC. 2019 Jan 22;73(2):161-173.



-
WHICH TOOL WOULD YOU WANT?

Accuracy Accuracy Imaging
vs FFR* vs PCI/CABG failure

PET 386% 2%
SPECT  68-76% 73% 2%

FFR. 70% 63% 13%

atient on intention-to-diagnose basis in PACIFIC, successful scans vs FFR in ReASSESS
Driessen RS, JACC. 2019 Jan 22;73(2):161-173. (Table 4 and results text)
5 = Sand NPR, JACC Cardiovasc Imaging. 2018 Nov;11(11):1640-1650. (Figure 4 and Table 7)
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BT Hardware

D 3D

Some have list-mode * Most have list-mode

Capable of imaging a bolus 45- e Capable of imaging a bolus of
50mCi of Rb-82 or 20mCi of N- 30mCi or more of Rb-82.

13 ammonia. * Improved image quality over 2D

Improved image quality over PET
SPECT, but still has difficulty

) , ) , * Diagnostic images up to table
imaging patients with BMI > 30

limit
 500-550 Ibs



r\ Accounting for residual during transfer and elapsed time until the start of scan,

Example beaker test with Rb-82/N-13

Rb-82 Decay in 500cc Beaker

Beaker filled with 29.0 mCi Rb-82 in 500cc H,0

the Rb-82 concentration at the start of the scan was 37.49 pCi/cc.
The black dashed line in frame 1 represents the single decay reference point for the entire
\ acquisition. All other decay points should reference back to this point as seen below.

\
\

\

IROI = 20.447 u(si/cc\
Efficiency 0.950
% from dose '

calibrator |
5.04%

Concentration at 60 sec into frame 1 per dose calibrator

| 21.53 uCi/cc |

[ROI = 20.781 uCifcc

Concentrations are THE SAME

[ROI = 19911 uCi/cc

Efficiency 0.965 Efficiency 0.925
% from dose % from dose
calibrator calibrator
3.49% 7.53%
Frame
300 Frame 3
sec
300 sec
50 120 10 0 300 %0 w0 540 %0 660

Time (s)

Image courtesy of Dr. Robert Bober (Ochsner, New Orleans)



o
PV Phantom tests
* Partial Volume test (ACR or Bracco)
* Fill with Rb-82/N-13 tracer solution
* Measure the uCi/cc of a small ROl divided by the larg
16mm

ROI
’ 25mm

* Measures how well the system can resolve the
thickness of the myocardium.




st mode structure

PET corrections attached to the acquisition and recon protocol.
* GE and Siemens

PET corrected in real time. B
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Rb-82 (Bracco or RUBY-FILL)
* Fastest
* Most difficult to correct
e 2 min flow, 5 min uptake

N-13 Ammonia (cyclotron/IONETIX)

* Myocardial washout
» Extra-cardiac uptake
e 80 sec flow, 10 min uptake

F-18 flurpiridaz (GE)
* Not yet approved by FDA

e MUST have subtraction
 Not validated for flow
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\ttenuation Correction

Gould et al. J Nuclear Medicine 2007
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Weatherhead PET Imaging
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Unshifted stress image dramatically effects the flow.

(e e ) (" Chcst Aapon I

Name: : 60 Sex: Fomale 10 Study: MIS10 Date: 2022 Name: Age:60 Sex: Female 1D: Study: MIGI0 Date: 2022
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Feature

Animal
validation
Flow spectrum
Normal
volunteers
Ischemia

Stress agents
Dipyridamole
Adenosine

Regadenoson
Test/retest

Arterial input

Clinical
outcomes

Cost
effectiveness

Randomized trial

Philosophy = flow package

Description

Comparison of PET against flow meter or microspheres

Rest and stress flow in young, healthy people (not patients)

Stress-induced perfusion defect with severe angina or ECG
changes

Interplay of vasodilator pharmacodynamics and radiotracer
timing

Separate biologic variation from stochastic effects of imaging

Scan-specific customization of arterial input to avoid
underestimation

Size/severity association with outcomes as modified by
treatment

Cost simulation ideally based on data from a randomized trial

Impact of PET-guided management on clinical outcomes

Citation

Yoshida (1996)°

Sdringola (2011)’

Johnson (2011)®

Kitkungvan
(2017)?
Kitkungvan
(2017)'°
Johnson (2015)""
Kitkungvan
(2017)?
Vasquez (2013)'?

Gould (2021)'4
Delgado (2014)'°

Kitkungvan
(2021)'°

24

125

1674

120

127

176
708

288

5274

N/A

1028

Johnson NP and Gould KL. “How shall we judge a PET flow model?” J Nucl Cardiol. 2021 Sep 24. doi: 10.1007/s12350-021-02805-5. (Table 1)



Spectrum of perfusion

cc/min/gm

N

infarcts normals




Are you normal?

y : Isotope | Sample size | Author Citation Rest flow | St
B All patients (N =125) CFR 4.02047 P W
b p e F-18 7 Packard JNM 2014;55:1438 0.73+0.13 | 2.
] True normals (N = 56) e —— S speaile
- N-13 18 Czemin Circulation 1993;88:62 0.76£0.17 | 3.
- N-13 1 Dayanikli Circulation 1994;90:808 0.66+0.09 | 2.
Not normals (N = 69) N-13 5 Beaniands JACC 1995,26:1465 0.62£0.09 | 2.
- “ ” — N-13 6 Sawada JINC 1995;2:413 0.68 £0.12
True” normals = [Na3 11 Czemin JNM 1995,36:575
= N3 19 de Jong JNM 1995,36:581 0.96 + 0.02
e 28yearso Id . N3 8 DeGrado JNC 1996,3:494 0.70+0.14
2 9 CC/m | n/g [TNa3 10 Muzik JACC 1996.28:757 0.74 £ 0.15
e BMI23 kg / m?2 . [TNa3 14 Yokoyama JNM 1996:37:1937 0.70 +0.17
= 0.005 N3 15 Netzsche Circulation 1996:932000 | 0.64 + 0.09
e No calcium p = V. B=E 30 Nagamachi JINM 1996,37:1626 0.64 £ 0.15
. N-13 10 Baticher JNM 1997,38:442 0.61 £ 0.09
N-13 10 Campisi AJC 1997:80:27 0.68 +0.16
* No LVH on ECG N-13 20 Muzk JACC 1998;31:534 0.67 £0.11
} N-13 14 Lortie EJNMMI 2007;34:1765 0.69 + 0.09
* No risk factors N3 10 Mather Obesity 2009,18:63 061014
. N-13 10 Vincenti Nuklearmedizin 2010,49:173
e Normal ||p|d5 [ N3 14 Toragawa EJNMMI 2010,37:368 0.86£0.21
[TNa3 26 Valenta JINC 2010;17:1023 0.71£0.13
- . N-13 13 Scholtens JINC 2011;18:238 0.70 £ 0.16
Normal BP N-13 15 Slomka JINM 2012:53:171 0.87 +0.24
N-13 14 Renaud JINC 2013:20:578 0.71+0.15
| 015 4 lids Circulation 1988.78:104 0.97 +0.07
015 11 Senneff JINM 1991:32:2037 1.16 £ 0.32
0-15 11 Araujo Circulation 1991:83:875 0.84 + 0.09
0-15 8 ‘Yamamoto Circulation 1992,86:167 0.95+0.13
015 21 Uren NEJM 1994;330:1782 1.13+0.26
1 015 15 Nitzsche Circulation 1996:93:2000 | 0.66 £ 0.12
015 19 Laine JACC 1988,32:147 0.81+0.21
H 0-15 61 Kaufmann JACC 2000;36:103 0.87 +0.14
0.7 cc/mln/g 015 11 Uin JNM 2001;42:201 0.92+0.19
015 12 Furuyama Circulation 2002;105:2878 | 0.79 £ 0.18
p= 0.164 015 11 Yoshinaga ING 2003,10275 0.96 +0.19
0-15 11 Wyss JNM 2003:44:146 1.24 +0.19
015 27 Vermettfoort JINC 2011;18:650 1.20 + 0.31
3 0-15 11 EJNMMI 2012:39:1037 1.00 £ 0.24
0-15 128 Danad EJNMMI 2012;39:102 1.02 +0.32
015 20 Tomiyama JMRI 2015:42:754 0.71£0.11
015 10 Ochi J Card 2016:68:316 0.66 +0.10
Rb-82 1 Lin JNM 2001:42:201 0.82 +0.26
Rb-82 14 Lortie EJNMMI 2007;34:1765 0.69 +0.14
Rb-82 15 Manabe JNM 2009:50:68 0.80 + 0.25
[Rb-82 125 Sdringola JACC CV Img 2011:4:402__| 0.7040.15
| Rb-82 11 Prior EJNMMI 2012;39:1037 1.03 £ 0.42
[ Rb-82 14 Renaud JINC 2013,20:578 0.68 +0.12
Rest Stress CFR | Rb-82 10 Pelletier-Galameau | JNM 2018,59:100 0.45 +0.08
A 881 0.8

ingola S, JACC Cardiovasc Imaging. 2011 Apr;4(4):402-12. (Figure 3 with annotations and updated version on its Table X)



How low can you go?

B Resting Myocardial Blood Flow in Normal Regions
Regions of Transmural and Nontransmural Sca

1.60

1.40

1.20 P<0.001

actaey (uCuce)

0.00 2768 551

1.00

rMBF  0.80 - . p<0.002
oart rest flow (cc/min/g) max 1.24 min 0.21 mean .73 Total scar (blue and green regions) (cc/min/g)
. v - ol B Corresponds to >50% DHE
p b g - t ne Total arca: 26% 0.60
p—= { L 1 Relative uptake mean: 50% maximum
- 5 i ¢ % Rest flow mean: 0.45 cc/min'g
bl — o & B 0.45 !
{ ' 1 % T Non-transmural scar (green region, thin arrows) 0.40
g - y = ’ 1 0.32

s . Corresponds to 50.75% DME
L Total arca: 12%

Relative uptake mean: 59% maximum

/ 1] Rest flow moan: 0,58 cciminig 0.20
Inferior Septal Anterior o
mean 0.81 mean 0.58 mean 0.63 Transmural scar (blue region, thick arrow)
= E‘Z":‘r'::?"’”““:)’“ou 000 Normal regions Non<transmural scar | Transmural scar Mini
iy vcendgpryfirdo by (50-75% LGE) (>75% LGE)
: Study PMBF in | rMBFin | . . ] .
s patients| Isotope | SN norma sl absolute flow in MRI-verified scars
n ‘ scar 1Sssue
emneal. | 2 | N' |03 | os | MW e transmural =0.32 + 0.07 cc/min/
in et al. 19 NY 0.28 068 | NR ) &
ewizetal, | 26 N" 027 | 081 | 025 (relative uptake 41 *+ 6% max)
eanlands et al. 16 | N" 0.36 | 075 [ 0.19 _ — 1
octin, | 16 | wo (RO o | o * non-transmural = 0.45 + 14 cc/min/g
el o ons (relative uptake 55 + 8% max)

tewart M, Annals of Nuclear Cardiology. 2022;8(1):7-13. (Figures 1 and 2 plus Table 3 and results with annotations)



ariation in infarct flow among software package

A Flow Quality Control B T YTl T

Rest QC ltem

AR AR Al aladala
Frame Durations

Scanner Satwraton Rost Uptake  Max 97% Min 29% Mean 65%

Blood Peak Detected
Blood Peak Width
Flat Blood Curve Tail

thoul lnl-nov Sep(nl An!orloa
Gradual Motion \ moan 73%  mean 34%  mean T2%  mean 83%

Abrupt Molion

Rest flow (mLUminig)
max 1.39 min 0.16 whole 0.7
5 -
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Motion correction
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LV Highest

cardiac MRI

) = Vasquez AF, JACC Cardiovasc Imaging. 2013 May;6(5):559-68. (Figures 2 and 3)
ttom = Franks R, JACC Cardiovasc Imaging. 2020 Dec;13(12):2693-2695. (Figure 1)
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Arterial input location
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Inferior infarct with aneurysm.

0.97
cc/min/gm

0.3
cc/min/gm

age courtesy of Dr. Robert Bober (Ochsner, New Orleans)



How can PET miss these severe lesions?

Relative stress uptake Invasive angiogram
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Caffeine can blunt hyperemia

Relative stress uptake
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t upper = Kitkungvan D, EHJ Cardiovasc Imaging. 2019 Jul 1;20(7):751-762. (Figure 2)
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But do we really need flow?

10556 rest/stress PET

(Apr 2007 to July 2022) exclude
* 1080 non-dipy
508 caffeine (+)

65 dipy timing
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_— T
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882 ischemia
728 ischemia + infarct
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4320 (72%) reasonable CFC

186 endothelial dysfxn
207 infarct + endo

28% with normal
have reduced |

liminary unpublished data from UTHealth (Houston)



56 vear-old man with severe angina
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56 vear-old man with severe angina
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Jnderwent CABG (LIMA-LAD, SVG-DIAG, SVG-RCA
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Mortality over 10 years after rest-stress PET
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Ild KL Curr Cardiol Rep 23, 12 (2021) Figure 1



Randomized CENTURY Trial of Intense Lifestyle,
ledical Treatment To Goals And PET Guided Interventions

35 ¢

Absolute events 29.9%
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P = 0.0006
25 + comprehensive i standard [l 20.5%
(105)
20 + P =0.011
o
.5 P =0.024 14.8%
P =0.023 11.1%
2%
10 4 iz
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0 - i i } } } }

Death Death or Mi Revascularization MACE

liminary unpublished data from UTHealth (Houston)



Randomized CENTURY Trial of Intense Lifestyle,
Mledical Treatment To Goals And PET Guided Interventions

(aplan Meier Plot for death extended follow-up
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liminary unpublished data from UTHealth (Houston)
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\ccurate data into a validated flow package=

Better precision and lower failure

rate than FFR; Fig. 2
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