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Abstract. The European procedural guidelines for radio-
nuclide imaging of myocardial perfusion and viability are
presented in 13 sections covering patient information, radio-
pharmaceuticals, injected activities and dosimetry, stress
tests, imaging protocols and acquisition, quality control
and reconstruction methods, gated studies and attenuation-
scatter compensation, data analysis, reports and image dis-
play, and positron emission tomography. If the specific
recommendations given could not be based on evidence
from original, scientific studies, we tried to express this
state-of-art. The guidelines are designed to assist in the
practice of performing, interpreting and reporting myocar-
dial perfusion SPET. The guidelines do not discuss clinical
indications, benefits or drawbacks of radionuclide myocar-
dial imaging compared to non-nuclear techniques, nor do
they cover cost benefit or cost effectiveness.
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Abbreviations  AC: Attenuation compensation
(attenuation correction) - ALS: Advanced life

support - COR: Centre of rotation - DRL: Diagnostic
reference levels - EF: Ejection fraction - FBP: Filtered
back-projection - FDG: Fluorodeoxyglucose - FWHM:
Full-width at half-maximum - LEAP: Low-energy,
all-purpose (collimator) - LEGP: Low-energy general-
purpose (collimator) - LEHR: Low-energy high-
resolution (collimator) - LV: Left ventricular - LVEF:
Left ventricular ejection fraction - MLEM: Maximum
likelihood expectation maximisation - NEMA: National
Electrical Manufacturers Association - OSEM: Ordered
subsets expectation maximisation - PVC: Premature
ventricular contractions - QC: Quality control -

SA block: Sinoatrial block - SDS: Summed difference
score - SRS: Summed rest score - SSS: Summed
stress score -

Eur J Nucl Med Mol Imaging (2005) 32:855-897
DOI 10.1007/s00259-005-1779-y

European Journal of Nuclear Medicine and Molecular Imaging Vol. 32, No. 7, July 2005



856

Preamble

The European procedural guidelines for radionuclide
myocardial perfusion imaging (MPI) have been developed
by the “Guidelines Group” of the European Council on
Nuclear Cardiology (joint group of the European Asso-
ciation of Nuclear Medicine and of the European Society
of Cardiology). The guidelines are intended to present
information specifically adapted to European practice,
based on evidence from original scientific studies or on
previously published guidelines (European national guide-
lines for MPI and the European Society of Cardiology and
ACC/AHA guidelines, as well as U.S. guidelines for MPI
and nuclear cardiology procedures [see references 1-5 in
reference list in Guidelines: Anagnostopoulos et al. in
Heart 2004;90:11-10; ESC Guidelines for Exercise Test-
ing; The ACC/AHA Exercise Testing Guidelines; Society
of Nuclear Medicine; American Society of Nuclear Car-
diology] or on expert consensus. Where more than one
solution seems to be practised, and none has been shown
to be superior to the others, we hope that we have suc-
ceeded in specifically expressing this state of knowledge.

In recent years, radionuclide imaging technologies have
evolved rapidly (with the development of new instrumen-
tation and new agents), and both the number and the
complexity of choices for the clinician have increased. The
aim of the authors has been to document the state-of-the-art
applications and protocols approved by experts in the field
and to disseminate this information to the European nuclear
cardiology community. The guidelines are designed to assist
physicians and other healthcare professionals in perform-
ing, interpreting and reporting radionuclide tomographic
imaging examinations of myocardial perfusion. The guide-
lines do not discuss overall clinical indications for myo-
cardial SPECT or PET or the benefits and drawbacks of
radionuclide myocardial perfusion imaging compared with
non-nuclear techniques, nor do they cover cost-benefit or
cost-effectiveness aspects in diagnosis or prognosis.

The authors comprise scientists from many different
countries, all with sub-speciality expertise in nuclear car-
diology. Every effort has been made to avoid conflicts of
interest arising from non-academic and non-clinical
relationships.
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1. Patient information

Written information should be provided to patients (or their
relatives) in relation to scheduling, and in addition, oral
information should be provided on the day of the
procedure. Variations will depend on local traditions and
regulations. General information to be conveyed to (or
obtained from) the patient may include:

— The purpose of the test and a brief description of the
procedure (e.g. type of stress test, duration of imaging
and the need for the patient to remain in one position
under a rotating camera).

— Information about the time(s) and date(s) and the du-
ration of the examination. Advice on giving notice in
advance if the patient is unable to attend.

— An informed consent form, to be signed and collected
according to local regulations.

— Previous examinations: clinical data and previous rel-
evant cardiovascular examinations must be available
before the study. In some countries, it may be relevant
to ask patients to bring previous medical records and
previous test results.

— Insurance: patients with private insurance should bring
all insurance details. Contact with the insurance com-
pany should be made beforehand to confirm that they
will meet the full cost of the scan.

— Side-effects: some centres prefer to describe side-
effects in detail, in particular possible side-effects of
stress test(s); other centres do not.

— The report describing the results of the test: this will be
sent to the referring physician (and in some countries
also to the patient); if possible the time required for
delivery of the report should be estimated.

Patient preparation

Heavy meals should be avoided before a stress test.
Medications that may interfere with responses to a stress
test (anti-anginal drugs, persantine) should be withdrawn,
and the patient should abstain from caffeine-containing
drugs and beverages (cf. Sect. “Stress tests”).

Radiation exposure

Risks for the patient and accompanying persons may be
described in more or less detail according to rules and
traditions. Examples of such information are: The radio-
active isotope injected for the study produces less radiation
than x-ray procedures such as a CT scan or a kidney study.
The isotope given is non-allergenic. The isotope is
eliminated from the body quickly through natural decay
and waste removal.
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Pregnancy, lactation. Before radioactivity is injected,
specific information must be obtained in pregnant and
lactating women and in women of child-bearing age who
may be pregnant. Cf. Sect. “Injected activities, dosimetry
and radiation exposure”.

Information is also available at:

— http://www.quantum-imaging.co.uk
— http://www.eanm.org.

2. Radiopharmaceuticals

For perfusion imaging with SPECT, thallium-201 (*°'T1)
and two technetium-99m (°*™Tc) labelled radiopharmaceu-
ticals (sestamibi and tetrofosmin) are available commer-
cially. Regarding perfusion tracers for positron emission
tomography, see Sect. “Positron emission tomography”

Thallium-201

2071 is a commonly used radionuclide for myocardial
perfusion studies. It decays by electron capture to mercury-
201, emitting mainly X-rays of energy 67-82 keV (88%
abundance) and gamma photons of 135 and 167 keV (12%
abundance) [6]. It is administered intravenously as thallous
chloride and the usual activity is 80 MBq. Following
intravenous injection, approximately 88% is cleared from
the blood after the first circulation [6], with almost 4% of
the injected activity localising in the myocardium. Ap-
proximately 60% enters the cardiac myocytes using the
sodium—potassium ATPase-dependent exchange mecha-
nism, and the remainder enters passively along an electro-
potential gradient. The extraction efficiency is maintained
under conditions of acidosis and hypoxia and only when
myocytes are irreversibly damaged is extraction reduced
[7]. Myocardial uptake of 201T] increases proportionately
with perfusion when perfusion increases up to 2-2.5 times
above the baseline levels and then there is a plateau in
myocardial uptake. 2°' Tl is initially distributed after intra-
venous injection to the myocardium according to myocar-
dial perfusion and viability. After initial uptake, prolonged
retention depends on the intactness of cell membrane and
hence on viability. It redistributes from this distribution
over several hours, thus allowing redistribution images to
be acquired that are independent of perfusion and reflect
viability alone.

20171 is a good tracer of myocardial perfusion and it has
been used clinically for more than two decades. It does,
however, have limitations:

— Relatively long physical half-life: high radiation bur-
den for the patient (80 MBq delivers an effective dose
of 18 mSv, somewhat higher than that during coronary
angiography).

— Relatively low injected activity: low signal-to-noise ratio;
images can be suboptimal (obese patients) and low
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count levels impair high-quality ECG-gated SPECT
studies.

— Relatively low energy emission: low-resolution images
and significant attenuation by soft tissue.

99mTe compounds do not have these limitations, which
has encouraged the development and increasing use of such
tracers, even if the physiological properties (somewhat
lower fractional myocardial tracer uptake, in particular
during high coronary flow values) of both **™Tc-labelled
tracers are inferior to those of 2°'TI.

Administered activity

The usual activity is 74 MBq for stress and redistribution
imaging (see Sect. “Injected activities, dosimetry and radi-
ation exposure”). An additional 37 MBq can be given at
rest for re-injection imaging if redistribution is thought to
be incomplete at the time of redistribution imaging or if
redistribution is predicted to be slow [8, 9]. Higher levels
can be considered on an individual basis in obese patients.

Administration

20171 should be administered through a secure intravenous
line in accordance with local radiation protection practices.
Paravenous injection must be avoided due to risk of local
tissue necrosis. If it is given through the side arm of a three-
way tap through which adenosine or dobutamine is
running, then it should be given over 15-30 s to avoid a
bolus of the pharmacological stressor being pushed ahead
of the thallium. Otherwise it can be given as a bolus
injection. The thallium syringe can be flushed with either
saline or glucose to ensure that the full dose is given.

Nitrate. Regarding nitrate administration for a rest study, cf.
Sect. “Injected activities, dosimetry and radiation exposure”.

99 . )
"Te-sestamibi and -tetrofosmin

Two *™Tc-labelled perfusion tracers are currently avail-
able commercially: **™Tc-2-methoxyisobutylisonitrile (ses-
tamibi) and °°™Tc-1,2-bis[bis(2-ethoxyethyl) phosphino]
ethane (tetrofosmin).

99MTe-sestamibi is a cationic complex which diffuses
passively through the capillary and cell membrane, al-
though less readily than °'T1, resulting in lower immediate
extraction. Within the cell it is localised in the mitochon-
dria, where it is trapped [10], and retention is based on
intact mitochondria, reflecting viable myocytes. Elimina-
tion of the radiotracer occurs mostly through the kidneys
and the hepatobiliary system. Tetrofosmin is also cleared
rapidly from the blood and its myocardial uptake is rather
similar to that of sestamibi [11], with approximately 1.2%
of the administered dose being taken up by the myocar-
dium. The exact mechanism of uptake is unknown, but it is
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probably similar to that of sestamibi. Elimination of the
radiotracer occurs mostly through the kidneys and the
hepatobiliary system, and the hepatic clearance is slightly
more rapid than in the case of sestamibi [12].

For both **™Tc-labelled tracers:

— Splanchnic uptake and excretion are markedly higher
than for 2°'T1, which may occasionally complicate in-
terpretation of the inferior wall perfusion.

— The tracer molecules taken up by the cardiac myocytes
remain within the cells: usually two visits on two dif-
ferent days are necessary to obtain optimal stress and
rest images.

After intravenous injection, these **™Tc-labelled radio-
pharmaceuticals are distributed within the myocardium
according to myocardial perfusion and viability. Unlike
20171, they have little (sestamibi) or almost no redistribu-
tion (tetrofosmin) and so separate injections are re%uired
for stress and resting studies. The higher energy of **™Tc
generally leads to better quality images (because of less
attenuation and scatter). Moreover, the short half-life of
99mTe permits much higher activities to be administered,
giving better counting statistics and thus allowing perfor-
mance of left ventricular (LV) ECG gating or first-pass
imaging, which provides additional functional information.
However, the uptake of both **™Tc-labelled tracers as a
function of myocardial perfusion is less avid than in the
case of 2°' T, and so defects may be less profound (Table 1).

Administered activity

For a 1-day protocol, the activity injected should be divided
into either a third or a quarter for the first study and either
two- thirds or three-quarters for the second one. For a 2-day
protocol the activities injected are usually at the same
level (cf. Sect. “Injected activities, dosimetry and radia-
tion exposure”).

Administration

The radiopharmaceutical should be administered through a
secure intravenous line in accordance with local radiation
protection practices. If paravenous injection is suspected,
imaging may be tried, and if sufficient activity uptake has
been obtained, the examination can be performed; other-
wise, the examination should be repeated whenever pos-
sible. If the radiopharmaceutical is given through the side
arm of a three-way tap through which adenosine or do-
butamine are running, then it should be given over 15-30 s
to avoid a bolus of the pharmacological stressor being
pushed ahead of the tracer. Otherwise, it can be given as a
bolus injection. The syringe can be flushed with either
saline or glucose to ensure that the full dose is given. As
with 2°'Tl, resting injections can be given under nitrate
cover; this is important when assessing myocardial via-

Table 1. Comparison of 2°' Tl and **™Tc-labelled agents

201 9MTe agents (sestamibi,

tetrofosmin)

Advantages

Lower liver/bowel activity High energy and hence
better image quality
Stress injection at remote
site (e.g. emergency room)
First-pass or ECG-gated
imaging for evaluation of
global and regional
ventricular function
Lower radiation burden

to patient

No need for routine resting
injection

Redistribution into myocardium
of reduced resting blood supply

May be better for viability
evaluation

Lower radiation burden to staff

Disadvantages

Low energy—vulnerable to
attenuation artefacts

Lower count rates—functional
imaging less reliable

High splanchnic and
intestinal activity

Two injections are required
when the stress study is
abnormal

bility because the absence of redistribution means that vi-
ability may be underestimated in areas with reduced resting
perfusion [13, 14].

Regarding nitrate administration for a rest study, cf.
Sect. “Imaging protocols”.

Other radiotracers

9MTe-N-NOET [bis(N-ethoxy, N-ethyl dithiocarbamate)
nitride] [15] and the Q-complexes, including Q12 (fur-
ifosmin) [16], have been tested in patients but are not
commercially available in Europe.

Regardinsg PET tracers for perfusion imaging (‘*N-
ammonia, '°O-water and 8sz), cf. Sect. “Positron emis-
sion tomography (PET)” (Table 19).

3. Injected activities, dosimetry and radiation
exposure

The activity of radiopharmaceutical to be administered
should be determined in accordance with the European
Atomic Energy Community Treaty, and in particular article
31, which has been adopted by the Council of the Europe-
an Union [17]. This Directive deals with health protection
of individuals with respect to the dangers of ionising ra-
diation in the context of medical exposures. According to
this Directive, Member States are required to bring into
force such regulations as may be necessary to comply with
the Directive. One of the criteria is the designation of di-
agnostic reference levels (DRL) for radiopharmaceuticals;
these are defined as levels of activity for groups of stan-
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dard-sized patients and for broadly defined types of equip-
ment. It is expected that these levels will not be exceeded
for standard procedures.

A survey on the activities administered throughout Europe
for myocardial studies

In order to enhance knowledge of current practice through-
out Europe, the results of a survey of the European national
recommendations are given in Table 2.

For **™Tc-labelled tracers, rather large variations in the
recommendations are seen from country to country, with
injected activities ranging from 250 to 1,100 MBq. For a
1-day protocol, the vast majority of countries recommend
250-350 MBq for the first injection, and three times this for
the second study. In a few countries this factor recom-
mended is about 2.5. In some countries there is no infor-
mation on a 1-day protocol, while in a few other countries
no information is given regarding a 2-day protocol. In one
country, activity is administered per kg body weight; a few
other countries suggest increased activity in obese patients.
In most countries, the recommendations are the same for
sestamibi and tetrofosmin; small differences are seen in
some countries or one of these tracers is not used or
unavailable.

For 2°' Tl stress-redistribution images, nearly all recom-
mended values are between 74 and 111 MBgq, though a few
countries go a little higher. For a re-injection study most
countries recommend 37 MBq, while a few recommend
higher activity amounts. A few countries do not provide
recommendations with respect to 2°'TI.

The recommendations from some countries show large
ranges, while others give fairly narrow limits. Some of the
variation may be due to the fact that the recommendations
derive from different sources, e.g. some are recent national
recommendations while others are published by national
regulatory institutions (cf. Table 2).

Activities administered: recommendations

It is not possible to make precise recommendations in these
guidelines regarding injected activities, since hard evidence
documenting superior results with certain activities is not
available. The injected activity is always a compromise
between higher activities to obtain better image quality and
lower activities to keep radiation doses as small as possible.
This compromise has apparently had a problematic con-
sequence: in order to keep the radiation dose at almost the
same level for 1-day and 2-day **™Tc tracer protocols, it is
accepted that the average image quality will be inferior with
the 1-day protocol. This appears problematic.
In general the activity needed is higher with:

— A single-head compared to a multiple-head camera
system

— Gated imaging

— Shorter imaging time
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— Attenuation/scatter compensation
— High body weight
— One-day *™Tc protocols (compared to 2-day protocols)

It has been shown that the activity injected for a 1-day
99T protocol at the second examination needs to be about
three times higher than the first administered activity [18].

Based on widespread consensus, on our general expe-
rience that a significant number of myocardial perfusion
SPECT studies are characterised by suboptimal image qual-
ity, and finally on phantom experiments [19], we recom-
mend injection of the following activities in a normal
weight adult patient for a gated study on a multiple-head
camera:

99mTe-sestamibi or -tetrofosmin:

— Two-day protocol: 600900 MBq/study
— One-day protocol: 400500 MBq for the first injection,
three times more for the second injection.

201T1:

— Stress redistribution: 74—111 MBq
— Re-injection: 37 MBq

In light of the European Directive and current practice
throughout Europe, the above activities for **™Tc-sestami-
bi, **™Te-tetrofosmin and 2°'TI chloride should be con-
sidered only as a general indication, based on literature data
and current experience. It should be noted, however, that in
each country nuclear medicine physicians should respect
the DRLs and the rules laid down by the local legislation.
The injection of activities greater than local DRLs should
be justified.

Radiation dosimetry

The absorbed radiation doses to various organs in healthy
subjects following administration of °*™Tc-sestamibi,
99mTe-tetrofosmin and °' Tl chloride are given in Table 3.
The data are quoted from ICRP [20].

The small variations for rest and stress studies are not
clinically significant. The effective doses in the last column
are calculated according to the ICRP recommendations
[22], by taking into account organ and radiation weighting
factors. For paediatric patients, additional values for ab-
sorbed dose per unit activity administered (mGy/MBq) are
given in one of the ICRP reports [20].

The activities to be administered for paediatric patients
should be modified according to the recommendations of
the Paediatric Task Group of the EANM [23].

Organs at risk
The organs with the highest absorbed dose per unit activity

administered (mGy/MBq) are the gall-bladder and kidneys
for *™Tc-sestamibi, the gall-bladder and colon for **™Tc-
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Table 2. Recommendations made by national European regulatory authorities, national societies and other sources with respect to injected
activities (in MBq) for *°™Tc-labelled tracers (A) and for °'TI (B) for adults of normal weight (values may overlap over two columns)

A. ?°™Tc-labelled tracers

2-Day protocol: activity injected per image acquisition

<500 MBq 500-750 MBq 750-1,000 MBq No information available/not used
Germany®, Hungary®, Bulgaria’, Croatia®, Denmark”, Austria®, Belgium?, Bosnia, Cyprus”, Estonia, Greece®,
Switzerland®, UKY, Italy', Luxembourg', Poland¥, Czech Republic”, France®, Ireland, Latvia, Lithuania, Norway,
Finland® Romania', Slovenia™, Sweden", Israel', Portugal", Spain”, Russia, Serbia Montenegro”

The Netherlands® Turkey™
1-Day protocol: activity injected for first image acquisition
250-350 MBq >350 MBq No information available/not used
AustriaP, Belgium?, Bulgariaf, Cyprus”, Czech Republic', Denmark”, Ttaly', PolandX, Bosnia, Croatia®, Ireland, Lithuania,
Estonia, Finland®, France®, Germany®, Greece™, Hungaryb, Romanial, Spain”, Sweden”, Norway, Russia, Serbia Montenegro”,
Isracl’, Latvia, Luxembourg/, Portugal”, Switzerland®, Turkey™ Slovak Republic, Slovenia™

The Netherlands®, UK¢

1-Day protocol: factor increase of activity from first to second injection

ca. 2.5 ca. 3 No information available/not used
Estonia, Germany®, Greece”, AustriaP, Belgium9, Bulgaria’, Cyprus?, Czech Republic”, Bosnia, Croatia®, Ireland, Lithuania,
Latvia, Romania', Spain®, Denmark”, Finland®, France®, Hungaryb, Israel, Italyl, Norway, Russia, Serbia Montenegro”,

Switzerland®, The Netherlands®  Luxembourg!, Poland*, Portugal", Sweden”, Turkey™, UK  Slovak Republic, Slovenia™

B. 201y
Stress redistribution: activity injected per study

74 MBq >74 MBq No information available/not used
Bulgaria’, Poland AustriaP, Belgium?, Croatia®, Cyprus”, Czech Republic', Bosnia, Norway, Ireland, Latvia,

Denmark”, Estonia, Finland®, France®, Germany?, Lithuania, Russia, Slovak Republic
Greece®, Hungaryb, Israel', Italy', Luxembourgj,

Portugal”, Romania', Serbia Montenegro?,

Slovenia™, Spain®, Switzerland®, Sweden",

The Netherlands®, Turkey®, UKY

#German Reference Activities, Bundesamt fiir Strahlenschutz, 2003

"National Board of Nuclear Medicine, 2003

“Dept. of Nucl. Med. and Div. of Cardiology, University Hospital Basel, 2003

JARSAC Notes for Guidance, DRL and BNMS, BNCS, BCS Guidelines. Nuc!/ Med Commun 2000;21: suppl.

“Radiation and Nuclear Safety Authority of Finland (STUK), 2004

fClinical Centre of Nuclear Medicine Radiotherapeutics, Medical University, Sofia, 2004

€National Regulatory Authorities

"Recommendations of the Danish Society of Clinical Physiology and Nuclear Medicine, 1999

'Ministry of Health (DL 187/2000)

iSte Thérése (Ministry of Health)

kPolish Society of Nuclear Medicine

'Basic Rules for Radiologic Safety National Regulatory Safety Committee (CNCAN). Romanian Society of Nuclear Medicine, 2004
MUniversity of Medical Centre, Nuclear Medicine, Ljubljana, 2003, proposed guidelines, unpublished

"SSI FS 2002:1, Sakbeteckning 7 (Swedish Radiation Protection Authority)

°Diakonessenhuis Utrecht, 2003

PRecommendations of Austrian Society of Nuclear Medicine OGN (Institution), 2004

9Belgian Society of Nuclear Medicine, 2000

"Nuclear cardiology in the Czech Republic in 2001, Cor Vasa 2003;45:50-3

*Recommendations from Working Group on Nuclear Cardiology, published in Arch Mal Coeur Vaiss, 2003 Jun;96(6):695-711
‘Nuclear Cardiology and Nuclear Medicine, Rabin Med. Centre, 2003

“Survey from 15 Portuguese institutions, 2003

YTask Group on Nuclear Cardiology (Spanish Society of Nuclear Medicine)

“Turkish Society of Nuclear Medicine—Cardiology Task Group; Nuclear Cardiology Guidelines, 2001; 10S 41-56, Turk J Nucl Med
*University of Patras, Nuclear Medicine Department, 2003

YInst. Nucl. Med., Clinical Centre of Serbia, Belgrade, 2004

“No national guidelines. Activities used in 2003 in Nicosia General Hospital are shown
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Table 3. Absorbed doses

Absorbed dose per unit activity administered (mGy/MBq) for adults

mGy/MBq mGy/patient examination®
9omTe 20171 chloride 99mTe 2017 chloride
Sestamibi® Tetrofosmin® Sestamibi Tetrofosmin
Bone surfaces 0.01 0.01 0.34 10 10 27
Gall-bladder 0.04 (0.03) 0.04 (0.03) 0.07 40 30 6
Small intestine 0.01 0.01 0.14 10 10 11
Colon 0.02 0.02 0.23 20 20 18
Kidneys 0.04 (0.03) 0.01 0.48 30 10 38
Urinary bladder 0.01 0.02 (0.03) 0.04 10 20 3
Heart 0.006 (0.007) 0.004 (0.005) 0.20 6 5 16
Ovaries 0.009 (0.008) 0.008 0.73 9 8 58
Testes 0.004 0.002 (0.003) 0.45 40 30 36
Effective dose® 0.0082 (mSv/MBq) 0.0073 (mSv/MBq) 0.22 (mSv/MBq) 8.1 mSv 7.2 mSv 17.6 mSv

The absorbed doses (mGy/MBq) are adopted from [20, 21]. The absorbed doses for *™Tc-labelled tracers are average doses for rest and
stress studies. The effective doses are calculated according to the recommendations given by [22].

The absorbed doses per patient examination are calculated with an average amount of activity for **™Tc-labelled tracers of 2x500 MBq (for
a 2-day protocol) and for °'TI chloride as a single-injection examination of 80 MBq. The dose will increase with re-injection of °'Tl
chloride and with a 1-day **™Tc protocol, according to the increased activity administered, and it will be reduced correspondingly if only a
single *°™Tc study is performed.

"Data in brackets are values that are valid for stress studies. These values are only given when dose coefficients differed between rest and
stress.

“It should be noted that the entity “Effective dose” does not necessarily reflect the radiation risk associated with this nuclear medicine
examination. The effective dose values given in these guidelines are used to compare the exposure due to different nuclear medicine
procedures. If the risk associated with the procedure is to be assessed, it is mandatory to adjust the radiation-associated risk factors at

least according to the gender and age distribution of the institution’s patient population.

tetrofosmin and the ovaries, bone surface and kidney for
2071 chloride. The exposure of a number of other organs is
shown in Table 3.

Positron-emitting radioactive tracers for myocardial
perfusion imaging

The effective doses for PET tracers used in cardiology are:

— F-FDG: 0.019 mSv/MBq

— N-ammonia: 0.002 mSv/MBq
— '80-water: 0.00093 mSv/MBq
— 5?Ru: 0.0034 mSv/MBq

Activities administered. National recommendations are
generally not available. Activities commonly used are
shown in Table 19 in Sect. “Positron emission tomography
(PET)”.

Radiation exposure levels to the hospital
staff and to relatives of patients

In general, radiation exposure to relatives is limited, and no
special precautions are needed for studies with either

99mTe-labelled tracers or 2°'T1 chloride. One-day protocols
for patients taking care of infants should be avoided. It
should be noted that for the injected patient the absorbed
dose is lower with **™Tc-labelled tracers than with *°'TI
chloride, but that the radiation exposure to the surroundings
is lower with *°' Tl chloride than with **™Tc-labelled tracers
(cf. Tables 3 and 4).

The German Radiation Protection Board (SSK) [24]
assessed, in a “worst case scenario”, the radiation exposure
to the staff of a general hospital outside the nuclear medi-
cine or nuclear cardiology department. In addition, the
exposure of relatives was calculated. The results of these
assessments can be found in Table 4. The data given in
Table 4 do not represent the exposure of staff performing
the actual myocardial studies in a nuclear medicine or
cardiology department.

Pregnancy and lactation

Pregnancy

According to the “Guidance for protection of unborn
children and infants irradiated due to parental medical

exposures” published on-line by the European Commission
[25], if pregnancy is confirmed, or if the woman is to be
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Table 4. Exposure levels to staff outside nuclear medicine
departments and to relatives after myocardial perfusion imaging

20171 chloride

99MTe-sestamibi/
tetrofosmin

Personnel

Nurses working at a

general ward outside
nuclear medicine or

nuclear cardiology

Intensive care unit staff

Doctors
General ward
Special functions
Technologists outside
nuclear medicine or
nuclear cardiology
Transport
Relatives or “helpers”
In the hospital
At home
Child with NM

480 pSv/year

37 uSv/year

13 uSv/year
100 uSv/year
25 uSv/year

38 puSv/year
1 uSv/patient

1.9 uSv/patient
60 pSv/patient

580 uSv/year

73 uSv/year

110 uSv/year
1,100 uSv/year
220 pSv/year

170 pSv/year
8.3 uSv/patient

8.3 uSv/patient
12 pSv/patient

procedure—parent
Parent with NM
procedure—child
Other patients in
the hospital

150 pSv/patient 93 uSv/patient

42 uSv/patient 300 pSv/patient

The values in Table 3 suggest that the 1 mSv/year threshold is never
exceeded. This holds true for professionals in contact with the patients
and for relatives in contact with the patient outside the hospital. It
should be noted that the exposure levels given above do not show the
total exposure for a member of the technical staff who may take care of
several patients a day. In the case of, for example, echocardiographic
examinations of injected patients, a cardiological nuclear medicine
physician may run the risk of exceeding the 1-mSv/year limit

treated as pregnant, one of the three following approaches
is recommended:

— The use of other diagnostic methods
— Postponement of the nuclear medicine examination until
after delivery, if this is considered to be clinically acceptable

— Performance of the examination with special attention
to the radiation dose to the unborn child—applicable in
cases in which a delay is not medically acceptable.

It must be stressed that the above approaches are ex-
amples as to what measures may be appropriate; there
might be others. Possible means for dose reduction include
careful selection of the radiopharmaceutical and radio-
nuclide to minimise the dose to the unborn child.

Lactation

According to the European Commission guidelines [25],
interruption of breast-feeding is not essential for 2°' T1 chlo-
ride up to 80 MBq and not at all for **™Tc-labelled ra-
dionuclides. Close contact with infants should be restricted
during this period, in particular when **™Tc-labelled tracers
are used.

If breast-feeding is to be continued after a 2°' T1 proce-
dure with an injected activity >80 MBgq, it is recommended
that breast milk be expressed some days beforehand, so that
it can be stored for use by the child after administration of
the radiopharmaceutical. Once the radiopharmaceutical has
been administered, the first breast milk should be expressed
and discarded. Consideration should be given to whether a
study with a *™Tc-labelled tracer could be done instead.

4. Stress tests
Stress testing procedures, general overview

Dynamic exercise is the technique of choice in the as-
sessment of patients with suspected or known coronary
artery disease provided that the patient is able to exercise to
an acceptable work load (Fig. 1; Table 5). In addition,
information about exercise tolerance is obtained. However,
it should not be performed in patients who cannot achieve
an adequate haemodynamic response because of non-car-
diac physical limitations such as pulmonary, peripheral vas-
cular or musculoskeletal abnormalities or because of poor
motivation. These patients, as well as those who are unable
to exercise at all for non-cardiac reasons (e.g. owing to
severe pulmonary disease, arthritis, amputation or neuro-

Exercise capacity
estimated optimal

Exercise capacity estimated suboptimal
(due to non-cardiac limitations, drug
therapy, prior stress test results)

LBBB*,
pacing rhythms

3

A4

Maximal exercise stress ‘

’ Pharmacological stress

Dobutamine
(if necessary + atropine)

Adenosine or dipyridamole,
preferably + low-level exercise

Fig. 1. Selection of stress modality*. LBBB Left bundle branch block
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Table 5. Stress types used in relation to myocardial perfusion imaging

Exercise stress

Bicycle stress
Treadmill stress

Pharmacological stress Vasodilator agents

Adenosine
Dipyridamole
“Hybrid tests”: both can be combined with low-level exercise

Sympathomimetic agent

Dobutamine + atropine if necessary

logical disease), should undergo pharmacological stress
perfusion imaging, a very good alternative to dynamic exer-
cise. Two groups of drugs are commonly used as substitutes
for exercise stress testing: vasodilators (dipyridamole and
adenosine), creating coronary hyperaemia, and the sym-
pathomimetic agents (dobutamine), increasing myocardial
oxygen demand.

A secure intravenous line should be established for the
administration of the radiopharmaceutical during stress.
Patients undergoing exercise stress should wear suitable
clothing and shoes.

All stress procedures must be supervised by a qualified
health care professional. Stress testing should be super-
vised by an appropriately trained health-care professional
who may be a physician, a nurse or a technician [26]. Non-
medical stressors should operate according to a locally ap-
proved procedure and may commonly work under the
direct or indirect supervision of a physician. The stressor
should be experienced in the selection of the most ap-
propriate form of stress for the clinical question being
asked and should have the clinical skills to recognise pa-
tients with an increased risk of complications. Appropriate
facilities for cardiopulmonary resuscitation must be avail-
able and the stressor should have up-to-date knowledge of
advanced life support (ALS) techniques or intermediate life
support and have immediate access to personnel with ALS
expertise [26].

Preparations before a stress study:

— The clinical history should be obtained, including the
indication for the test, symptoms, risk factors, medi-
cation and prior diagnostic or therapeutic procedures.

— In diabetic patients, diet and insulin dosing should be
optimised on the day of examination.

— The patient should be haemodynamically and clinically
stable for a minimum of 48 h prior to the test.

— Cardiac medications which may interfere with the stress
test should, if possible, be interrupted (cf. Table 6). In
general, the decision on whether to interrupt drug ad-
ministration should be left to the referring physician,
and such interruption should ideally last for five half-
lives of the drug.

— Caffeine-containing beverages (coffee, tea, cola etc.),
foods (chocolate etc.) and medications (some pain re-
lievers, stimulants and weight-control drugs) and meth-
ylxanthine-containing medications should be avoided

for at least 12 h prior to stress testing owing to inter-
ference with vasodilator tests (cf. below); this is neces-
sary in order not to rule out any of the stress modalities.

Exercise stress testing procedure
Indications

This document will not review the indications, contra-
indications or diagnostic criteria for exercise stress tests,

Table 6. Drug and food/beverage interruption before stress test
perfusion imaging

Drugs, food Type of stress test
intake etc.
Exercise Vasodilator Dobutamine
(adenosine, (+ atropine)
dipyridamole,
hybrid tests)
Nitrates + + +
B-Blockers + +)? +
Calcium + +) )
antagonists
Methylxanthine-  — + -
containing
beverages,
food and drugs
Persantine + + -
Caffeine- - + -
containing
foods and
beverages
Fasting - - -
Insulin Check blood - -
glucose before
exercise to
avoid
hypoglycaemia
+ Must be interrupted, — can be continued, (+) interruption

recommended by some, but evidence for improved stress test after
interruption is limited or not obvious
* Extent and severity of stress defects may be underestimated [28]
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since these matters are covered by other specific guidelines
[27, 28]. Although exercise testing is generally a safe
procedure, both myocardial infarction and death have been
reported and can be expected to occur at a rate of about 1
per 10,000 tests, depending on the local case mix. Good
clinical judgment should therefore be used in deciding
which patients should undergo exercise testing.

The electrocardiogram, heart rate and blood pressure
should be monitored and recorded during each stage of
exercise as well as during ST segment abnormalities and
chest pain. The patient should be continuously monitored
for transient rhythm disturbances, ST segment changes and
other electrocardiographic manifestations of myocardial
ischaemia. Monitoring of a single ECG lead during stress
testing is not sufficient for the detection and recognition of
arrhythmias or ischaemic patterns. Nine or 12 leads are
recommended.

Equipment and protocols

Both treadmill and bicycle ergometers are used for exercise
testing. Although the bicycle ergometer is generally smaller
and less expensive than the treadmill and produces less
motion of the upper body, quadriceps fatigue in patients
who are not experienced cyclists is a limitation because
subjects usually stop before reaching their maximum oxy-
gen uptake. Several treadmill exercise protocols are avail-
able, differing in speed and inclination of the treadmill; the
Bruce and modified Bruce protocols are the most widely
used. Supine or semi-supine exercise is not ideal and should
be reserved for exercise radionuclide angiocardiography.

Contraindications (absolute) to maximal, dynamic exercise
are:

— Acute coronary syndrome, until the patient has been
stable for at least 24 h and the risk is clinically assessed
as acceptable

— Acute pulmonary embolism

— Uncontrolled, severe hypertension (blood pressure
>200/110 mmHg)

— Severe pulmonary hypertension

— Acute aortic dissection

— Symptomatic aortic stenosis and hypertrophic, obstruc-
tive cardiomyopathy

— Uncontrolled cardiac arrhythmias causing symptoms or
haemodynamic instability

Contraindications (relative) to maximal, dynamic exercise
are:

— Patients with decompensated or inadequately controlled
congestive heart failure

— Active deep vein thrombophlebitis or deep vein
thrombosis

— Acute endocarditis, myocarditis, pericarditis

— Left bundle branch block, ventricular paced rhythm

A maximal exercise test should adhere to the following
steps:

— Before exercise an intravenous (i.v.) cannula should be
inserted for radiopharmaceutical injection.

— The electrocardiogram should be monitored continu-
ously during the exercise test and for at least 3—5 min
of recovery. A 12-lead electrocardiogram should be
obtained at every stage of exercise, at peak exercise
and during recovery.

— The blood pressure should be checked at least every
3 min during exercise.

— Exercise should be symptom limited, with patients
achieving >85% of their age-predicted maximum heart
rate (maximal age — predicted heart rate = 220 — age).

— The radiopharmaceutical should be injected close to
the peak exercise. The patients should be encouraged
to continue the exercise for at least 1 min after the
tracer injection.

An exercise test sometimes has to be terminated before
maximal age-predicted heart rate has been achieved.

Absolute indications for early termination of exercise are:

— Marked ST segment depression (>3 mm)

— Ischaemic ST segment elevation of >1 mm in leads
without pathological Q waves

— Appearance of ventricular tachyarrythmia [the occur-
rence of supraventricular tachycardia or atrial fibrilla-
tion with a high heart rate response is an indication to
terminate exercise]

— A decrease in systolic blood pressure of >20 mmHg,
despite increasing work load, when accompanied by
other evidence of ischaemia

— Markedly abnormal elevation of blood pressure (sys-
tolic blood pressure >250 mm or diastolic blood pres-
sure >130 mmHg)

— Angina sufficient to cause distress to the patient

— Central nervous system symptoms (e.g. ataxia, dizzi-
ness or near-syncope)

— Peripheral hypoperfusion (cyanosis or pallor)

— Sustained ventricular tachycardia or fibrillation

— Inability of the patient to continue the test

— Technical difficulties in monitoring ECG or blood
pressure

Relative indications for early termination of exercise are:

— ST segment depression >2 mm horizontal or downsloping

— Arrhythmias other than sustained ventricular tachy-
cardia [including multifocal premature ventricular con-
tractions (PVCs), triplets of PVCs, supraventricular
tachycardia, heart block or bradyarrhythmias], espe-
cially if symptomatic

— Fatigue, dyspnoea, cramp or claudication

— Development of bundle branch block or intraventric-
ular conduction defect that cannot be distinguished from
ventricular tachycardia
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Adenosine/dipyridamole stress tests
Mechanism of action

Adenosine is a direct coronary arteriolar dilator and in a
normal coronary artery results in a three- to fourfold in-
crease in myocardial blood flow. Dipyridamole is an in-
direct coronary arteriolar dilator that increases the tissue
levels of adenosine by preventing the intracellular re-
uptake and deamination of adenosine. Adenosine and dipy-
ridamole result in a modest increase in heart rate and a
modest decrease in both systolic and diastolic blood pressures.

Myocardium supplied by a diseased coronary artery has
a reduced perfusion reserve and this leads to heterogeneity
of perfusion during vasodilation or even to myocardial
ischaemia caused by coronary steal. Because myocardial
tracer uptake is proportional to perfusion, this results in
heterogeneous uptake of tracer.

Caffeine-containing beverages (coffee, tea, cola, etc.),
foods (chocolate, etc.) and medications (some pain reliev-
ers, stimulants and weight control drugs) and methylxan-
thine-containing medications that antagonise adenosine
should be discontinued at least 12 h before adenosine or
dipyridamole stress (or longer for long-acting methylxan-
thine preparations). Persantine should be interrupted for at
least 24 h (cf. Table 6). Pentoxifylline and clopidogrel need
not be stopped prior to adenosine stress perfusion imaging.

Indications

The indications are the same as for exercise myocardial
perfusion imaging in patients not expected to be able to
achieve maximal, age-predicted heart rate during exercise.
Adenosine or dipyridamole (without exercise) should be
preferred to exercise in cases of left bundle branch block
(cf. Fig. 1).

Absolute contraindications to vasodilator stress tests
are:

— Acute coronary syndrome (vasodilator stress test may
be considered when the patient has been stable for at
least 24 h and the clinically assessed risk is deemed
acceptable)

— Severe bronchospasm

Start Ex

Start Ad Tracer inj

Stop Ex and Ad
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— Greater than first-degree heart block or sick sinus
syndrome, without a pacemaker

— Symptomatic aortic stenosis and hypertrophic obstruc-
tive cardiomyopathy

— Systolic blood pressure <90 mmHg

— Unstable angina

— Cerebral ischaemia

Relative contraindications to vasodilator stress tests are:

— Severe sinus bradycardia (heart rate <40/min)

— Severe atherosclerotic lesions of extracranial artery

— Use of dipyridamole during the last 24 h (this point is
included in several guidelines on dipyridamole stress
testing, to avoid possible enhancement of the drug effect).

Procedure

An infusion or a syringe pump is necessary for adenosine
administration at a constant infusion rate. An i.v. line with a
dual-port Y-connector is required to allow tracer injection
without interruption of the adenosine infusion.
Dipyridamole can be administered by hand injection.
This obviates the need for a Y connector.
Electrocardiographic (ECG) and blood pressure mon-
itoring should be carried out as with exercise stress testing

(Fig. 2).

Combination with low-level exercise

Low-level exercise is performed routinely in many labo-
ratories in conjunction with vasodilator tests. Low-level
exercise significantly reduces the side-effects (flushing,
dizziness, nausea, headache, vasodilator-induced hypo-
tension) and improves image quality due to lower bowel
activity. Accordingly, if possible low-level exercise is rec-
ommended in combination with vasodilator stress [29-31].
Low-level exercise is not recommended for patients with
left bundle branch block or ventricular paced rhythm

(Fig. 1).

Adenosine dose. Adenosine should be given as a con-
tinuous infusion at 140 pg/kg/min over 4—6 min with

Stop ECG / BP
monitoring

min

Fig. 2. Adenosine low-level exercise flow chart (“hybrid test”). Flow
chart example for combined low-level exercise (Ex) and vasodilator
infusion (“hybrid test”), shown here as the protocol frequently used:
brief warm-up exercise (e.g. 1 min), start of adenosine (4d) infusion
for (4-)6 min during continued, stable exercise. After 4 (2—4) min of

adenosine infusion, the tracer is injected during continued adenosine
infusion (for 2°'T1 at least 1 min, for *™Tc tracers preferably 2 min).
Monitoring may be interrupted when heart rate and blood pressure are
back to baseline and the patient is free of symptoms. For early ter-
mination of vasodilator test, see text

European Journal of Nuclear Medicine and Molecular Imaging Vol. 32, No. 7, July 2005



866

injection of the tracer at 3—4 min. The infusion should be
continued for 1-2 min after tracer injection. For patients at
risk of complications (recent ischaemic event, borderline
hypotension, inadequately controlled asthma), the infusion
can be started at a lower dose (50 pg/kg/min). If this dose
is tolerated for 1 min, the rate can be increased to 75, 100
and 140 pg/kg/min at 1-min intervals and then continued
for 4 min. The tracer should be injected 1 min after starting
the 140-pg/kg/min dose. A shorter duration of infusion
may also be effective [32].

Dipyridamole dose. Dipyridamole should be given as a
continuous infusion intravenously at 140 pg/kg/min over
4 min. The tracer is injected 3—5 min after the completion of
dipyridamole infusion.

Early termination of vasodilator stress test

Infusion of adenosine or dipyridamole should be stopped
early under the following circumstances:

— Severe hypotension (systolic blood pressure <80 mmHg)

— Persistent second-degree or sign of third-degree
atrioventricular or sino-atrial block

— Wheezing

— Severe chest pain

Side-effects

Adenosine. Minor side-effects are common and occur in
approximately 80% of patients. The common side-effects
are flushing (35-40%), chest pain (25-30%), dyspnoea
(20%), dizziness (7%), nausea (5%) and symptomatic hy-
potension (5%). Chest pain is non-specific and does not
necessarily indicate myocardial ischaemia. High-degree
atrioventricular (AV) and sino-atrial (SA) block occurs in
approximately 7% of cases. ST segment depression >1 mm
occurs in 15-20% of cases. However, unlike chest pain,
this is indicative of myocardial ischaemia. Fatal or non-
fatal myocardial infarction is rare, the reported incidence
being less than 1 in 1,000 cases.

Because of the very short half-life of adenosine (<10 s),
most side-effects resolve rapidly on discontinuing the in-
fusion. Aminophylline is only rarely required [33].

Dipyridamole. More than 50% of patients develop side-
effects (flushing, chest pain, headache, dizziness or hypo-
tension). The frequency of these side-effects is less than
that seen with adenosine, but they last longer (15-25 min)
and aminophylline (125-250 mg, i.v.) may be required,
preferably not earlier than 3 min after tracer injection. The
incidence of high-degree AV and SA block with dipyr-
idamole is less than that observed with adenosine (2%)
[34].

Dobutamine stress test
Mechanism of action

Dobutamine results in a dose-related increase in myocar-
dial oxygen demand due to increase in heart rate and blood
pressure and usually also in myocardial contractility (in
severe ischaemic heart disease, contractility may be re-
duced with high doses of dobutamine). Due to these effects,
it causes secondary coronary vasodilation and hence in-
creased coronary oxygen supply similar to exercise stress.
In areas supplied by significantly stenosed coronary arter-
ies, the increase in flow is blunted, i.e. the flow reserve is
reduced.

Dobutamine dose

Dobutamine is infused incrementally, starting at a dose of
(5 to) 10 pg/kg/min and increasing at 3-min intervals to 20,
30 and 40 pg/kg/min. It is customary to use atropine in
patients if heart rate does not reach 85% of age-predicted
maximal heart rate.

Indications

Dobutamine is a secondary pharmacological stressor that is
used in patients who cannot undergo exercise stress and
have contraindications to vasodilator stressors. Common
contraindications to the execution of a dobutamine stress
test are indicated below.

Contraindications to dobutamine stress test:

— The same as for dynamic exercise, cf. above
— Patients on B-blockers may not show an adequate heart
rate response to dobutamine (relative contraindication)

Contraindications to atropine administration:

— Narrow angle glaucoma

— Obstructive uropathy, including bladder neck obstruc-
tion from prostatic hypertrophy

— Atrial fibrillation with an uncontrolled heart rate

— Obstructive gastrointestinal disease or paralytic ileus

— Prior adverse reaction to administration

— Patients should be informed of possible difficulties while
driving in the 2 h following atropine administration due
to reduced ocular accommodation

Procedure

An infusion pump is necessary for dobutamine admin-
istration. An i.v. line with a Y-connector is required for
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injection of radioisotope during dobutamine infusion. ECG
monitoring and blood pressure monitoring should be
performed as with other pharmacological stressors.

Dobutamine infusion should start at a dose of (5-)10 pg/
kg/min. The dobutamine dose should then be increased at
3-min intervals up to a maximum of 40 pg/kg/min. The
radiotracer should be injected when the heart rate is >85%
of the age-predicted maximum heart rate (maximal age —
predicted heart rate = 220 — age). Dobutamine infusion
should be continued for 2 min after the radiotracer injection.

Atropine could be given in the presence of submaximal
heart rate response (0.25 mg, i.v., one to three times with
1/2-min intervals) [35] (Fig. 3).

Early termination of dobutamine

The indications for early termination of dobutamine are
similar to those for exercise stress. Termination due to
ventricular tachycardia or ST segment elevation is more
likely with dobutamine than with other stressors.

Side-effects

Dobutamine has a relatively rapid onset and cessation of
action (plasma half-life of 120 s), allowing easy control of
its effects. Side-effects occur in about 75% of patients. The
common side-effects are palpitation (29%), chest pain
(31%), headache (14%), flushing (14%), dyspnoea (14%)
and significant supraventricular or ventricular arrhythmias
(8-10%). Ischaemic ST segment depression occurs in
approximately one-third of patients undergoing dobut-
amine infusion. Severe side-effects may require i.v. ad-
ministration of a (3-blocker such as esmolol, sotalol or
propranolol. Hypotension can also occur during dobut-
amine infusion and is not usually a marker of severe ischae-
mia or severe LV dysfunction.

867
5. Imaging protocols

201T] protocols are described first, followed by *™Tc tracer
protocols and finally dual-isotope protocols. PET tracer
protocols are described in Sect. “Positron emission
tomography”.

A summary of the drawbacks of different SPECT
imaging protocols is given in Table 7.

Thallium-201

After an i.v. injection of *°'TI at stress, the radiotracer is
distributed in the myocardium according to myocardial
perfusion and viability. *°' Tl subsequently redistributes
from its initial distribution over several hours, thus al-
lowing redistribution images which reflect baseline per-
fusion and viability to be acquired usually 3—4 h later.
Comparison between the stress and redistribution images
distinguishes between the reversible defect of inducible
hypoperfusion and the fixed defect of myocardial necrosis,
although in some cases redistribution may be incomplete at
4 h. A second injection of 2°'TI can then be given and re-
injection images acquired for a more accurate assessment
of myocardial viability [8].

Different imaging protocols can be followed, depending
on clinical indication(s) and local practices: stress redis-
tribution, stress re-injection, stress redistribution—re-injec-
tion or stress re-injection—delayed 24-h imaging [36]:

Stress imaging. should begin within 5-10 min of tracer
injection and should be completed within 30 min of
injection.

Redistribution imaging. should be performed
after 3—4 h of rest.

Re-injection. In patients with severe perfusion defects in
the stress images or if redistribution is thought to be

Continue iv.
infusion 1 min
more, ECG
monit. until HR

of age pred. max.

Tracer injection when HR>85%

is back to
baseline

Fig. 3. Dobutamine flow chart. Dobutamine is infused intravenously
in increasing dosages until the heart rate (HR) is >85% of the
predicted maximum value, from 5 or 10 pg/kg/min up to max.
40 pg/kg/min. If the desired heart rate is not attained with the latter
dosage, atropine (atrop) may be added during continued dobutamine

European Journal of Nuclear Medicine and Molecular Imaging Vol

infusion. Tracer is injected at >85% maximal heart rate, which should
be maintained for 1 min after tracer injection. For early termination of
dobutamine test, see text. Monitoring is continued until heart rate has
returned to baseline
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Table 7. Disadvantages associated with different imaging protocols

Protocol Disadvantages

20177 stress—4-h redistribution Attenuation artefacts may complicate evaluation of tracer distribution
Evaluation of LVEF and wall motion is inferior compared with
9mTe-labelled tracers
Radiation dose to patient higher than with **™Tc

99mTe-sestamibi or *°™Te-tetrofosmin, general Tracer uptake often (rest and pharmacological stress studies)
high in subdiaphragmatic regions with extracardiac hot spots

99mTe-sestamibi or **™Te-tetrofosmin 2-day stress/rest protocol Logistics: patient must come on two different days if stress
study is not normal

99mTe-sestamibi or **™Te-tetrofosmin 1-day stress/rest protocol Reversibility may be underestimated because of interference
from remaining myocardial activity from the stress study

99mTe-sestamibi or *°™Te-tetrofosmin 1-day rest/stress protocol Two tracer injections necessary even if stress study is normal

Stress defects may be less clearly visualised due to interference

from remaining myocardial activity from the resting study
Dual-isotope protocol Comparison of 2°! Tl and °*™Tc tracer uptake may be influenced by

differences in attenuation and spill-over from extracardiac sources

incomplete at the time of redistribution imaging, a resting  comparison between them but offers the same image qual-
injection can be given (ideally after sublingual nitrates) ity while keeping the total radiation burden to the patient
with re-injection imaging after a further 60 min of re- (and the staff) at a lower level compared with same-day
distribution [37]. This protocol is normally sufficient for  protocols. The stress study should usually be performed
the assessment of myocardial viability. first, since the rest study can be omitted if the stress study is
interpreted as normal.
Late imaging. can also be performed 24 h after injection
using a longer acquisition time for the assessment of myo-  One-day protocol. The order of studies in a single-day
cardial viability. protocol depends to some extent on the indication for the
investigation. If the problem is to detect viable myocardium
Nitrates. If a resting injection is given, for instance in a  and reversibility of a defect, in a patient with previous
patient referred for viability evaluation or in a patient witha  infarction, it may be theoretically preferable to perform the
severe defect of uptake in the stress images, sublingual resting study first. Conversely, when the study is performed
nitroglycerine, usually at a dose of 400-800 pg, can be  for the diagnosis of myocardial ischaemia, the stress study
administered at least 5 min beforehand in order to reduce  should be performed first because this avoids reduction of
resting hypoperfusion and to increase the correspondence  the contrast of a stress-induced defect by a previous normal
of the resting images with myocardial viability. Other resting study [38] and also obviates the need for resting
nitrates such as buccal isosorbide dinitrate may also beused  imaging.
and these are ideally given (as with the nitroglycerine) with
the patient in the supine position to avoid symptomatic  /maging. should begin 30—60 min after injection to allow
hypotension. for hepatobiliary clearance; longer delays are required for
resting images and for stress with vasodilators alone be-
cause of the risk of higher subdiaphragmatic **™Tc activity.
99m Te-sestamibi and -tetrofosmin
Nitrates. As with 2°'Tl, resting injections can be given
Unlike 2°'TI, sestamibi and tetrofosmin are essentially — under nitrate cover; this is important when assessing myo-
fixed in the myocardium with no redistribution, and sep- cardial viability because the absence of redistribution
arate injections are given in order to assess stress and  means that viability is underestimated in areas with reduced
resting perfusion. The 6-h half-life of 99MTe means that the resting perfusion [13, 14].
two studies should ideally be performed on separate days to
allow for the decay of activity from the first injection.  Fluid intake. can be used to remove intestinal activity from
However, as with °' T, different imaging protocols can be  the subdiaphragmatic region. Moreover, in some centres a
followed: 2-day, same-day stress—rest or same-day rest— fatty meal is given between injection and imaging to aid
stress: clearance of tracer from the liver and gall-bladder. The
value of this manoeuvre, however, is uncertain, and it may
Two-day protocol. A 2-day protocol is preferable because  be counterproductive if there is retrograde passage of tracer
it provides good quality images obtained using the same from duodenum to stomach or if the tracer reaches the
administered activity for each. This not only facilitates transverse colon [39, 40].
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Dual-isotope imaging

This protocol is sometimes used to shorten the duration of
a full stress rest or stress redistribution protocol, and also
to take advantage of the superior ability of 20171 to assess
myocardial viability at the same time as using technetium to
provide functional information from ECG-gated imaging
[41]. 2°'Tl is injected at rest with imaging at 30—120 min,
and sestamibi or tetrofosmin is then used for stress imaging.
The disadvantages are the added expense and radiation
burden of the two tracers, and the fact that changes between
stress and rest mean that images of different tracers with
different technical characteristics are compared, with lack
of the possibility of performing attenuation/scatter com-
pensation (cf. Sect. “Attenuation and scatter compensation”).

6. Image acquisition
Gamma camera system

Detectors. Myocardial perfusion imaging may be per-
formed using a single detector system but a dual- or triple-
head system is now the state of the art to reduce acquisition
time and thus the risk of patient motion. Dual-detector
systems should be in a 90° or “L” configuration if they are
to be used for 180° scanning.

Crystals. Imaging with *°' Tl or ”™Tc may be performed on

both thin and thicker crystals. Thick crystals up to 25 mm

thick are to be used if perfusion images are performed

together with FDG in order to image the 511-keV gamma

rays. These detectors are generally tuned and corrected to

Erovide good image quality down to at least the energy of
“MTe (140 keV).

Table 8. Settings of acquisition parameters

869

Collimators. Low-energy, all-purpose (LEAP) collimators
are used for 2°'Tl studies. Low-energy, high-resolution
(LEHR) collimators are most widely used and generally
recommended for **™Tc studies [42], but at present there is
little hard evidence that LEHR, with its higher resolution,
works better than the LEAP collimator, with its higher
sensitivity (Table 8). LEHR collimators have a better
response with depth but their reduced sensitivity tends to
preclude their use with thallium [42].

Energy windows. *°'Tl: 20% at 72 keV and 20% at
167 keV. *™Tc: 15% at 140 keV for systems with better
than 10% energy resolution and 20% at 140 keV otherwise.

Image acquisition
Patient positioning

The supine position with the arms raised above the head
and supported is the most commonly used position. It is
important to make the patient as comfortable as possible to
reduce the likelihood of motion, and it may also help to
raise and support the knees.

Prone imaging may reduce patient motion and reduce
attenuation of and scatter to the inferior wall [43]. If in-
terpretation of a study obtained in the supine position is
hampered by infra-diaphragmatic attenuation or scatter, an
additional acquisition in the prone position may be tried.
However, prone imaging may be associated with arte-
factual anteroseptal defects [43]. No evidence from larger
series is available as to which position is better in routine
work. It is important that comparison of the rest and stress
studies is done with the patient in the same position, and
comparison with commercially available reference pop-
ulations should be done with the patient in the same, i.e.
supine, position as is used in the reference population. Fe-

Parameters 200y 99mTe

Collimators LEGP LEHR (generally recommended, but hard evidence for its
superiority over LEGP is limited)

Energy windows 20% 15% (if energy resolution exceeds 10%, use 20%)

Rotation: single or dual heads 180°

Rotation: triple heads 360°

No. of projections, 180° orbit 32 or 64 64-128

No. of projections, 360° orbit 128

s/projection: 2°'TI: stress/rest 20/25 s

s/projection: *°™Tc 2-day protocol; 25 s

e.g. with dual head, 600 MBq
s/projection **™Tc 1-day protocol;
e.g. with dual head, 350 and 1,050 MBq resp.

First scan: 25 s
Second scan: 20 s

The shown commonly recommended values refer to myocardial perfusion SPECT studies with dual- or triple-head detectors. Several of the
recommendations are based on tradition and/or phantom studies whereas only a few patient studies have documented the superiority of one
setting compared with other possibilities. Variations in optimal settings may also be related to different camera systems, radiotracer activities

and patient characteristics
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male patients should be imaged without wearing a bra. In
some departments a chest band to minimise breast atten-
uation and to ensure reproducible positioning during later
image acquisition is used for all women, while in other
places it is employed only as an adjunct in special cases.
The reproducible positioning is the key issue. Careful at-
tention to technique is required when applying the band in
order not to increase attenuation. It is also possible to use a
chest band for males to reduce motion.

Orbit

180° or 360° rotation. For single- and dual-detector
systems, rotation from 45° right anterior oblique to 45° left
posterior oblique is used. For a 180° acquisition, dual detec-
tors should be in a 90° or “L” configuration. For triple-head
systems, 360° rotation is used. 180° acquisitions generally
give higher contrast resolution but more geometric dis-
tortions than the 360° orbit. This is eslpecially true for the
relatively low energy photons from 2°'TI.

Circular and non-circular (elliptical) rotation. Non-cir-
cular orbits have the advantage of minimising the distance
between the patient and the camera throughout the scan but
may suffer from reconstruction artefacts due to changes in
spatial resolution [44]. Data in favour of the circular orbit
did not take into account the recent software compensations
for variations in resolution with distance from the patient.

Pixel and matrix size. Pixel size is 6.4+0.4 mm for a 64x64
image matrix. Zoom should be performed as necessary for
cameras with a large field of view. This provides a good
balance between image resolution and image noise.

Acquisition type

Step-and-shoot is the most common mode but it may be an
advantage to use “continuous step and shoot” or continuous
mode if available. These continuous modes slightly im-
prove count statistics for a given overall scan time at the
cost of a slight loss of angular resolution, but the differ-
ences are minimal.

Number of projections. For *°' Tl it is sufficient to use 32
views over 180°, but 64 views may be used. For 9mTe 64
or 128 views over 180° or 128 views over 360° are
recommended [45].

Time per projection. The time per projection is always a
compromise between improved count statistics and in-
creasing the risk of patient movement. It is recommended
that the overall acquisition time be kept below 20-30 min.
Gating (cf. Sect. “Gated myocardial perfusion imaging”)
and compensation for attenuation and scatter (cf. Sect.
“Attenuation and scatter compensation”) will slightly
prolong the study time.

Attenuation/scatter compensation. If a transmission scan
for attenuation/scatter compensation is interleaved, it will
prolong the time per step, typically in the range of 5 s/step.
If it is not interleaved (before may be better than after,
because of the greater risk of patient motion after the
longer-lasting emission), the acquisition time will often be
prolonged by 5-10 min.

7. Quality control
Quality control involves:

— The gamma camera performance in planar mode
— The gamma camera performance in SPECT mode
— Calibrations specific to SPECT

— Acquired, original data

— Processed data

Gamma camera system

Table 9 shows the main aspects of quality control for the
gamma camera and is followed by more specific details.
The schedule of quality control tests and the frequency of
tests should conform to national guidelines and require-
ments. Quality control procedures can be found in national
and international guidelines [46—49]. The “IAEA Quality
Control Atlas for Scintillation Camera Systems” is a useful
guide for assessing quality control results and possible prob-
lems [50]. Table 10 summarises general limits that should be
respected.

Uniformity with **™Tc and *°' Tl

— Intrinsic uniformity for **™Tc should produce NEMA
differential uniformity parameters within the centre field
of view as close as possible to 1-2%.

— An extrinsic measurement of differential uniformity
should be in the range 2—3%. For most camera systems
a high count uniformity correction map (sensitivity map)
is required to achieve this, and such a correction map is
an essential part of the uniformity performance. The
manufacturer’s recommendations for collection of this
map must be followed. Care must be taken to ensure
use of a proper radioactive source and use of the same
energy window setting as will be used clinically.

— A statistically valid quantitative uniformity measure-
ment, which can be reliably monitored, should be ob-
tained from:

— An image containing about 10,000 counts per pixel
(achieved by a 30-million count image acquired in a
64x64 matrix)

— A 120-million count image acquired in a 128x128
martrix.
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Table 9. Scintillation camera quality control

Quality control of
the SPECT system

Requirements

Performance of the
scintillation camera

Multiple head detectors

Collimators

Routine quality control

Calibrations and
SPECT-related
quality control

Within the manufacturer’s
specifications. Usually measured
according to the National Electrical
Manufacturers Association
(NEMA) [51]

Performance must be matched.
Images from the heads aligned.

Collimator hole angulation: at
acceptance and periodically
thereafter for damage

Daily: symmetry of energy
window position over the
photopeak
Daily: low count uniformity
Weekly: high count uniformity
and quantification
Monthly: spatial resolution,
linearity
Periodically: total performance
with SPECT phantom
High count uniformity map
Centre of rotation
Pixel size

Detector head tilt
Frequency dependent on
stability of system

This quality control check should be performed weekly. On
a daily basis a low count flood image (e.g. total of 3—10
million counts) is sufficient to check for any obvious
changes. If 2°' Tl mzyocardial perfusion is performed, then
the uniformity for “°'TI must additionally be checked. A
correction map using a °™Tc source may be sufficient. If
not, a 2°' Tl correction map generated using a 2°' Tl source
will be required.

Validity of the uniformity should be tested periodically
by performing a 360° SPECT study of a cylinder filled with

Table 10. Summary of quality control for multiple head SPECT
systems

Parameters Limits to be observed

¢ Uniformity (NEMA)

* Intrinsic <2%
* Extrinsic <3%
Maximum difference in system <5%

sensitivity between heads
Centre of rotation (COR) offset
(128x128 matrix)

Alignment of heads

Tilt of detector heads, measured
by COR (128x128 matrix)

<0.5 pixel for 360°

Perfect match
Variation <4 mm/1
pixel for 360°
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a uniform solution of **™Tc or *°' T1 using the same energy
window and zoom factor as are used clinically. A typical
acquisition is:

—  64%x64 matrix

— Same pixel size as is used clinically

— Total of 60 projections

— 360° rotation

— 500,000 counts per projection for a phantom 20 c¢cm
long

Reconstruction with the clinically used smoothing filter
should produce transverse slices that show no obvious
rings (if a single detector is tested) or partial rings (if a
combination of detectors is tested). This check of SPECT
uniformity is useful at any time that non-uniformity is
suspected.

Sensitivity

For multiple detector systems, the sensitivity of the
collimated detector heads should not differ by more than
5%.

Centre of rotation

Centre of rotation (COR) calibration must be performed
according to the manufacturer’s recommendations. The
results should be within the limits specified by the
manufacturer. In general, the COR should:

— Not vary by more than 0.5 pixel (for a 128x128 matrix)
over 360°
— Be within 0.5 pixels of the previous measurement.

The frequency of this calibration is dependent on the
stability of the SPECT system.

The validity of the COR correction can be tested pe-
riodically by measuring the full-width at half-maximum
(FWHM) spatial resolution from a 360° SPECT study of a
point or line source of *™Tc or 2°' T1. After reconstructing
with a ramp filter, the SPECT resolution measured from
transverse slices should be within 10% of the FWHM
spatial resolution measured from a planar image of the
source obtained at the same radius of rotation. In order to
quantify the spatial resolution reliably, a large matrix size
and a zoom factor need to be applied.

Multiple detector head alignment

For dual- and triple-detector SPECT systems, the size and
location of images produced by each head must match
exactly in both the x and y directions. This means that the
gain and offset of each image within the matrix must be
identical. Some manufacturers include this as part of the
COR calibration. A simple, but not very sensitive, test to
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check the validity of head alignment is to acquire a SPECT
study of a point source using the same acquisition tech-
nique as is used clinically and to review the sinogram of the
raw data. There should be no jump in data in either the x or
the y direction.

Another relatively simple test for head alignment is to
perform a COR measurement with one head at a minimum
radius of rotation and the other at the maximum radius of
rotation (for locked 90° dual-head systems, this would re-
quire two acquisitions). Data from each head should be
reconstructed separately. Head-1 transaxial images are sub-
tracted from head-2 transaxial images. The results will be
“doughnut” images if the heads are aligned. Note: this test
can also detect errors due to collimator hole misalignment.

Detector head tilt

The detector head(s) must remain parallel to the axis of
rotation during acquisitions. From the COR study, check
that the Y-centre of mass of the point source does not vary
by more than 3—4 mm over 360° (~1 pixel for a 128%128
matrix). In addition, for most single-head systems, detector
head tilt can be checked using a simple spirit level. Adjust
the detector head to be level at 0°. Rotate the detector 180°
and again check that it is level. On multi-head systems, the
COR study remains the easiest way of checking for head
tilt. The summed image of all the projection views will
show the point source images lying along the same row of
pixels in the y direction if there is no tilt [52]. A head tilt
will produce a sinusoidal pattern.

The acquired, original and processed data

The acquired myocardial perfusion data must be reviewed
immediately after acquisition and before the patient leaves
the department. A decision must be made as to whether the
data are acceptable and any detected problem can be cor-
rected, or whether the acquisition has to be repeated. At a
minimum, the review should be made with the rotating
cinematic review of the projection data and a sinogram at
the level of the myocardium.

Ungated data acquisition
The data should be reviewed for the following:

— Complete data within the set of projection views (no
blank/corrupted views)

— Expected count content of the study

— Problems related to detectors (e.g. drift in energy win-
dow, unexpected detector artefacts)

— Smooth transition of images between projections and
detector heads (for multiple-head acquisition)

— Attenuation artefacts—consider whether repeated ac-
quisition is relevant after a time interval (*°'TI rest
study and ”™Tc rest or stress studies)

— Presence of extracardiac “hot spots” so close to the left
ventricle that they interfere with reconstruction and pro-
cessing (e.g. lung, liver, gall-bladder, muscle}—consider
whether repeated acquisition is relevant after a time in-
terval (*°'T1 rest study and **™Tc rest or stress studies)

— Patient motion—Tlateral or vertical movement of the
myocardium on the cinematic review

— Unusual activity (e.g. injection site, arms at the side of
the body)

— Truncation of cardiac activity or severe truncation of
body activity

— Consistent positioning (e.g. prone or supine, feet in or
feet out)

For quality control regarding gated data, cf. Sect. “Gated
myocardial perfusion imaging”; for attenuation and scatter
compensation, cf. Sect. “Attenuation and scatter compen-
sation”; for reconstruction and processing, cf. Sect. “Re-
construction methods”; and for display, cf. Sect. “Reports,
image display”.

8. Reconstruction methods

Myocardial perfusion images appear relatively uncompli-
cated, but they are highly processed and their appearance
results from a complex interaction of the various processes.
Although sophisticated reconstruction methods are avail-
able, including corrections for motion, attenuation and
scatter, these software tools cannot produce “miracles”. It is
therefore of importance to achieve the highest quality of the
raw data before the patient leaves the department and
before reconstruction is commenced (cf. Sect. “Quality
control”).

Given the measured projection data, which are essen-
tially line integrals of counts along bins for a certain angu-
lar direction, the reconstruction task is to produce an image
of the activity that as closely as possible reflects the tracer
distribution when the measured data were acquired. Today,
two main categories of reconstruction method are available:

— The analytical or filtered back-projection (FBP)
method
— The iterative reconstruction method

Properties of, and recommendations regarding, the
methods are summarised in Table 11.

Filtered back-projection (Table 11)

Historically, FBP has been the main method of reconstruc-
tion used in SPECT as it was adapted from techniques used
previously in other fields such as radioastronomy and elec-
tron microscopy [53]. FBP has the advantages of being fast
and relatively computationally non-intensive. However, it
takes no account of the basic physical processes under-
pinning emission tomography, which can be incorporated
into the alternative statistical algorithms. Correction for
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Table 11. Summary of properties of, and recommendations regarding, the more common filtering techniques applied in myocardial

perfusion SPECT

Operation and properties

Recommendations

FBP: fast, computationally non-intensive. Cannot incorporate
attenuation and scatter correction in the reconstruction

Ramp filter: weights the data for reconstruction proportional to
their spatial frequencies

Low-pass filters: roll-off at high spatial frequencies to reduce
ringing artefacts and constrain amplification of noise

Butterworth: care should be taken that the manufacturer has
correctly defined the cut-off point. This should be where the
amplitude drops to 12

Hamming: this is the generalised Hamming window function
with a=0.5

Wiener and Metz: resolution recovery filters which constrain the
inverse filter at high spatial frequencies

Others: these can include functions such as the Parzen and
Shepp-Logan

Iterative reconstruction: allow incorporation of physical effects

such

as attenuation, scatter and collimator response, but fixed point
of convergence

Maximum likelihood expectation maximisation (MLEM): most
software recommends 1015 iterations

Ordered subsets expectation maximisation (OSEM): acceleration
roughly a factor equal to the angles/subsets. One to two may be
sufficient

Recommended filter cut-off values should be expressed as proportion
of the Nyquist frequency. Nyquist frequency is 0.5d, where d is the
pixel size in cm, i.e. half the sampling frequency. For example, if the
pixel size is 6 mm, the Nyquist frequency is 0.8 cm ™"

For comparison between different vendors, check that filter
parameters are defined equally

Best left with cut-off at 1.0

Optimisation of filter parameters is best carried out empirically by
each department based on their normal acquisition parameters
Filter cut-offs should not be varied routinely

Radioisotope (power: n=6); fraction; Nyquist™®:

2011, 75 MBgq; 0.3-0.4

9mTe; 500 MBq; 0.3-0.4

%mTe; 1,000 MBg; 0.4-0.5

9mTe; 1,500 MBgq; 0.5-0.7

Radioisotope (power: =6); fraction; Nyquist™®:

20171, 75 MBgq; 0.25-0.40

9mTe; 500 MBq; 0.30-0.45

%mTe; 1,000 MBg; 0.45-0.60

%9mTe; 1,500 MBg; 0.60—-0.80

Should only be used by persons with a thorough understanding of
the underlying theory

Best avoided as the Butterworth and Hamming filters are now
widely available

Noisy data need to be low-pass filtered prior to (2D) or after
reconstruction (3D). For quantitative studies, programs must be
linear, i.e. total counts equal before and after reconstruction

Too many iterations tends to amplify noise. Too few reduce image
quality and resolution

For practical application useful but do not theoretically always
converge

*The figures given are based on a pixel size of 6 mm

these effects needs to be made pre- or post-reconstruction.
Hence, although FBP is probably still (2004) the most
frequently used method of SPECT reconstruction, it is
rapidly losing ground to the iterative techniques.

The filters most commonly used in FBP are generally
low-pass filters such as the Hanning and Butterworth com-
bined with the required ramp filter. These low-pass filters
reduce the high spatial frequency components of the image
and thus reduce the noise though at the expense of the
spatial resolution in the image. In general, the cut-off
frequency and power factors (if necessary) may follow the
recommendations of the vendors if standard activity amounts
of radionuclide tracers and imaging techniques are applied,
although ideally they should be determined empirically by
each department. Such evaluation should be based on the
count statistics of an average study produced by the de-
partment’s normal acquisition protocol. The chosen filter
should produce images of similar quality over a reasonable

range of count levels around the average value. Optimisa-
tion should be based on data presented and assessed in the
prevailing format used for reporting of the studies.

Two issues are particularly important in FBP:

— How are negative numbers handled that occur in the
reconstructed images because of ramp filtering?

— The most common method is to truncate these values
to zero. However, this results in loss of the linearity in
the reconstruction process (e.g. same number of counts
in the reconstructed images as have been acquired),
which is important in procedures where an absolute
activity quantification is important (volume determi-
nation in gated studies).

— FBP does not eliminate streak artefacts completely,
which means that counts will appear outside the body
region in the SPECT image, as seen in Fig. 4. Streak
artefacts should be recognised in the image as such and
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ignored; software manipulation to try to remove them
is not recommended.

Iterative reconstruction methods (Table 11)

This family of reconstruction methods [54] has been
clinically available only for the last few years. In addition to
the back-projection step in FBP, there is also a forward
projecting step in iterative methods. This step is required to
calculate projection data (or line integrals) along a path
from an image matrix defined in the computer and thus
simulate the distribution for which the actual measured
SPECT data were obtained. An iterative procedure starts
with an initial first guess of the activity distribution (Fig. 5).

This starting point can be a flat image or an image
obtained by FBP. The key feature is then the comparison
between the measured projection data and the projection
data calculated from the image matrix. A correction matrix
is formed that is multiplied by the initial guess after proper
normalisation. An updated image is created and the process
has made its first iteration. The new updated version of the
activity distribution can then be used as input for the same
procedure to form the second and more accurate update.
This is achieved since the difference between the measured
and calculated projection data will decrease. After a certain
number of iterations, the difference between the calculated
and measured projection data is only assumed to be a
function of image noise and therefore the process is stopped
and the last updated image used as the final reconstructed
image. The flow chart in Fig. 5 summarises these steps.

The most commonly used iterative methods in com-
mercially available systems are the:

Fig. 4. Streak artefacts with FBP. Illustration of streak artefacts
inherent to the FBP process

Initial Image Measured
Estimate Projections
INeW ,|Projection| | Estimated
mage step Projections
Estimate
A
A 4
ek Iterations

Comparing
step step
A 4 § 7

A4

|| More angles Backprojection Error
or subsets? Step Projections

Image space

Projection space

Fig. 5. The iterative procedure. The flow chart describes the steps of
the iterative procedure

—  Maximum likelihood expectation maximisation method
(commonly denoted MLEM), which, however, is time
consuming: the image is updated (i.e. multiplied by the
correction matrix) only after all projection angles have
been processed.

— Ordered subsets expectation maximisation (OSEM), an
accelerated version [55]. The image is updated after a
subset of projections has been processed. The accel-
eration is roughly proportional to the number of subsets.

The equation that describes the process is given by:
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where [ is the image to be created, P is the measured projection
and #;; is the probability (or the transfer matrix) that the pixel /
will contribute to the projection bin j. In its simplest form,
which assumes no photon attenuation, no scatter contribution
or collimator blur, 4; is unity along the ray-of-view for the
current projection angle. This then reduces the formula to:
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The summation term under Eq. 1 is needed because the
back-projection step is a summation step and therefore a
normalisation with the number of projection angles is es-
sential to keep the number of counts in the reconstructed
images the same as originally acquired.

An iteration is defined when all subsets are processed.
The process is then repeated for the desired number of
iterations. Figure 6 shows an example using images obtained
with different iteration numbers for MLEM and OSEM.

In contrast to FBP, iterative methods generally do not
have a clear definition of the point at which the images can
be regarded as final. The number of necessary iterations
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Iterations
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Fig. 6. Different iteration numbers for the MLEM amd OSEM methods. Example of images obtained with different iteration numbers for

MLEM in the upper row and OSEM in the lower row

depends on the method of choice and the image noise. For
most cases, the rule of thumb of about 15 iterations for an
MLEM procedure [56] and two iterations for OSEM can be
applied, and these numbers are often recommended by
commercial vendors. Low-pass Fourier filtering can in-
troduce ring artefacts (the Gibbs phenomenon) if the filter
is not properly selected. However, the iterative process is
well suited to inclusion of physical effects such as photon
attenuation and contributions from photons scattered in the
patient. The effect of photon attenuation can be included in
the /1 function by calculation of the exponential between the
current pixel location and the surface before summation of
pixel values along the ray of view. This can be done either
by using a fixed attenuation coefficient or by including a
matched attenuation map, obtained, for example, by trans-
mission SPECT or from a co-registered CT study. Non-
homogeneous attenuation compensation can then be
incorporated in the forward projection step. The accuracy
of such attenuation compensation is mostly dependent on
the accuracy of the obtained attenuation values. The col-
limator response can be included in /; by calculating the
contribution (the probability of detection) in other pro-
jection bins from voxel i.

Conclusions

Both FBP and iterative methods are useful, but the latter are
now preferred since they offer more accurate modelling of
physical processes and reduce noise. In particular, it should
be noted that:

Compensations for scatter, attenuation and detector
blur are difficult with FBP.

Iterative methods allow the physical processes to be
modelled in the projector step (with superior correction
for non-homogeneous attenuation and detector response).
Scatter compensation can be included either in a pre-
subtraction step or preferably (due to the decreased
noise problems) directly in the projector step.

The reconstructed noise in iterative methods is less
disturbing than with FBP.

A rule of thumb is 10-15 iterations for MLEM pro-
cedures and two iterations for OSEM.

— There is no clear definition of the point at which the
images can be regarded as final.

Filtering (Table 11)

The filter cut-off should not be varied routinely. In general,
low count studies (e.g. °' Tl compared with *”™Tc tracers)
require smoother filters than higher count studies. How-
ever, if a study appears to suffer from unexpected low count
rates, the acquisition time should instead be adjusted. Care
must be exercised when filter parameters from one man-
ufacturer’s system are compared with those from another
system. The mathematical definition of the filter window
may vary between systems (e.g. the definition of cut-off
value of the Butterworth filter). The correct definition of
the cut-off for this filter is the point at which the amplitude
drops to 172, or 0.707 [57]. However some manufacturers
use simplified definitions of this filter, where the cut-off is
the point at which the amplitude drops to 0.5, or rolls off to
Zero.

Other filters. The use of adaptive, or resolution recovery,
filters should also be treated with care. These filters are
used as constraining operators on the inverse filter. The
inverse filter is essentially the reciprocal of the point spread
response function of the camera system.

Deconvolution with this filter would in theory produce
ideal images, with the degrading effects of the imaging
process removed. But this would produce high levels of
noise with clinical data. The adaptive filters constrain the
inverse filter at high spatial frequencies and allow its use as
a clinical filter.

The Metz and, more commonly, Wiener filters are the
functions generally used for constraining the inverse filter.
These have been shown to improve quantification with
myocardial perfusion SPECT in certain cases [58]. How-
ever, the power factors for these filters are dependent upon
the properties of the noise power spectrum of the data.
Therefore, the choice of a single power factor that will be
applicable over a clinically realistic range of count levels is
problematic. The use of an incorrect power factor can lead
to erroneous enhancement of sections of the image spec-
trum [59] and introduce apparent defects (Fig. 7). For these
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Fig. 7. A conventional low-pass filter (a) and a resolution-recovery filter (b). The images show the same short axis slices through a ventricle
reconstructed with a conventional low-pass filter (a); apparent, but false, segmental defects are introduced with a resolution-recovery filter (b)

reasons it is probably best if these filters are avoided for
data reconstruction unless a person with special expertise
and clinical experience is responsible for their use.

Iterative reconstruction methods do not require a fil-
tering step like the ramp filter in FBP. If the acquired data
are noisy, one can apply a low-pass 2D filter on the pro-
jection data or a 3D post-filter on the tomographic images.
The same principles as cited above are also applicable to
iterative reconstruction methods.

Motion correction

A number of proprietary motion correction packages are
available from manufacturers on modern gamma camera
systems (Table 12). These use a variety of methods to
correct for translational motion of the heart during the
acquisition. Some methods use external point sources [60],
whilst others use fitting to an idealised sinogram [61]. If an
automated method of correction is to be used, the algorithm
in use should be understood to ensure it works correctly.
For example, when using some sinogram fitting techniques,
the heart must be placed away from the centre of the field.
If the heart does lie at the centre, then the sinogram will
describe a straight line instead of a sine wave, and the
algorithm may fail.

It should be noted that these methods only correct for
relatively simple forms of motion such as motion in the
longitudinal axis, which is usually possible with the com-
mercial software systems. More complex patterns of mo-
tion involving rotational motion cannot be adequately
corrected using current methods. This may include the rel-
atively common phenomenon of ‘upward creep’ [62].
Previous work has demonstrated that movement by 1 pixel
does not produce significant artefacts [61] in the recon-

Table 12. Motion correction and data reorientation

structed images. Therefore, it is recommended that only
motion by 2 pixels or greater justifies correction.

Reorientation of image data

Reorientation of the reconstructed transaxial data into the
three standard image planes should always be consistent.
Errors in reorientation can introduce artefacts, which may
be mistaken for perfusion defects [63]. Automated methods
of reorientation are available [64, 65] and have been shown
to be at least as accurate as trained operators and probably
to achieve greater reproducibility. Automated methods may
fail in selected cases such as large myocardial infarctions
and cardiac orientation abnormalities. If manual reorienta-
tion is chosen, the operators should use reproducible land-
marks for definition of the long axes. Common landmarks
include the apex and points on the valve plane.

9. Gated myocardial perfusion imaging

Two advantages may be accrue when perfusion SPECT
studies are acquired in an ECG-triggered, “gated”” mode:

1. Evaluation of LV ejection fraction (EF) and volumes,
and evaluation of LV regional wall motion.

2. Improvement of the diagnostic accuracy of perfusion
imaging [66] in the event of attenuation problems (ap-
parently irreversible perfusion defects due to attenu-
ation artefacts may be wrongly interpreted as scar
tissue, though function is maintained).

?"Te tracers. Perfusion data reflect the condition at the
time of tracer injection (at rest or during stress), whereas the
functional gated SPECT data represent images of the LV

Properties

Recommendations

Motion correction: a number of packages are now available
which use a variety of techniques

Reorientation into the three standard image planes should
always be consistent

Only vertical motion is corrected by commercial programs

Only patient movement >2 pixels in the projections should be corrected
Verified automated techniques are at least as good as trained operators
If manual methods are chosen, consistent landmarks should be used
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myocardium during the acquisition, i.e. generally under
rest conditions.

It should be noted that, although functional gated
SPECT acquired after stress shows the left ventricle at rest,
it may sometimes represent a different physiological state.
If a patient is injected at the time of stress-induced ischae-
mia, transient wall motion abnormality and possibly dilated
left ventricle and reduced EF (myocardial stunning) may
persist and be observed during the acquisition phase, up to
90 min or even later after the resolution of ischaemia.
Detection of post-stress myocardial stunning by means of
gated SPECT may contain independent, important infor-
mation about the left ventricle, useful for both diagnostic
and prognostic assessments.

20177 Gated 2°'TI studies can be performed, but the ac-
curacy and reliability are lower than for the **™Tc-labelled
tracers.

ECG triggering
The demands are that:

— The patient has a fairly regular heart rhythm: atrial
fibrillation, sinus arrhythmia, frequent premature beats,
intermittent and dual-chamber pacing etc. should not
be studied with ECG triggering.

— There is adequate count density; particular care must
be paid to lower activity acquisitions.

The ECG lead should be carefully chosen so that the R
wave is a marker of end-diastole. The R wave must be
positive in most triggering systems. Ideally, the R wave
should be at least threefold higher than the P as well as the T
wave and should have the steepest rising slope of the ECG
cycle.

There is no clear consensus on the tolerance window for
the frame/bin length in gated SPECT acquisitions: the nar-
rower the window, the more physiological the data, but the
study may suffer from low count statistics and/or from an
inappropriate increase in the acquisition length. Classically,
it is recommended that cardiac cycles exceeding 30-40%
deviation from the averaged cycle length should be ex-
cluded for the functional information but not for the eval-
uation of the LV perfusion if the camera rotation is set to a
fixed time duration per step (see below).

Intervals

The cardiac cycle is usually divided into eight, and some-
times into 16 intervals (frames, bins). The lower frame rate
results in a slight underestimation, by about 4 EF units, of
the LVEF value [67]. Nevertheless, eight intervals seem to
be a reasonable compromise between the count statistics
that should provide accurate definitions of cardiac walls
and the temporal resolution that is required to record the
short end-systolic period. Sixteen intervals provide better
determinations of LVEF and end-systolic volume (enhanced

877

temporal resolution), but eight intervals might provide a
better assessment of regional wall motion (enhanced sig-
nal-to-noise ratio of gated SPECT images) and are prob-
ably the most frequently used value.

Time per projection

Each step of the camera rotation may be set to a fixed time
duration or a fixed number of accepted cardiac cycles.
There is no hard evidence for superiority of either preset,
but most groups use fixed time. In some systems, when
the preset time per step is used, only the data related to the
functional part are accepted/not accepted, whereas all the
data are stored for perfusion processing.

Time per projection must be adjusted to obtain an ade-
quate myocardial count rate per interval, but the total ac-
quisition time should not exceed 30 min due to risk of
patient movement. For a **™Tc-based gated study the length
of acquisition should not exceed that traditionally used for a
non-gated SPECT study. For a 2°' Tl gated study, it may be
necessary to extend the acquisition time, especially for gated
redistribution analysis.

In Table 13 recommended examples for gated SPECT
acquisitions are shown.

For gated SPECT with 2°'Tl, count density is consis-
tently much lower than that obtained with **™Tc-labelled
tracers. A number of studies have compared gated *°' Tl and
99mTe studies, with acceptable LVEF values obtained with
20171, when **™Tc is used as the gold standard [68]. How-
ever, there is no doubt that assessment of regional wall
motion is more accurate with the studies obtained with
99mTe-labelled tracers [69]. To date (December 2004), no
studies have demonstrated improved specificity of “*'Tl
imaging by gating the SPECT perfusion data.

Motion artefacts. Gated studies are sensitive to patient
motion during the acquisition, even when limited, since the
exact shape of myocardial walls will be affected and lead to
incorrect definitions of the endo- and epicardial borders,
and wrong calculations of volumes and EF.

Multidetector gamma cameras. Practical considerations
related to patient tolerance and avoidance of motion limits
the application of gated acquisitions to multidetector cam-
eras. The risk of low-quality gated studies on a single-
headed camera is too high to justify gating.

Image processing
Filtering

The choice of filters is essentially the same as that for non-
gated SPECT imaging. As might be expected, a gated
SPECT study needs to be smoothed a little more than a non-
gated study, because of the lower counts in each of its
multiple frames. But too much filtering will affect the shape
and sharpness of the myocardial wall contour, resulting in
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Table 13. Recommended duration of gated SPECT acquisition

Tracer Activity (MBq)  No. proj./180°  s/projection  Two detectors, 90° (min)  Three detectors, 120° (min)
99mTe tracer (low count) — 300-450 60 35 18 23
99mTe¢ tracer (high count)  900-1,100 60 25 13 17
Stress ' Tl 75-170 60 35 18 23

Redistribution *°'TI Gated imaging not recommended

Different injected activities of 2°' Tl- and **™Tc-labelled radiopharmaceuticals for different camera configurations, using a low-energy high-
resolution collimator, 3° angular sampling, 180° acquisition and eight-frame gating [67]

an underestimation of LV size (although yielding nicer
images with a high signal-to-noise ratio). Since most of the
automatic programs quantifying gated SPECT perfusion
data are based on edge detection algorithms and are rela-
tively insensitive to count statistics, it is recommended
always to use the same filter parameters independent of the
actual count density in a given patient.

Reconstruction

As for non-gated studies, two methods may be used: FBP
and iterative reconstruction. The iterative methods are rap-
idly gaining wider acceptance (cf. Sects. “Reconstruction
methods” and “Attenuation and scatter compensation™).

Quality control

In addition to all the quality assurance procedures for
routine SPECT, the adequacy of the ECG gating and the
number of counts acquired in each interval should be
evaluated, as listed in Table 14.

Image analysis

Analysis of gated SPECT images includes the determi-
nation of LV volumes and EF, with the use of automatic
edge detection software, and the visual assessment of

regional wall motion and wall thickening. To date (De-

Table 14. Quality control of gated studies

Parameter Items that should be checked

Heart rate histogram
Analysis of LV volume curve

Only one “narrow” peak
End-systole <2 frames within
first half of cardiac cycle

End of curve (almost) on

level of onset of curve
Correct positioning of

diastole in cardiac cycle

No frames with reduced counts
Correct endocardial and
epicardial edge definitions

Cine inspection of contracting
left ventricle

If automatic edge detection

cember 2004), no program has been shown to quantify wall
motion parameters in a more precise way than conventional
visual analysis.

Regional wall motion and wall thickening

The analysis should take into account physiological and
pathophysiological variations such as:

— Reduced wall motion at the base compared with the
apex, observed in healthy subjects

— Greater excursion of the basal lateral wall than the
basal septum, observed in healthy subjects

— Paradoxical septal motion observed in patients with left
bundle branch block or a ventricular pacemaker

Wall motion can be classified as normal, decreased,
absent or paradoxical. Computer-generated contours can be
helpful, but these should not be used as the sole determinant
of motion.

Wall thickening is assessed according to the relative
increase in myocardial counts between diastole and systole
(partial volume effect). Computer-generated contours can
be helpful, but these should not be used as the sole de-
terminant of thickening. Thickening can be classified as
normal, reduced or absent.

It is commonly accepted that wall motion and wall
thickening may be incorporated into a single qualification
while noting the discordance between motion and thicken-
ing when it occurs. For instance, such discordance is com-
monly observed in the septal wall after coronary bypass
surgery and in right ventricular overload: wall motion is
decreased, whereas wall thickening is preserved.

— A normal regional function is defined when wall
thickening and motion are normal.

— A hypokinetic region is defined when wall thickening
and/or motion is decreased.

— An akinetic region is defined by absence of wall thick-
ening and motion.

— A dyskinetic region is defined by absence of wall
thickening and paradoxical wall motion (Fig. 8).
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SA
Apex

Mid-
ventricle

a

Fig. 8. Examples of normal (a) and abnormal (b) regional function.
Slices of two left ventricles in end-diastole (ED) and end-systole
(ES) on three levels (from apex to base) in the short axis (S4), one
level in the horizontal long axis (HLA) and one level in the vertical

Left ventricular EF and volumes

LV end-diastolic volume, end-systolic volume, stroke vol-
ume and EF are calculated automatically with the use of
well-validated contour detection programs. Caution should
be exercised in reporting apparently spurious values of
these parameters. For instance, volumes are often too low
and EF too high in small ventricles. Reporting of volumes
may preferably be indexed according to body surface area,
since the reference values have a narrower range. Normal
limits of LVEF and volumes measured with gated SPECT
are influenced by the number of frames, the tracer and the
algorithm used. Reference limits obtained with the QGS
software, eight frames and a **™Tc perfusion tracer are
listed in Table 15.

Image display

See also Sect. “Reports, image display”.

As a minimum, the display of gated SPECT should
include apical, mid-ventricular and basal short axis, and
mid-ventricular horizontal and vertical long axis slices in
end-diastole and end-systole. Regional wall motion and
wall thickening may be analysed with the use of a single

b

long axis (VLA). a Normal regional wall motion and thickening.
b In a patient with recent myocardial infarction, wall motion and
thickening are severely impaired in the anterior wall and apex

colour linear scale, such as a grey scale. A linear grey scale
without computer-derived edges has been suggested to be
the best display for evaluation [67]. A continuous colour
scale may be better for evaluation of regional wall
thickening.

Integration of LV perfusion and functional data
The results of non-gated perfusion and gated LV function
from the SPECT examination should be integrated to reach

a final interpretation:

— Integrate analyses of perfusion and functional data for
the same, well-identified LV regions.

Table 15. Reference lower limits of post-stress LVEF and volumes
(QGS; eight frames; **™Tc tracer) [70]

Gender LVEF (%)  EDVI (ml/m*  ESVI (ml/m%

Female/male 50/45 56/70 25/32

EDVI end-diastolic volume index, ESVI end-systolic volume index,
LVEF left ventricular ejection fraction
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— LV functional data should not be interpreted in too
small segments owing to the risk of passive motion/
impression of thickening in neighbouring segments,
etc.

— Wall motion/wall thickening present in apparently fixed
perfusion defects may help in the discrimination of in-
farction from attenuation artefact. The number of equiv-
ocal interpretations [71] is reduced.

— Post-stress regional LV dysfunction not present in rest
images (myocardial stunning) improves sensitivity for
detection of severe coronary artery disease [72]. Post-
stress LV dysfunction has independent prognostic value
[73].

10. Attenuation and scatter compensation

In addition to pixel size, type of orbit etc., primary factors
of concern for image quality are:

— Attenuation of radiation in the body, which can lead to
a non-uniform reduction in the apparent activity in the
myocardium and to the introduction of artefacts in the
images.

— Scatter of radiation both within the body and in the
detector, which degrades image contrast and potential-
ly affects quantitation of activity and relative distribu-
tion of perfusion.

— Changes in resolution with distance from the collima-
tor face, which can alter the apparent distribution of
activity in the myocardium.

The issue is quite complex:

— Attenuation is considered to have the most significant
effect [63, 74-84].

— Early clinical studies were disappointing: Failure to
incorporate effects of scatter into the attenuation com-
pensation (AC) technique may result in over-compen-
sation of the data and introduction of artefacts.

— Most commercial camera systems now offer a com-
bination of both software and hardware for non-uni-
form AC.

— Software and hardware methods used in these systems
vary significantly from one vendor to another.

It is documented that compensation with at least some
systems does improve image quality and image interpre-
tation. Because of the rather fast development within the
technology and the significantly different requirements of
the current commercially available AC techniques, it is not
possible at present to set exact guidelines as to how AC
studies should be performed [85].

Hence these guidelines attempt to define the key aspects
of AC techniques that should be considered when using
these techniques in clinical practice. Many of the existing
systems still do not include the option of well-functioning
AC.

Attenuation compensation

The amount of attenuation in a clinical study depends on
several factors, including:

— The type of tissue (soft tissue, bone or lung)
— The energy of the radiation
— The thickness of the body

Hence, compensation for soft tissue attenuation requires
exact knowledge of the attenuation characteristics for each
patient. While many schemes for the generation of the at-
tenuation characteristics have been reported, nowadays the
attenuation map of a patient is usually generated by trans-
mission imaging, using an external radiation source. Com-
mercial systems have employed:

— Gadolinium-153 (100 keV)

— Americium-241 (60 keV)

— Barium-133 (356, 81 keV; 302, 383 and 276 keV)
— Cobalt-57 (122 and 136 keV)

— Technetium-99m (140 keV)

— CT-type devices

Because of the variety of techniques used to generate
attenuation maps of the body, it is important to be aware of
the technical factors that influence the quality of the at-
tenuation map. Specific guidelines for each vendor’s sys-
tem should be consulted with respect to a number of factors
(Table 16).

Scatter compensation

Most AC maps are generated by techniques that minimise
scatter in the transmission data. Therefore these maps
provide attenuation coefficients applicable to scatter-free
emission data. Unfortunately, emission data usually contain
a significant percentage of scattered events. Hence in order
to be able to apply the attenuation map to the emission data,
some adjustment or correction must be made to either the
emission data or the attenuation map. A wide range of
algorithms is in use for scatter compensation, and there are
few data to support the use of any one specific algorithm
[86]. Specific guidelines for each vendor’s system should
be consulted.

Scatter compensation on the emission data can be per-
formed by:

— Use of one or more additional energy windows (to
model the scatter component)

— A reduction in the primary energy window to minimise
scatter

— Modelling of the scatter based on the emission data

— Empirical determination of an effective attenuation
coefficient

The use of additional energy windows or a reduction in
the width of the energy window will increase noise in the

European Journal of Nuclear Medicine and Molecular Imaging Vol. 32, No. 7, July 2005



881

Table 16. Parameters of importance for the performance of an AC system

Parameters Check list

Transmission source strength

Minimum source strength or count rate? Sources with a limited half-life (e.g. '**Gd):

when should the source be replaced?
When is it inadequate for AC?

Truncation of attenuation map in obese patients

Partial truncation of the patient in transmission beam, if the girth of the patient is

greater than the field of view: how does the system handle that?

High count rates in small patients

How does the system handle potentially high count rates associated with minimal

attenuation (high count rates may lead to count loss, resulting in an overestimation
of the attenuation coefficients)

Simultaneous or sequential transmission

Simultaneous: is there correction for cross-talk between the emission and transmission

energy windows, and how has this been validated?
Sequential: is there ability to correct for patient motion between emission and
transmission scans?

Quality control (QC) of transmission system

Moving line or point transmission sources: is there a quality control procedure

available to check the accuracy of movement of the sources?

QC of X-ray source

Is there a QC procedure to ensure that the X-ray system is operating correctly?

Is there ability to check the accuracy of co-registration of X-ray and emission data?

Accuracy of down-scatter correction for *>Gd

Important for 1-day protocols where magnitude of correction may differ by a factor

of 3—4 between low-dose and high-dose studies [91]

image data. Noise-related non-uniformities may negate any
advantage of AC. Modelling of the scatter is potentially the
most attractive option as it does not incorporate additional
noise into the data [86].

Loss of resolution with depth

A number of other factors may influence the quality of
myocardial perfusion studies. Acquisition parameters such
as type of collimation, type of orbit and acquisition arc
all affect spatial resolution and result in changes in the
resolution of the images with rotation. Depth-dependent
resolution recovery algorithms are employed on some
commercial systems [87]. The purpose of depth-dependent
resolution recovery algorithms is to improve the uniformi-
ty of resolution over the myocardium. The accuracy and
validity of these algorithms has not been well studied.
However, compensating for changes in resolution should
further improve the overall detection of coronary disease
[88].

Process of attenuation compensation

It is also important to consider at what point the various
compensations described above are applied to the data. An
iterative algorithm that incorporates compensations for
attenuation, scatter and loss of resolution with depth may
perform better than programs that consider these compen-
sations separately. For example, a scatter subtraction pro-
gram may generate more noise than an MLEM algorithm
that includes a measured or modelled scatter estimate.
Likewise, streak artefacts and negative pixel values with
FBP may be poorly handled by a separate AC program.

Validation of attenuation compensation devices

Any site contemplating the clinical use of AC in cardiac
studies should perform some basic performance testing of
the AC device, which should comprise at least two phan-
tom imaging experiments [89]: a suitable myocardial phan-
tom and an anthropomorphic phantom.

1. The myocardial phantom should be filled with the ap-
propriate radioisotope (**™Tc or *°'TI). The LV cavity
should be empty. The myocardium should be suspended
in air and orientated as if in a patient. The gamma
camera should perform a standard cardiac SPECT
acquisition as would be performed in an AC study. No
AC should be performed.

2. The left ventricle should then be filled with water and
the myocardial phantom placed inside an anthropomor-
phic phantom. An AC study should be performed and
the impact of AC, both with and without additional
corrections for scatter and resolution recovery, should
be assessed. Although there will be some minor self-
attenuation within the walls of the myocardium, the
uniformity of the myocardial phantom in air should
serve as a good benchmark against which to compare
the AC algorithm.

Because of the large variations in body size and com-
position, phantom studies cannot show all the potential
problems with an AC device. Hence, non-AC and AC data
should be viewed side by side to enable the reviewer to
determine changes in image quality resulting from the AC
device (Fig. 9). In addition, the reviewer should evaluate
the planar transmission data for soft tissue truncation or
high count shine-through, and check the quality of the at-
tenuation map for errors in downscatter correction or for
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Fig. 9. Attenuation and scatter compensation of short axis slices
from a normal myocardium in a cardiac phantom. a The presence of
an adjacent hot liver (X2 myocardial activity) results in artefacts in
the FBP images, which are corrected after application of AC. b
Increased non-uniformity is shown in the attenuation-compensated
images relative to those seen in the FBP images, owing to an error
in the AC algorithm

changes in the measured attenuation coefficients due to a
weak transmission source. A simple check of the atten-
uation map can be done using region of interest analysis to
determine the average attenuation coefficients for soft tis-
sue, lung and bone. It is necessary to consult the manu-
facturer’s documentation to determine how to convert a
pixel value to an attenuation coefficient (usually a simple
multiplier).

Application in clinical practice

Several large multicentre trials have demonstrated that the
primary advantages of AC are increased specificity and
normalcy rates [85]. While AC is of most value in resolving
the true nature of fixed defects, variations in hepatic and
bowel activity as well as variability in the position of the
breast in women may also make it of value in patients with
reversible defects [90]. A major factor to be considered
when incorporating AC data into clinical practice is that
many trained physicians mentally perform an internal AC.
Hence they may need to review both the non-AC and the
AC images in order to relearn the appearance of a normal
myocardium, as well as understand any residual artefacts or
limitations not compensated by the vendor’s AC program.

Summary of recommendations

— Attenuation and scatter compensation has been shown
to improve the quality of images and the interpretation
of patient studies.

— The function of attenuation and scatter compensation is
highly dependent on the specific hardware and algo-
rithms applied.

— Attenuation compensation without scatter compensa-
tion cannot be recommended.

— Validation of attenuation and scatter compensation
must include phantom studies before clinical use.

— Patient studies should always comprise both compen-
sated and non-compensated data sets, viewed side by
side.

— The laboratory must establish their own QC program
for the acquisition, analysis and review of AC studies,
based initially on the recommendations from the equip-
ment vendor.

11. Data analysis

For adequate interpretation of myocardial perfusion im-
ages, a systematic visual review of raw data and recon-
structed images on a computer screen is warranted. The
system of reviewing comprises several reviewing levels of
increasing complexity:

— Simple analysis of raw data (quality control)

— Stress parameters

— Processed image data (without and, if available, with
attenuation/scatter compensation and gated cine data)

— Quantitative data (incl. comparison with reference databases)

— Integration with clinical data

Apart from the additional information generated, quan-
titative analysis and information from gated images are
valuable supplements to the visual interpretation of per-
fusion data.

Visual interpretation

Review of original (“raw”) data

— Inspection and review of stress and rest raw data
alongside each other, also in cine mode, are important

for quality control (Table 17).
— Results of gated studies.

In addition to the quality control, inspection of raw data
may give additional useful information about:

— Evidence of LV dilatation, either permanent or tran-
sient after stress.
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Table 17. Quality control

Quality control
of artefacts

Comments on possible
artefacts in raw images

Patient motion Use motion correction (cf. Sect.
“Reconstruction methods™)

In particular with 2°'Tl, review
cine. Use motion correction
(cf. Sect.“Reconstruction methods”)
Inferior wall in males
Breast attenuation in females and
pectoral muscles in athletic subjects

Attenuation/scatter compensation
(cf. Sect. “Attenuation and scatter
compensation”)

Adjacent activity in:

Bowel

Liver

Gall-bladder (cf. Sect. “Attenuation
and scatter compensation”)

Gated images should not be used if
low count density occurs in some
projection images (most often due
to significant rejection of cardiac
cycles, cf. Sect. “Gated myocardial
perfusion imaging”)

Upward creep

Soft tissue attenuation

Scatter

Irregular heart rhythm

— Increased lung uptake of tracer, particularly °'TI.

— Right ventricular uptake, which suggests right ven-
tricular hypertrophy or, occasionally, generalised re-
duction of LV uptake.

— Extra-cardiac abnormalities: focal breast or lung accu-
mulations, duodenal-gastric reflux and bile obstruction.

— Integration with rest and stress haemodynamic data.
Lack of true rest in patients with critical coronary dis-
ease may also lead to underestimation of the presence,
severity and extent of reversible perfusion defects. In-
adequate stress may underestimate the presence, severi-
ty and extent of stress-induced perfusion abnormalities.

Review of tomograms

Slices. All three image planes should be inspected: short
axis, horizontal long axis and vertical long axis. Stress and
rest images should be aligned in a way that the tomograms
are carefully displayed with anatomically corresponding
stress and rest slices under each other, from apex to base.
Preferably, a format that allows simultaneous inspection of
the three image planes is used. A continuous colour scale
should be used. If attenuation/scatter compensation has
been applied, both images with and images without
compensation should be evaluated (cf. Sect. “Reports,
image display”.

Polar maps (bulls eye) display. LV perfusion in a single
two-dimensional image. This display facilitates assessment
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of the presence, extent and location of perfusion abnor-
malities. Ventricle size, however, is not represented in the
polar map. By digitally subtracting the stress polar map
from the rest polar map, the presence, extent and location of
stress-induced perfusion defects are easily reviewed. It is
critical that the rest and stress polar maps are based on
identical delineation and orientation of the left ventricle.
Otherwise, the corresponding parts of the polar maps do not
relate to identical parts of the myocardium and serious
falsely positive differences in perfusion may be presented
in the polar maps. It should be emphasised that the polar
map does not disclose possible artefacts such as extra-
cardiac hot spots or attenuation problems.

Three-dimensional display. of the left ventricle may also
facilitate assessment of the presence, extent and location of
perfusion abnormalities. Ventricular size and configuration
can be displayed. In addition it may be helpful for cor-
relation of perfusion data with other examinations such as
echocardiography and coronary angiography, in particular
in the communication with clinical cardiologists.

Perfusion defects

An area of diminished uptake of the radiopharmaceutical
has to be described with respect to localisation, severity and
extent. If using a segmental model, the 17-segment model
and the associated nomenclature is recommended, as this
model provides the best agreement with other imaging
modalities such as MRI, echocardiography and anatomical
data [92].

The distribution of tracer uptake may be characterised
visually [93, 94] as:

— Normal: >70%

— Mildly reduced: 69-50%

— Moderately reduced: 49-30%
— Severely reduced: 29—-10%

— Absent: <10%

These figures refer to the activity distribution in healthy,
gender-stratified, reference populations for the same LV
region, which allows for the normal variation of count
rates, e.g. septal count rate to be lower than that in the
lateral wall in healthy subjects.

The extent of a perfusion abnormality can be qualified
as small, intermediate or large.

Left ventricular size and function

A visual assessment of the LV cavity should be performed.
With gated studies, quantitative measurements of volumes
can be acquired (see Sect. “Quantitative analysis”).

Wall motion is reviewed without computer-derived
edges. Computer-generated contours can be helpful, for
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example with a fixed end-diastolic or end-systolic contour
displayed on the cine images. Wall motion is classified as:

— Normal

— Hypokinetic

— Akinetic

— Dyskinetic (paradoxical)

Wall thickening is based on the increase in counts per
pixel between diastole and systole and is therefore best
visualised in a continuous colour display. Thickening is
classified as normal, reduced or absent.

Quantitative analysis
Regional myocardial perfusion

True quantification of regional myocardial perfusion is
possible with PET, but not with SPECT, although several
attempts are underway to create such programs for SPECT.
Quantitative analysis of relative perfusion distribution and
myocardial function is available and adds useful informa-
tion, including prognostic information, thereby improving
both reliability and reproducibility of interpretations. A
number of programs for quantitative analysis have been
validated. It is, however, important to emphasise that the
quantitative analysis should be used as a supplement to the
visual review of the images and should not be reported in
isolation from the review of the images. Technical prob-
lems and most artefacts will not be recognised if only
quantitative analysis is performed.

Some programs include manual steps such as identi-
fication of apex and base in the short axis slices of the rest
and stress studies, resulting in considerable inter-operator
variability. Completely automated programs have the ad-
vantage of low inter-operator variability, but there can be
considerable differences between different automated pro-
grams quantifying perfusion defects, ventricular volumes
or EF in the images. Physicians should be aware of the
variability that exists between different programs, espe-
cially if more than one program is used at the same site.

Perfusion defects

There are several programs that highlight regions with
“significantly” reduced tracer uptake and quantify the ex-
tent and severity of perfusion defects. This type of analysis
is based on a database comprising a reference population,
often a combination of subjects with low likelihood of cor-
onary artery disease or normal coronary angiography and
patients with known coronary artery disease. There are
many parameters that potentially influence myocardial per-
fusion images, e.g. gender, tracer, acquisition and processing
protocols, patient position and AC. Both a suitably large
database and similarity with the aforementioned parame-
ters for the locally examined patient population are im-
portant for a reliable analysis. These conditions, however,

are not always met, and the physician should be aware of
this limitation, as well as the fact that small activity defects
are often also found in healthy subjects.

Segmental models. One approach to quantify myocardial
perfusion images is to first divide the myocardium into a
number of segments, e.g. 17. Each segment is scored sep-
arately using a 5-point model ranging from O (normal
uptake) to 4 (uptake absent). The total score of the left
ventricle is referred to as the summed stress score (SSS),
summed rest score (SRS) and summed difference score
(SDS) [95, 96]. All scores have been shown to be of prog-
nostic value (Fig. 10).

Coronary artery supply and SPECT images. Some quan-
titative analysis programs may offer the option of assigning
myocardial segments to a specific vascular territory. One
has to bear in mind, however, that there is a large inter-
individual variability in the territories subtended by the
three main coronary arteries and their branches. Programs
that allow matching of the angiographic data and perfusion
data within one person are not yet commercially available.
Until they are, one will have to be careful in assigning
myocardial segments to specific vascular territories.

Pixel- and voxel-based models. A quantitative analysis can
be performed of the polar maps. Pixels with relative count
values below reference limits are highlighted as black-outs.
The number of pixels in the different vascular territories are
calculated to give a quantification of the extent of a per-
fusion defects. There are also programs that use a three-
dimensional analysis instead of the polar maps. In these
programs, abnormal voxels are highlighted in the display
and quantification of the perfusion defects is performed in a
similar way.

Left ventricular size and function
Transient left ventricular cavity dilatation

Transient LV cavity dilatation during stress has been shown
to be a marker of coronary artery disease and an in-
dependent predictor of cardiac events [97, 98]. Automatic
assessment of the transient ischaemic dilation ratio is
included in many of the software packages and this can be
used as a complement to qualitative assessment of the
cavity size in the rest and stress images.

Left ventricular volumes, wall motion and wall thickening

There are several commercially available programs for
analysis of gated studies. LV end-diastolic volume, end-
systolic volume, EF, regional wall motion and wall thick-
ening (cf. Sect. “Gated myocardial perfusion imaging”) are
generally presented by these programs. The results are
based on computer-derived endocardial and epicardial
edges. They should be reviewed for edge detection errors.
Common sources of detection errors are: large myocardial
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Fig. 10. a Segmentation of the polar plot format. Display, on a
circumferential polar plot, of the 17 myocardial segments and the
recommended nomenclature for tomographic imaging of the heart.
b Seventeen-segment model and coronary artery territories. Assign-
ment of the 17 myocardial segments to the territories of the left

perfusion defects, extra-cardiac activity, small left ven-
tricles, LV hypertrophy and images with low counts.

The accuracy of volume calculations has been well
validated with MRI and contrast ventriculography as
gold standards [99-102] for **™Tc-labelled tracers, and
to some degree also for 2°'T1, which is less accurate for
this purpose. The accuracy of regional systolic wall motion
and thickening is less well validated and reference values
limited.

Integration of perfusion and function

Mild reduction of regional tracer uptake may represent a
mild perfusion abnormality or an attenuation artefact.
Information on wall motion and wall thickening in these
regions may help to differentiate between these possibil-
ities [71]. However, presence of regional wall motion and/
or thickening does not exclude a stress-induced perﬁJsmn
defect with the *™Tc tracers, since the imaging is a re-

LCX

anterior descending (LAD), right coronary artery (RCA) and left
circumflex coronary artery (LCX). The large inter-individual var?
iability in the territories subtended by the three main coronary arteries
and their branches is emphasised: cf. the paragraph on coronary
artery supply and SPECT images (modified from [121])

flection of post-stress myocardial function. Moreover, LV
function has been shown to be an independent prognostic
marker for cardiac events. The combined assessment of
perfusion and function has major prognostic implications
[103].

Viability assessment

Myocardial viability is unlikely if regional tracer uptake is
absent, and very likely if tracer uptake is similar to that in
segments with normal function. Segments with uptake of at
least 55% of peak activity and with detectable wall thick-
ening have a high likelihood of functional recovery after
revascularisation [104]. Lack of true rest in patients with
coronary artery disease or incomplete redistribution of
20'T] may lead to underestimation of myocardial viability.
In order to increase the correspondence of the resting
images with myocardial viability, nitroglycerin adminis-
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tration before injection of tracer at rest has been recom-
mended [105, 106]. Viability assessment has been well
documented by PET studies (cf. Sect. “Positron emission
tomography”), but comparisons of combined '*F-FDG and
perfusion SPECT with true PET examinations are very
limited.

12. Reports, image display
Reports

Reports should be typed and sent out promptly after the
examination. They should be concise and couched in
language that is easily understandable to referring physi-
cians. The components discussed below should be con-
sidered as standard [45, 107, 108]. A summary is given in
Table 18.

Patient details and indication for study

The patient’s personal details (name, age, date of birth and
gender) should be included at the start of the report. Any
hospital/clinic identification number and the source of the
referral should also be included. The clinical indication(s)
for the study should be stated, including relevant clinical
history. This will vary from patient to patient but may in-
clude symptoms, important cardiac events (recorded in
chronological order), risk factors for coronary artery dis-
ease, the appearance of the resting electrocardiogram, and
relevant details of prior diagnostic testing or intervention.
The information provided in this section supports justifi-
cation of the study and focusses the final conclusion.

Table 18. Summary of recommendations for reporting

Stress technique and imaging protocol

The stress technique should be described briefly. For phar-
macological stress, the agent and infusion protocol should
be reported. Where dynamic exercise is used, the protocol
together with exercise duration and/or maximal work load
are relevant. Symptoms, haemodynamic changes, details of
ECG changes during or after stress and current anti-anginal
medication should be recorded irrespective of stress
technique.

The imaging protocol should be specified, including the
radiopharmaceutical used, type of stress study, imaging
technique, sequence and date(s) of study.

Findings

The appearance of the stress, rest and gated images should
be described succinctly, including a statement on quality if
suboptimal. Perfusion defects should be classified in terms
of location relative to myocardial walls, extent and severity,
and whether they are fixed, partially reversible or com-
pletely reversible. Common practice is to report the defect
(s) in the stress tomograms in decreasing order of severity,
and then to state how each defect changes in the rest
tomograms in the same order. At this stage tracer uptake is
being described.

Other abnormalities that should be mentioned are LV
dilatation (persistent or transient), increased lung uptake of
tracer, right ventricular uptake or significant non-cardio-
pulmonary tracer uptake.

Where ECG gated data are available, LVEF and vol-
umes should be reported together with a description of
regional myocardial wall motion and thickening. Caution
should be exercised in reporting apparently spurious values
of these parameters [109].

Key points

Patient details
Indication(s) for study
Stress technique

Relevant data from medical history

Name, age, gender, hospital identification number and date(s) of study

Stress protocol: exercise type and maximal load and/or pharmacological stress agent and infused amount

Response to stress: heart rate, systolic blood pressure, ECG changes, symptoms and adverse events

(duration and intervention done)
Tracer and imaging protocol
Findings

gated images

Imaging protocol, including radiopharmaceutical and injected activities
Myocardial perfusion: presence, extent and depth of stress and rest defect(s), incl. information from

Pathology outside left ventricle: right ventricular visualisation, lung uptake, extracardiac focal accumulation
Suboptimal image quality, significant artefact is present, if relevant

Conclusions
permanent perfusion defect)

LV perfusion: inducible ischaemia (reversible perfusion defect); myocardial infarction (irreversible or

LV function: global and regional function, possible stress-induced abnormalities

Inconclusive study—may occasionally be the correct conclusion

Correlation with and deviations from clinical information and other data if available. If clinically relevant:
myocardial viability (hibernation, stunning), prognosis/risk assessment
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Conclusion

The findings should be integrated with the clinical data to
reach a final interpretation [110]. A comparison with any
previous study should be included.

It should be ensured that the conclusion answers the
clinical question that prompted the referral if possible; if
this is not possible, it may be relevant to make recom-
mendations for further investigation or management.

— Normal studies. 1f the study is assessed to be normal,
this should be stated, specifically bearing in mind that
homogeneous myocardial perfusion during stress does
not exclude non-obstructive coronary disease. The be-
nign prognosis conferred by such a study should be
stated.

— Abnormal studies. If the study is abnormal, the report
should comment on the presence (if any) of inducible
perfusion abnormality, infarction and significant arte-
fact. If there is an abnormality, its location (in terms
of segments affected), extent (in terms of numbers of
segments affected) and severity should be noted. A
statement on the likelihood of future coronary events
may also be clinically relevant. This is deduced from
the presence, extent and depth of inducible perfusion
abnormalities, the LVEF if known, and other markers of
prognosis such as transient dilatation and lung uptake.
If no inducible perfusion abnormalities are present, then
the EF is the main determinant of prognosis. The state-
ment may be made in semi-quantitative terms (e.g. the
likelihood of future coronary events is in the region of
5-10% per year) since the qualitative terms high, inter-
mediate and low are not uniformly interpreted. High-
risk patterns should be underscored.

— If correlation with coronary anatomy or assessment of
myocardial viability or hibernation is relevant, this
should be commented on, bearing in mind the normal
variation of coronary anatomy.

— Suboptimal quality of the study. Where the study is
suboptimal because of either an insufficient heart rate
response during cardiac stress or technical problems
during data acquisition, this should be stated and inter-
pretation guarded. A recommendation to repeat the
study using a different stress protocol or perfusion tracer,
or increased injected activity, may be appropriate.

The information given above is summarised in Table 18.

Image display

A hard copy of the images should accompany the report.
All three projections in the standard orientation should be
represented with careful alignment of the stress and rest
slices (Fig. 11). If multiple slices are presented then short
axis slices should be displayed with the apical slices to the
far left and progression of slices toward the base in a left to
right fashion, vertical long axis slices should be displayed

887
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Fig. 11. Display of rest and stress studies in the three standard
projections (example with GE colour scale), selected to illustrate the
message of the report. VLA vertical long axis, HLA horizontal long
axis, SA4 short axis

left to right from the septal slices through the midven-
tricular slices to the lateral slices. and horizontal long axis
slices should proceed left to right from the inferior to the
anterior/superior surface (Fig. 12). It is important that the
image set as a whole should be consistent with the image
description [92, 111].

Stress and rest images should be presented in a format
that allows ready comparison of corresponding tomograms,
such as interactive displays that triangulate the three planes
or display the full set of tomograms. Neighbouring pairs of
tomograms can be summed for display according to local
preference. Polar map displays can be a useful adjunct
providing they are consistent with the tomograms and the
report conclusion; they should not be provided in lieu of
conventional displays.

Experts generally recommend that images be displayed
using a continuous colour scale which should be shown on
all image reproductions [112]. Each set of tomograms
should be displayed with the top of the colour scale at the
maximum within the myocardium for each set. Displays
with the top of the colour scale at the maximum for each
individual tomogram and those that use the same maximum
for stress and rest images should not be used. Care should
be taken if the maximum lies outside the myocardium or in
different myocardial locations between stress and rest stud-
ies; these are cases where manual adjustment or masking of
extracardiac activity may be required. The bottom end of
the colour scale should be set to zero and background sub-
traction should be avoided.

Where an ECG-gated acquisition has been performed,
the image display may include details of LV volumes and
EF and polar maps of wall motion and wall thickening in
addition to the tomograms. Regional wall motion is best
displayed in a black and white scale, and wall thickening in
a continuous colour scale (cf. Sect. “Gated myocardial
perfusion imaging”).
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Fig. 12. Display of the stress and rest studies with all slices in the three standard projections: short axis (S4) from apex to base, vertical long
axis (VLA) from septum to the lateral wall, and horizontal long axis (HLA) from the inferior to the anterior/superior wall

13. Positron emission tomography

Clinical cardiac PET imaging is performed for the assess-
ment of myocardial perfusion and/or viability. The PET
tracers used in clinical cardiac studies (Table 19) include
different perfusion tracers, most often used in combination
with the metabolic tracer '*F-FDG for viability studies.

The purpose of PET perfusion imaging at rest and
during pharmacologic stress may be:

— Detection of myocardial ischaemia and/or infarction

in patients with suspected or known coronary artery
disease

Table 19. Tracers for clinical cardiac PET

— Determination of the extent and severity of disease
— Determination of individual risk for cardiac events,
which serves to guide further workup.

Relative regional perfusion abnormalities are assessed
in a manner similar to that in SPECT perfusion imaging,
using '*N-ammonia or ®?Rb. The usefulness of '*O-water
as a freely diffusible tracer in this regard is less well
documented.

In addition to regional assessment, all tracers allow for
quantification of global myocardial blood flow and flow
reserve. The usefulness of absolute flow measurements by
PET has mainly been demonstrated for:

3 N-ammonia 150-water 82Rb BE_FDG

Radioactive half-life 10 min 2 min 1.25 min 110 min

Recommended activity ~ 370-740 700-1,500 1,100-1,500 (-2,200) 200-350

(MBq)

Purpose Myocardial perfusion Myocardial viability

Advantages Best PET image quality Short half-life allows Generator-produced Combined with perfusion
for myocardial perfusion. short protocols. tracer imaging unique in detection
Quantification possible Quantification possible of tissue viability

Limitations Half-life of 10 min extends  Does not produce Potassium analogue, Uptake depends on

duration of protocols

modelling

perfusion images
without dynamic

suboptimal image metabolic environment

quality

European Journal of Nuclear Medicine and Molecular Imaging Vol. 32, No. 7, July 2005



— Detection of microcirculatory impairment
— Determination of effects of therapeutic and preventive
approaches in early stages of coronary disease

Myocardial metabolic imaging using '*F-FDG is the
most frequent clinical application of cardiac PET. It is
performed in patients with dysfunctional, hypoperfused
myocardial regions to determine the likelihood of benefit
from revascularisation. Residual metabolic activity is an
indicator of myocardial viability, and thus of reversibility
of contractile dysfunction. Increased regional FDG uptake
relative to myocardial perfusion (perfusion/metabolism
mismatch) indicates viability, whereas regional reduction
of FDG uptake in proportion to perfusion (perfusion/
metabolism match) indicates irreversibly damaged myo-
cardium.

Myocardial FDG uptake can be imaged by SPECT
using ultra-high-energy collimators. In this case, methodo-
logical issues specific to SPECT need to be considered for
image interpretation. This also pertains to combinations of
SPECT perfusion imaging and FDG PET imaging for
viability assessment.

Clinical cardiac PET has been available for a relatively
short time, and the techniques have been under rapid de-
velopment. Furthermore, studies reported in the literature
include only small samples of the very sick patients who are
typical candidates for cardiac PET. The recommendations
given below are therefore generally less evidence based
than those for SPECT studies.

Patient preparation
Perfusion studies

Perfusion measurements are often used clinically combined
with FDG in the determination of viability. The subjects
need no other preparation than that for FDG studies (cf.
below). If a study is done on a separate day, overnight
fasting (>6 h) is preferred. Alcohol and smoking should be
discontinued for at least 12 h.

If adenosine or dipyridamole is used, caffeine-contain-
ing beverages, foods and medications should be discon-
tinued (cf. Sect. “Stress tests” and Table 6).

BE_FDG studies

Myocardial FDG uptake depends on glucose and insulin
plasma concentrations and the rate of glucose utilisation.
Glucose uptake in peripheral tissues is the most important
mechanism of clearance of FDG from the blood. High
plasma glucose concentrations degrade the quality of the
myocardial FDG uptake image. Myocardial FDG uptake is
enhanced by factors increasing regional glucose utilisation
such as increase in myocardial work, insulin and decrease
in plasma levels of free fatty acids. It is necessary to stan-
dardise the metabolic environment for myocardial FDG
imaging [113]. Three alternative methods are available to
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Table 20. Acipimox and glucose loading protocols for FDG im-
aging in glucose-tolerant patients

Minute  Acipimox Glucose loading
0 Patient arrives
Measure blood (B-) glucose. If >7 mmol/l (>120 mg/dl),
see Table 21
250 mg acipimox Oral glucose 1 g/kg
500 mg acetosalicylic acid body wt.
60 250 mg acipimox FDG 200-350 MBq
120 FDG 200-350 MBq PET static image
(15 min)
160 PET static image (15 min)

improve myocardial FDG PET image quality: oral glucose
loading, euglycaemic—hyperinsulinaemic clamping and the
nicotinic acid derivative method (Tables 20, 21).

Oral glucose loading. Oral glucose loading (50-75 g) is
the most common method. However, diagnostically unsat-
isfactory images may be obtained in 20-25% of patients
with coronary artery disease [114, 115]. Abnormal glucose
handling or type 2 diabetes, frequently undetected, may
account for poor image quality in many of these patients.

Insulin clamp. Insulin clamping stimulates uptake of both
glucose and FDG in the myocardium and in skeletal muscle
and yields images of consistently high diagnostic quality,

Table 21. Acipimox protocol® for FDG imaging in diabetic patients
and patients with glucose intolerance

Min  Acipimox

0 Patient arrives
Measure B-glucose. If <7 mmol/l (<120 mg/dl),
see Table 20
250 mg acipimox
500 mg acetosalicylic acid
60 250 mg acipimox

If B-glucose >7 mmol/l: Insulin 2-10 IU, im.

7-8 mmol/l (120-160 mg/dl) 2 units
8—-10 mmol/l (161-180 mg/dl) 3 units
>10 mmol/l (>180 mg/dl) 5 units

115  Measure B-glucose
120  FDG 200-350 MBq
If B-glucose >7 mmol/1: Insulin 2-10 IU im.,
cf. above
160  PET static image (15 min)
If image quality is suboptimal, 2-5 IU insulin may be given
i.v. and PET imaging repeated 60 min later, with monitoring
of B-glucose at 15- to 30-min intervals

175  Meal, measure B-glucose

“If the described nicotinic acid derivative method is used and insulin

is also given, but the B-glucose concentration remains >7 mmol/l,
one may switch to the insulin clamp method (clamp protocol not
described in the present guidelines)
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even in patients with diabetes. The clamp protocol is not
described in the present guidelines.

Nicotinic acid derivatives. Nicotinic acid or its derivatives
such as acipimox are effective for improving FDG image
quality, and when combined with subcutaneous or intra-
venous injection of small amounts of short-acting insulin,
good image quality can also be obtained in diabetic sub-
jects [116—-118]. With the exception of flushing, no side-
effects of acipimox have been observed.

Selection of technique
Patient preparation re glucose metabolism

Non-diabetic patients. In non-diabetic subjects, oral
glucose loading and the nicotinic acid derivative method
are both feasible, although the latter may give better image
quality.

Diabetic patients and patients with plasma glucose higher
than 7 mmol/l. Patients with abnormal glucose handling or
diabetes represent a substantial fraction of those patients
referred for assessment of myocardial viability. FDG im-
ages of poor quality are frequently obtained in these
patients.

In diabetic patients or those with plasma glucose higher
than 7 mmol/l (>120 mg/dl), the nicotinic acid derivative
method [117] or euglycaemic—hyperinsulinaemic clamping
can be used. Glucose loading is not recommended. At least
6 h of fasting is recommended before the start of the pro-
tocols. If B-glucose remains >7 mmol/l despite injection of
small amounts of short-acting insulin, insulin clamp should
be performed [119].

Tracers and activities injected; image acquisition. The
supine position is preferred in the PET scanner with the
arms out of the field of view. In the few cases where this is
not possible (e.g. owing to severe arthritis), the arms can be
within the field of view but it is critical to prevent them
from moving between transmission and emission. When
performing perfusion and metabolism studies, patient posi-
tioning should be identical in both studies. Correct
positioning of the heart within the axial field of view of
the tomograph may be ascertained by a scout scan, e.g.
from a rectilinear transmission scan, if available. The trans-
mission scan can be done either immediately before the
emission scan or some minutes after an emission scan,
when the radioactivity within the field of view is fairly
stable.

— N-ammonia The injected activity of '*N-ammonia is
typically 370-740 MBq (the amount is somewhat de-
pendent on the sensitivity of the scanner), given as a
bolus or short (<30 s) infusion. For viability studies,
static imaging is started 1.5-3 min after the end of
infusion and continued for 5—-15 min. The attenuation-
corrected images are reconstructed with a 2- to 3-mm

pixel size using standard FBP or an iterative recon-
struction method. ECG-gated acquisition is optional.

— O-water An activity of 700-1,500 MBq '*O-water is
injected as an intravenous bolus over 20-30 s. The ac-
tivity to be injected depends on the PET camera system.
Acquisition of the serial transaxial tomographic images
of the heart is started (12 10-s frames, four 30-s frames
and one 60-s frame, 5 min altogether). For repeated
studies, 10-min intervals are recommended for radio-
active decay between the flow measurements. Similar
ima%e reconstruction is performed as described above
for *N-ammonia.

— Rubidium-82 The activity injected of ®°Rb is com-
monly 1,100-1,500 MBgq, but in some PET systems
higher activities are used (1,500-2,200 MBq). The
tracer is injected as a bolus within 30 s or less and
imaging time is 3—6 min, starting 70 s post injection
(LVEF >50%) or 130 s post injection (LVEF <50%).
The image reconstruction is similar to that when using
13N-ammonia, as described above, except for recon-
struction filtering (a Butterworth or low-pass filter 10-
to 15-mm kernel is recommended; band pass filters are
not recommended).

— FLFDG The injected activity of '*F-FDG is 200—
350 MBq. Imaging is started 45—60 min post injection
(the same for repeated studies) and image duration is
10-30 min (depending on count rate and dose). Cur-
rently 2D static acquisition is used but 3D or dynamic
acquisition is optional if available. Similar image re-
construction is performed as with '*N-ammonia. Gating:
if wall motion information is useful, FDG gives higher
image quality than perfusion images.

Artefacts

Prior to interpretation and reporting, cardiac PET studies
need to be reviewed for technical sources of error
(Table 22). Retrospective detection of motion by analysis
of images is often difficult (review of a projection movie,
as done for SPECT studies, is not feasible for PET pro-
jections, which are all acquired simultaneously). Patient
motion and transmission/emission misalignment can be
identified by viewing non-reoriented transaxial images or
sinograms. Special attention to patient position, which can
be monitored using laser beams and skin markers, is
important during acquisition of the study.

Interpretation
Perfusion studies

Interpretation of LV myocardial perfusion is visually done
by describing the extent, severity and location of perfusion
defects at rest and, if acquired, during vasodilatation, along
with their reversibility.

The extent and severity of perfusion defects may be
assessed by:
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Table 22. Technical errors in imaging
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Error sources

Consequences

Patient motion during the acquisition
of a perfusion or an FDG study
Patient motion between emission and
transmission scans

Patient motion between the acquisition
of the perfusion and the FDG study

Blurring of contours

Misalignment which may cause substantial changes in regional
myocardial radioactivity following attenuation correction [120]
Misalignment, see above

Risk of “false mismatch” if some of the well-perfused myocardium in the

FDG study evaluation is thought to represent a region with hypoperfusion

Scattered coincidences from “hot” regions
outside the myocardium
Errors in reconstruction algorithms

Artificially elevated regional count rates in adjacent myocardium

Artificially low count rates in areas close to extracardiac hot spots or areas

— Semi-quantitative analysis: a 17-segment model [121]
has been suggested for semi-quantitative visual scoring
and grading of the severity of defects (e.g. normal: 0,
mild defect: 1, moderate defect: 2, severe defect: 3,
absent uptake: 4). Scores of each segment can be sum-
marised to derive summed stress, rest and difference
scores (SSS, SRS, SDS) in a manner similar to SPECT
imaging [121]. The normal heterogeneity for '*N-
ammonia distribution with a mild reduction in lateral
wall tracer uptake needs to be taken into account [122,
%223]' No such heterogeneity has been reported for

Rb.

— Left ventricular polar maps, which may be compared
with normal databases to calculate extent of perfusion
defects in % of left ventricle. In the literature, expe-
rience with visual and semi-quantitative perfusion anal-
ysis is mainly reported using '*N-ammonia or ®’Rb,
while very limited data exist for '>O-water.

— Absolute quantification of myocardial perfusion in ml/
min/g tissue including flow reserve (hyperaemic flow/
baseline flow), which is feasible and well established
using dynamic image acquisition after injection of '*N-
ammonia or '’O-water [124-128]. Some studies have
also reported the feasibility of using **Rb for absolute
flow quantification [129], but theoretical limitations
are obvious. Quantitative data can support visual and
semiquantitative image interpretation, and may aid in
assessing the physiological significance of known cor-
onary stenoses [130, 131].

Quantitative assessment of perfusion may be helpful to
detect balanced reduction of perfusion in multivessel dis-
ease and to identify an inadequate response to pharma-
cological vasodilation. A “perfusion threshold” for
myocardial viability cannot be defined.

The evaluation of '*N-ammonia images should include
an evaluation of structures outside the LV myocardium.
Lung uptake of '*N-ammonia is occasionally seen, but no
relation has been established between lung uptake of PET
perfusion tracers and prognosis as in SPECT. Uptake in
liver and intestine may be helpful for identification of arte-
facts. With **Rb images, blood pool activity may be elevated

in the event of too early acquisition or prolonged tracer
circulation times.

Viability studies

Evaluation of extracardiac structures should be part of the
interpretation of cardiac FDG images, since focal FDG
uptake may represent malignancy and/or inflammation.
Blood pool activity also needs to be assessed, since it is
inversely related to the quality of myocardial images. In-
creased FDG blood pool activity may be caused by inad-
equate patient preparation (high plasma free fatty acids,
low plasma insulin), insulin resistance, diabetes or too early
image acquisition. Repeat imaging after an additional 30—
60 min is an option in such cases, as is the additional ad-
ministration of short-acting insulin while monitoring blood
glucose levels.

The goal of visual analysis is to identify fairly large
hypokinetic or akinetic myocardial regions with a concom-
itant reduction in perfusion and metabolism (matched
defect), indicating irreversibly damaged myocardium, re-
gions with reduced perfusion but preserved or enhanced
metabolism (perfusion/metabolism mismatch), indicating
viable myocardium, and regions with normal perfusion,
which are considered viable, indicating stunned myocar-
dium (Table 23).

Visual analysis. For visual analysis of myocardial FDG
uptake, it is helpful first to evaluate uptake in the myo-
cardial segment with the highest perfusion. FDG uptake in
other myocardial segments can then be evaluated relative to
FDG uptake in those segments and compared with per-
fusion tracer uptake in the respective segments. Under
insulin stimulation, myocardial FDG uptake is usually
greatest in the regions with highest perfusion. FDG uptake
in healthy myocardium may be higher in the lateral wall
than the septum (uptake is especially pronounced under
fasting conditions or little insulin stimulation) [132, 133].
Sometimes, a pattern of normal perfusion with reduced
FDG uptake, “reverse mismatch”, is observed. In most
cases it is related to inadequate normalisation of FDG
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Table 23. Interpretation and reporting of viability studies

Myocardium  Wall  Perfusion FDG Functional
motion uptake recovery after
successful
revascularisation
Normal + Normal Normal Not
relevant
Scar - Reduced Reduced Not likely
Dysfunctional, Normal Normal Probable, +
but viable (“acute or high revascularisation
stunning”)
Reduced Normal Probable
(repetitive or high
stunning,
hibernation)

uptake, but it has also been described following PTCA or
thrombolysis for acute myocardial infarction [134, 135].
Little is known about the clinical relevance of this pattern.
Generally such areas are viable because perfusion is
normal.

No attempt should be made to interpret images obtained
under fasting conditions.

Semi-quantitative analysis. Semi-quantitative analysis can
be done either using a visual segmental scoring system
similar to that employed for perfusion studies or on the
basis of a polar map. It should support the visual analysis.
Currently there is little standardisation in the literature. A
semi-quantitative approach, which should be validated at
each lab, will increase study reproducibility and should
permit an estimate of the extent of scar or mismatch in
percentage of the left ventricle. This is important because
the extent of mismatch, i.e. the amount of viable and non-
viable tissue, has been shown to have a significant in-
fluence on the likelihood of recovery of global function
following revascularisation [136—138].

Quantitative analysis. Absolute quantification of myocar-
dial metabolic rate of glucose in pmol glucose/min/g tissue
has been suggested [139, 140], but high inter-individual
variability even under standardised conditions of eugly-
caemic—hyperinsulinaemic clamping limits its usefulness.

ECG-gated perfusion and '*F-FDG studies

Gated PET acquisition can be performed at minimal
expense, and some additional information may be obtained.
If display and analysis follow a standardised approach,
gated PET findings such as global LVEF and LV volumes
can be included in the final report. Detection of regional
contractile dysfunction may also be helpful to identify
stunning in areas of preserved perfusion or to assess the

degree of residual viability in areas with mildly matched
perfusion/metabolism defects. Further studies are neces-
sary to establish the incremental value of gating of cardiac
PET studies.

The report

The typical report is similar to that for myocardial perfusion
SPECT (cf. Sect. “Reports, image display”). The question
of viability is relevant only when there is regionally
reduced contractility in a significant part of the left
ventricle. Because patients submitted for viability imaging
most often suffer from complex, advanced coronary artery
disease, integration of all available angiographic and re-
gional wall motion data is important for a final interpre-
tation. The typical report includes:

— Patient-specific information

— Relevant history and key clinical findings

— Indication for the study

— Type of the study (radiopharmaceuticals, acquisition
protocol, type of metabolic preparation), summary of
dietary state and metabolic data, resting haemodynam-
ics and ECG

— Image description (visual, semi-quantitative, quantita-
tive evaluation of match/mismatch with description of
extent of viable tissue)

— Conclusion

Image display

Cardiac perfusion and viability images generated by PET
are typically displayed similarly to SPECT images after re-
orientation along the short axis and vertical and horizontal
long axes of the heart. If rest and stress perfusion and/or
metabolism are determined during a single PET imaging
session, and if the patient has not moved between ac-
quisitions, the individually defined axes can be copied from
one study to another for optimal regional matching. Addi-
tionally, software routines are available for calculation of
LV polar maps (bull’s eye plots) to support visual analysis
of re-oriented slices [122, 123, 141]. Since 'O-water does
not produce automaticallg images of myocardial perfusion,
it is recommended that '*N-ammonia or ®*Rb is used as a
perfusion tracer for viability studies, unless parametric im-
ages or polar maps can be created from 150-water studies
by setting the region with maximal tracer uptake to 100%.
For interpretation of metabolic images, the images are best
normalised to the region with the highest uptake of the
perfusion tracer, because FDG uptake may be enhanced
in regions of normal perfusion, e.g. as a consequence of
post-ischaemic stunning.

The right ventricle should be evaluated with regard to
size, hypertrophy and perfusion defects.
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SPECT for assessment of myocardial metabolism
and/or perfusion

If metabolic FDG PET studies are interpreted in combina-
tion with SPECT perfusion images, potential reduction of
perfusion tracer uptake due to attenuation needs to be
considered for relative comparison of perfusion and me-
tabolism. The risk of false-positive diagnosis of mismatch
due to an attenuation artefact in SPECT in a/hypokinetic
regions may be reduced by AC of the SPECT images.
SPECT perfusion is not recommended in patients with
inferior wall akinesia, where the attenuation problems are
most frequently observed.

If FDG images are acquired with a SPECT camera using
a 511-keV collimator, additional problems may be en-
countered due to:

— Attenuation (which is less for 511 keV than for low-
energy perfusion tracers, resulting in false positive
mismatch)

— Lower spatial resolution compared with the low-energy
collimators used for SPECT perfusion tracers (again,
there is risk of false positive mismatch).

Polar map analysis using normal databases may over-
come some of those problems.
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