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Igår – nuklearkardiologins vagga – 43K och 82Rb
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Via 201Tl till 99mTc



Imorgon var redan igår - första PET perfusionsundersökningarna 1979…



Idag – gated SPECT etablerad metod vid utredning av CAD



EF 49%,  EDV 113 ml belastning
regional väggrörelsestörning

EF 59%, EDV  96 ml i vila 

Arbetsförmåga 
EKG-reaktion
BLTR-reaktion
Symtom

Perfusion belastning och vila



• SPECT/CT
• Små, dedicerade hjärtkameror

• Gantry
• CZT detektorer
• Ny kollimatordesign

• Minskad scantid
• Reducerad stråldos
• Nya rekonstruktionstekniker

• Iterativ rek, resolution recovery

• Attenueringskorrektion
• Korrektion för patient-, andnings- och 

hjärtrörelse
• Nya scanprotokoll; supine+prone, tidig 

EF-mätning, dusal-isotope, 
flödesmätning
• Calciumscoring, kranskärls DT

Discovery NM 530C

Utveckling idag



Oddstig et al 2013

Reducerad stråldos



Dual-isotope ?

CZT-detektorer: hög energiupplösning möjliggör simultan bildtagning av 
olika isotoper:

• 201Tl  + 99mTc - stress+rest simultan perfusion Steele 2008, Ben-Haim 2010  

• 111In leukocyt + 99mTc sestamibi - inflammation+perfusion Caobelli 2016

• 123I-fettsyra+99mTc sestamibi - fettsyrametabolism+perfusion Ko 2016

• 123I-MIBG+201Tl - triggerzoner efter revaskularisering  D`Estanque 2016



Kvantifiering av perfusion – imorgon var redan igår (40 år sedan)

bild M. Lubberink

MBF vila
MBF belastning
CFR



Varför kvantifiering ?

• Flerkärlssjuka
• Balanserad 3-kärlssjuka
• Flerkärlssjuka

• Mikrovaskulär dysfunktion
• Generell perfusionspåverkan av tex riskfaktorer, inlagringssjukdom, 

strukturell hjärtsjukdom m.fl.
• Prognostisk markör
• Uppföljning efter interventioner



Bengel et al JACC 2009: 54(1); 1-15

normal perfusion

3-kärlsjuka

Relativ perfusionsfördelning vs  kvantifiering



Mikrovaskulär dysfunktion



PET kan mäta tidiga förändringar i MBF

Kaufmann PA, Gnecchi-Ruscone T, di Terlizzi M, Schafers KP, Luscher TF, Camici PG. Coronary heart disease in smokers: vitamin C 
restores coronary microcirculatory function. Circulation. 2000;102(11):1233-8.



Prognostiskt värde 

Herzog BA, Husmann L, Valenta I, Gaemperli O, Siegrist PT, Tay FM, et al. Long-term prognostic value of
13N-ammonia myocardial perfusion positron emission tomography added value of coronary flow reserve. 
Journal of the American College of Cardiology. 2009;54(2):150-6.



• GE Discovery MI
• respiration averaged ultra low-dose CT
• 2 x 400 MBq [15O]water bolus
• 4 min dynamic scan
• recon VPFX-S (3/16), 128x128 mx

• Total examination time approximately 30 min 
• Radiation dose 0.88 mSv (rest+stress) + 0,1 mSv (CT)

Adenosine

400 MBq 15O water
rest PET

400 MBq 15O water
stress PET

CTScout



Injection system



5s

30s

1min

3 min

10 min

30 min

Dynamisk bildtagning PET myokardperfusion



Modell för kvantifiering av
MBF

)t(Cv)t(Cve)t(CMBFPTF)t(C RVRVALV
t

V
MBF

APET d ++Ä××=
-

MBF

MBF/Vd

Tissue
Cmyo

Blood
CA

t
V
MBF

Amyo de)t(CMBF)t(C
-

Ä×=

Lubberink, M

kinetics on which the mathematical models are based and
used to describe the biologic behavior of administered
tracers in blood and myocardial tissue over time.52 All
quantitative approaches use compartmental techniques in
which dynamic acquisitions of tracers are obtained (Fig-
ure 8). Regions of interest placed within the blood
pool—typically the left atrial or basal left ventricular
chambers—provide the input function of administered
tracers, and multiple regions placed in the myocardium
provide the tissue time-activity response. On the basis of
an understanding of the transfer of tracer from blood to
myocardium, quantitative assessment can be made with
physiologically appropriate mathematical models. Be-
cause of the limited spatial resolution of the current
generation of PET tomographs and the fact that most
perfusion estimates are performed without cardiac gat-
ing, and because of volume averaging imposed by
cardiac and respiratory motion, time-activity curves must
be corrected for partial volume and spillover. Corrections
can be performed independently with measurement of
dimensions by use of other modalities, within the math-
ematical model, or with factor analysis.52 PET instru-
ments must faithfully record the temporal changes in
counts in blood and tissue and have appropriate software
for input into mathematical models.

The accuracy of quantification of perfusion by PET

in low-flow regions is challenging because of the re-
duced activity of tracers based on flow, as well as the
further limitation that can be imposed by wall thinning
and therefore decreased count recovery. Accurate partial
volume corrections are essential. These, in some respect,
have become less significant with scanners that have
increased resolution, but given that most cardiac studies
are performed without cardiac gating and without respect
to respiratory motion, the accurate recovery of radioac-
tivity counts remains an important objective.

PET Perfusion Tracers

There are three tracers that are currently used widely
for the assessment of myocardial perfusion with cardiac
PET: Rb-82 chloride, nitrogen 13 (N-13) ammonia, and
oxygen 15 (O-15) water (Table 1). O-15 water and N-13
ammonia, because of their short physical half-lives, need
to be produced by an onsite cyclotron, whereas Rb-82
chloride is generator-produced, thus obviating the need
for a cyclotron. All of the tracers used for measurement
of myocardial perfusion with PET have permitted iden-
tification of CAD in patients with stenoses of greater
than approximately 40%.

With regard to the perfusion tracers available with
PET, they can be divided into those that are freely

Figure 8. Schematic diagram of data acquisition for obtaining blood and tissue time-activity curves
for estimation of physiologic parameters such as flow. The arterial input function [Ca(t)] and the
tissue time-activity curve [CT(t)] are determined from dynamically obtained images. Flow is then
calculated by use of an appropriate mathematical model. BP, Blood pool; ROI, region of interest.
(Reproduced with permission from Bergmann SR. Quantification of myocardial perfusion with
positron emission tomography. In: Bergmann SR, Sobel BE, editors. Positron emission tomography
of the heart. Mount Kisco (NY): Futura; 1982. p. 97-127.)

Journal of Nuclear Cardiology Beller and Bergmann 79
Volume 11, Number 1;71-86 Myocardial perfusion imaging agents



15O-water MBF

15 s p.i.

25 s p.i.

2 min p.i.

Blood flow (ml/g/min)

Uptake (kBq/ml)

Harms H, Lubberink M et al, SNM 2010



Normal perfusion





Regional ischemi





Quantitative Assessment of
Myocardial Perfusion in the Detection of
Significant Coronary Artery Disease
Cutoff Values and Diagnostic Accuracy of
Quantitative [15O]H2O PET Imaging
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ABSTRACT

BACKGROUND Recent studies have demonstrated improved diagnostic accuracy for detecting coronary artery disease

(CAD) when myocardial blood flow (MBF) is quantified in absolute terms, but there are no uniformly accepted cutoff
values for hemodynamically significant CAD.

OBJECTIVES The goal of this study was to determine cutoff values for absolute MBF and to evaluate the diagnostic

accuracy of quantitative [15O]H2O positron emission tomography (PET).

METHODS A total of 330 patients underwent both quantitative [15O]H2O PET imaging and invasive coronary angiog-

raphy in conjunction with fractional flow reserve measurements. A stenosis >90% and/or fractional flow reserve #0.80

was considered obstructive; a stenosis <30% and/or fractional flow reserve >0.80 was nonobstructive.

RESULTS Hemodynamically significant CAD was diagnosed in 116 (41%) of 281 patients who fulfilled study criteria

for CAD. Resting perfusion was 1.00 ! 0.25 and 0.92 ! 0.23 ml/min/g in regions supplied by nonstenotic and sig-
nificantly stenosed vessels, respectively (p < 0.001). During stress, perfusion increased to 3.26 ! 1.04 ml/min/g and

1.73 ! 0.67 ml/min/g, respectively (p < 0.001). The optimal cutoff values were 2.3 and 2.5 for hyperemic MBF and

myocardial flow reserve, respectively. For MBF, these cutoff values showed a sensitivity, specificity, and accuracy for

detecting significant CAD of 89%, 84%, and 86%, respectively, at a per-patient level and 87%, 85%, and 85% at a

per-vessel level. The corresponding myocardial flow reserve values were 86%, 72%, and 78% (per patient) and 80%,

82%, and 81% (per vessel). Age and sex significantly affected diagnostic accuracy of quantitative PET.

CONCLUSIONS Quantitative MBF measurements with the use of [15O]H2O PET provided high diagnostic performance,

but both sex and age should be taken into account. (J Am Coll Cardiol 2014;64:1464–75) © 2014 by the American
College of Cardiology Foundation.
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Kvantitativ perfusion;  cut-off värde?



Definition of Optimal Cut-Off 
Values for Absolute Cardiac 
Perfusion With High Accuracy 
Using Quantitative [15O]H2O 
PET 
330 patients with suspected CAD

Probability of 
hemodynamically significant 
coronary artery disease (CAD) 
(y-axis) as defined by FFR

Danad I, et al. J Am Coll Cardiol. 2014 Oct
7;64(14):1464-75. 

Optimal cutoff
<2.3 MBF
<2.5 CFR
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Accordingly, when two photons are detected simultane-
ously, a decay event should have occurred somewhere 
along the line between two detectors. By detection of these 
annihilation photon pairs, the distribution of the positron-
emitting nuclides in the patients part positioned within the 
field-of-view of the PET scanner can be reconstructed.

PET versus SPECT

As compared with single-photon emission computed 
tomography (SPECT), PET has several advantages. One 
of the main benefits is the superior image quality of PET 
over SPECT. This improvement is due to more favorable 
tracer characteristics, improved count statistics, as well as 
the routine and more accurate application of photon attenu-
ation correction (AC). Although this correction technique 
is increasingly available for SPECT imaging with possible 
benefit in terms of diagnostic accuracy, the downside is that 
it can also induce artifacts [1]. Furthermore, smaller and 

more subtle perfusion defects can be detected due to higher 
spatial resolution of PET (typically 4–7 mm) as compared 
to SPECT (typically 12–15 mm). Next to spatial resolution, 
also temporal resolution is in favor of PET, which allows 
for absolute quantification of perfusion by tracking the 
dynamic tracer activities of arterial blood and myocardium 
through time. Although it has been attempted for SPECT 
[2], PET is an established tool to provide clinically rel-
evant quantitative levels of perfusion and flow reserve next 
to qualitative myocardial perfusion images [3–6]. Other 
advantages include a lower radiation burden and acquiring 
both rest and stress images within a single scanning ses-
sion due to the short physical half-life of the PET perfusion 
tracers. The main limitation for PET is the need for an on-
site cyclotron or generator with the current tracer agents as 
will be discussed in more detail. An overview of PET and 
SPECT imaging characteristics are provided in Table 1.

Perfusion tracer characteristics

Of several available PET tracers, 82Rb, 13NH3, and  H2
15O 

are the most commonly used for the assessment of myo-
cardial perfusion [3]. Additionally, 18F-flurpiridaz is an 
emerging perfusion tracer which holds great clinical poten-
tial but is not yet available for clinical use and is currently 
being tested in phase 3 trials [7–9]. Tracer specific charac-
teristics, including pros and cons, will be described below 
and summarized in Table  2. It’s important to realize that 
none of the perfusion tracers excels on all of these features. 
Therefore the choice of tracer is multifactorial and depend-
ing on practical considerations, as well as the aim of the 
PET imaging program.

Table 1  SPECT and PET characteristics

SPECT single-photon emission computed tomography; PET positron 
emission tomography; mSv millisievert

SPECT PET

Availability Wide Limited
Attenuation correction Less accurate Accurate
Spatial resolution 12–15 mm 4–7 mm
Protocol 1–2 days <1 h
Radiation >5 mSv <5 mSv
Images Qualitative Quantitative
Hybrid with CT Yes Yes

Table 2  PET tracers 
characteristics

H2
15O, oxygen-15-labeled water, 13NH3, 13  N-labeled ammonia; 82Rb, 82rubidium; LV, left ventricular; 

other abbreviations as in Table 1

H2
15O 13NH3

82Rb 18F-flurpiridaz

Half-life 123 s 9.97 min 76 s 110 min
Production Cyclotron Cyclotron Generator Cyclotron
Kinetics Freely dif-

fusible, 
metaboli-
cally inert

Metabolically 
trapped in myo-
cardium

Metabolically 
trapped in myo-
cardium

Metabolically 
trapped in myo-
cardium

Mean positron range in tissue 1.1 mm 0.4 mm 2.8 mm 0.2 mm
Data acquisition Dynamic Dynamic, static Dynamic, static Dynamic, static
Scan duration 6 min 20 min 6 min 20 min
Gating/LV function − + + +
Radiation dose ~0.4 mSv ~1 mSv ~3 mSv ~4 mSv
Quantification Excellent Good Moderate Very good
Image quality Good (para-

metric 
images)

Very good Good Excellent

Vanligaste PET perfusionsmarkörerna

Driessen et al 2017



Driessen et al 2017



Dynamisk SPECT för flödeskvantifiering

Current Cardiovascular Imaging Reports, New Imaging Protocols
for New Single Photon Emission CT Technologies, Volume 3, 2010, pp 162–170



99mTc-tetrofosmin dynamic SPECT

Nkoulou et al 2016



Shrestha et al 2017



Iida et al 2008

201Tl SPECT jämfört med 
referensmetod för perfusion PVE

PVE +
hematokrit

PVE +
extraktionsfraktion 

PVE +
hematokrit +
extraktionsfraktion



PET vs. SPECT

Bateman et al, J Nucl Cardiol 2006



Myokardskintigrafi 150-vatten PET

3 ml/min/g

3

PET har högre specificitet än myokardskintigrafi
- ej falskt positiva fynd av attenueringsartefakter

0



3 ml/min/g

3

Myokardskintigrafi 150-vatten PET 

PET har högre sensitivitet än myokardskintigrafi
– hittar även lindrig perfusionsnedsättning



Schelbert H  in Phelps ed 2004



PET är mer kostnadseffektivt än myokardskintigrafi

Merhige ME, Breen WJ, Shelton V, Houston T, D'Arcy BJ, Perna AF. Impact
of myocardial perfusion imaging with PET and (82)Rb on downstream
invasive procedure utilization, costs, and outcomes in coronary disease
management. Journal of nuclear medicine : official publication, Society of
Nuclear Medicine. 2007;48(7):1069-76.

• PET minskade antal ICA med >50% och 
kostnader med 30% jfr med myokardskintigrafi

• Ingen ökning av hjärtdöd eller hjärtinfarkt i PET gruppen



5. Strategies for diagnosis:
functional testing and imaging
Exercise testing and cardiac imaging are used to confirm the diagnosis
of CAD, to document ischaemia in patients with stable symptoms, to
risk-stratifypatients, and tohelp choose treatmentoptions andevalu-
ate their efficacy as explained in detail in the ESC Guidelines on the
management of stable coronary artery disease.47

Another indication for non-invasive imaging before revasculariza-
tion is the detection of myocardial viability in patients with poor LV
function.

5.1 Non-invasive tests
The documentation of ischaemia using functional testing is recom-
mended in patients with suspected SCAD before elective invasive
procedures, preferably using non-invasive testing before invasive
angiography. Although several tests can be used, it is important to
avoid unnecessary diagnostic steps. The current evidence supporting
the use of various tests for the detection of CAD is based on
meta-analyses and multicentre studies, and using only anatomical
evaluation of invasive coronary angiography as the reference stand-
ard.47 The risks of exercise, pharmacological stressors, contrast
agents, invasive procedures, and cumulative ionizing radiation must
be weighed against the risk of disease or delayed diagnosis.48

Multi-detectorcomputed tomography (MDCT)candetect coron-
ary atherosclerosis and stenoses and is reliable for ruling out signifi-
cant CAD in patients with low-to-moderate probability of CAD.49

The tests for detection of ischaemia are based on either reduction
of perfusion or induction of ischaemic wall motion abnormalities

during exercise or pharmacological stress. The best-established
stress imaging techniques are echocardiography and perfusion scin-
tigraphy. Both may be used in combination with exercise stress or
pharmacological stress. Newer stress imaging techniques also
include stress magnetic resonance imaging (MRI), positron emission
tomography (PET), and combined approaches. The term ‘hybrid
imaging’ refers to imaging systems in which two modalities [MDCT
and PET; MDCT and single photon emission computed tomography
(SPECT)] are combined in the same scanner, allowing both studies to
be performed in a single imaging session. Ischaemia imaging has been
regarded the most appropriate in patients with intermediate pre-test
probability (15–85%) of significant CAD,47 while in asymptomatic
patients or in those with low or high pre-test probability, the tests
are generally not recommended. More detailed information about
the imaging tests in the detection of CAD are available in the ESC
Guidelines on the management of SCAD47 and in the Web addenda.

5.2 Invasive tests
Invasive coronary angiography has been regarded as the reference
standard for the detection and the assessment of the severity of
CAD but, as an invasive procedure, it is associated with specific
procedure-related adverse events. Even experienced interventional
cardiologists cannot, without functional information, accurately
predict the significance of many intermediate stenoses on the basis
of visual assessment or quantitative coronary angiography. When non-
invasive stress imaging is contraindicated, non-diagnostic, or unavail-
able, the measurement of fractional flow reserve (FFR) or coronary
flow reserve is helpful during diagnostic coronary angiography.50 De-
ferral of PCI or CABG in patients with FFR .0.80 appears safe.51–53

Indications for diagnostic testing in patients with suspected CAD and stable symptoms

Asymptomatica Symptomatic
b

Low
(<15%)

Intermediate
(15–85%)

High
(>85%)

Classc Leveld Classc Leveld Classc Leveld Classc Leveld Refe

Anatomical detection of CAD

Invasive angiography III A III A IIb A I A 50–52,54

CT angiographyf,g III B III C IIa A III B 57–62

Functional test

Stress echo III A III A I A III A 63–65

Nuclear imaging III A III A I A III A 60,66–70

Stress MRI III B III C I A III B 71–75

PET perfusion III B III C I A III B 67,69,70,76,77

Combined or hybrid imaging test

III C III C IIa B III B 78–83

CAD = coronary artery disease; CT = computed tomography; MRI = magnetic resonance imaging; PET = positron emission tomography.
aScreening for silent (asymptomatic) myocardial ischaemia may be considered in selected high-risk patients, such as those with diabetes mellitus.84

bPre-test probability of CAD. Low 0—15%; intermediate 15—85%; high .85% as assessed using the criteria based on ESC Guidelines of SCAD.47

cClass of recommendation.
dLevel of evidence.
eReferences.
fThis refers to CT angiography, not calcium scoring.
gCT is considered to perform best in the lower range of pre-test probability (15—50%).47

ESC/EACTS Guidelines2554
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2014 ESC/EACTS Guidelines on myocardial
revascularization:Eur Heart J. 2014;35:2541-619

Guidelines för diagnostik av kranskärlssjukdom



2013 ESC guidelines on the management of stable coronary artery disease
Eur Heart J. 2013 Oct;34(38):2949-3003
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Imorgon - hybridimaging

LCX

RCA

>50%

LAD >50%

3.5 ml/g/min

0.0 ml/g/min

O15-water stress perfusion image fusion

Anterior view

Posterior view

Turku PET Centre, Finland

Slomka et al
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Accuracy Quantitative PET/CT

Kajander et al, Circulation 2010

Danad et al, 2013

Kajander et al. 2010



Prognostic value of hybrid imaging

Log-rank p<0.001
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