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Abbreviations:

AC: Attenuation correction

ALS: Advanced life support

CCTA Coronary CT angiography

COPD: Chronic obstructive pulmonary disease
COR: Centre of rotation

DRL: Diagnostic reference levels

EF: Ejection fraction

FBP: Filtered back projection

FDG: 8F-Fluorodeoxyglucose

FOV: Field of view

FWHM: Full-width at half-maximum

V. Intravenous

LBBB Left bundle branch block

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

ML-EM: Maximum likelihood expectation maximization
MPI Myocardial perfusion imaging

NEMA: National Electrical Manufacturers Association
OS-EM: Ordered subsets expectation maximization
PVC: Premature ventricular contractions

QC: Quality control

SA block: Sinoatrial block
SDS: Summed difference score
SRS: Summed rest score

SSS: Summed stress score



Preamble

The update of the European procedural guidelines for radionuclide myocardial perfusion imaging
(MPI) with SPECT is developed on initiative of and approved by the Cardiovascular Committee of the
European Association of Nuclear Medicine (EANM). The guidelines summarize the views of the
Cardiovascular Committee of the EANM and reflect recommendations for which the EANM cannot
be held responsible. The recommendations should be taken into context of good practice of nuclear
medicine and do not substitute for national and international legal or regulatory provisions. The
guidelines were brought to the attention of all other EANM Committees and to the National Societies

of Nuclear Medicine and have been approved by the EANM.

The present guidelines are based on the guidelines from 2005 [1]. The 2015 update includes all aspects
of SPECT imaging from gating to hybrid imaging, but does not include myocardial perfusion
evaluated by PET, which will be updated in a separate guideline. This document also updates relevant
sections of the 2008 guidelines on radionuclide imaging of cardiac function [2] and the 2011 position
statement on hybrid cardiac imaging [3]. The present guidelines have been created according to the
joint statement of the Society of Nuclear Medicine and Molecular Imaging (SNMMI) and the EANM
on guideline development [4]. The EANM guidelines are intended to present information specifically
adapted to European practice, based on evidence from original scientific studies or on previously
published guidelines (i.e.: national or European guidelines for MPI, the European Society of
Cardiology (ESC), and the American College of Cardiology (ACC) / American Heart Association
(AHA) / American Society of Nuclear Cardiology (ASNC) guidelines). In case of lack of published
evidence, opinions are based on expert consensus and are indicated as such. Where more than one
solution seems to be practised, and none has been shown to be superior to the others, the committee

has tried to express specifically this state of knowledge.



Introduction

In recent years radionuclide imaging technologies have evolved rapidly with the development of new
instrumentation and new agents. This has increased both the number and the complexity of choices for
the clinician. The purpose of this guideline is to document the state-of-the-art applications and
protocols and to disseminate this information to the European nuclear cardiology community. The
guidelines are designed to assist physicians and other healthcare professionals in performing,
interpreting and reporting radionuclide tomographic imaging examinations of myocardial perfusion
including hybrid imaging. The guidelines do not discuss overall clinical indications for these
examinations or the benefits and drawbacks of radionuclide myocardial perfusion imaging compared

with other techniques, nor do they cover cost-benefit or cost-effectiveness aspects in diagnosis or

prognosis.
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Patient information and preparation

The previous EANM guidelines remain the basis of the present recommendations, but below some
principles and details are emphasized and/or added. Patient information and preparation can be
subdivided into 1) information and preparation relevant for the patient and 2) information about the

patient essential for the performance and logistics of the examination.
Information and preparation relevant for the patient

Written information should be provided to patients (and/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 should be given in an easily

understandable language, aiming to cover:

e The purpose of the test

e Preparations before the test: interruption of medication, caffeine abstinence, need for fasting
etc.

o 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 duration of the examination.
Advice on giving notice in advance if the patient is unable to attend

¢ Aninformed consent form, to be signed and collected according to local regulations

e Insurance: patients with (private) insurance should bring all insurance details. In some
countries contact with the insurance company before the examination may be mandatory

e Adverse reactions: some centres prefer to describe adverse reaction in detail, in particular
possible adverse reactions of stress test(s); other centres do not

¢ Information about the results of the examination: when and to whom the report will be

forwarded.
Food and medication before the test

In general heavy meals should be avoided before a stress test. Medications that may interfere with
responses to a stress test (anti-anginal drugs, dipyridamole or dipyridamole containing medication)
should be interrupted if possible, and the patient must abstain from caffeine containing drugs and

beverages (cf. table 5 in section on “Stress tests”).

Radiation exposure
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Risks for the patient and accompanying persons may be described in more or less detail according to
national rules and regulations. Description of the radioactive exposure of the examination may be
related to more well-known X-ray examinations such as a CT scan of the abdomen or to everyday life
events like a transatlantic flight or to that from the background radiation (cf. Sect. “Injected activities,

dosimetry and radiation exposure”).
Pregnancy, lactation

Before radioactivity is injected into a woman of child-bearing age, the person involved is responsible
for getting specific information regarding possible pregnancy or lactation (cf. Sect. “Injected activities,

dosimetry and radiation exposure”).
Travel information

In recent years, the threat of nuclear terrorism has led to the widespread use of radiation detectors for
security screening at airports and other public facilities. Patients who have received
radiopharmaceuticals for nuclear cardiology studies may retain sufficient activity to trigger these
detectors. In particular, patients who have received thalium-201 may trigger these detectors for up to 2
months following the examination. This should be described in more or less detail according to

national rules and regulations.

Information about the patient essential for the planning, performance and interpretation of the

examination:

e Check at several stages during the patient’s visit his or her identity, ideally before the start of
each part of the examination: i.e. patients arrival at the department, prior to administration of
the radiopharmaceutical and prior to the start of imaging

e Previous examinations: clinical data and previous relevant cardiovascular examinations must
be available before the study. In some institutions, it may be relevant to ask patients to bring

previous medical records and previous test results.

11



Radiopharmaceuticals and CT contrast agents

For myocardial perfusion imaging with SPECT, two technetium-99m (*"Tc) labelled
radiopharmaceuticals (sestamibi and tetrofosmin) and thallium-201 (*°*TI) chloride are commercially

available. Increasingly, coronary CT contrast agents are being used for hybrid imaging.
¥MT¢ sestamibi and tetrofosmin

Two *"Tc-labelled perfusion tracers are available commercially: *™Tc-2-methoxyisobutylisonitrile
(sestamibi) and *™Tc-1,2-bis[bis(2-ethoxyethyl) phosphino] ethane (tetrofosmin). *™Tc has a half-life
of 6 h and emits gamma photons at 140 keV.

%M Tc-sestamibi is a cationic complex that diffuses passively through the capillary and cell membrane,
although less readily than ' Tl (see below), resulting in relatively slower immediate extraction.
Myocardial uptake of the *™Tc-labelled tracers increases almost proportionately with increase in
perfusion. However, the *™Tc-labelled tracers reach a plateau in myocardial uptake at a myocardial
perfusion around twice resting levels. Within the cell it is retained in intact mitochondria, reflecting
viable myocytes. Elimination of the radiotracer occurs through the hepatobiliary system and to a lesser
extent the kidneys. Tetrofosmin is also cleared rapidly from the blood and its myocardial uptake is
similar to that of sestamibi, with approximately 1.2% of the administered dose being taken up by the
myocardium, likely by a similar mechanism. Elimination of tetrofosmin occurs mostly through the
kidneys and the hepatobiliary system, and clearance is slightly more rapid than in the case of
sestamibi [5].

The *™Tc-labelled radiopharmaceuticals should be administered through a secure intravenous (i.v.)
line in accordance with local radiation protection practice. 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 tracer. Otherwise it can be
given as a bolus injection. The syringe with the tracer can be flushed with either saline or glucose to
ensure that the full dose is given. If extravasation is suspected, imaging may be attempted and if
sufficient activity uptake in the myocardium has been obtained the examination can be performed,;
otherwise, the examination should be repeated. Resting injections should ideally be given after the
administration of sublingual nitrate, in particular in patients with a suspicion of severe myocardial
ischaemia or old infarction. This is important because without the administration of sublingual nitrate

myocardial viability may be underestimated in areas with reduced resting perfusion [6].

201—I—|
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201T| thallous chloride was the first radionuclide used widely for myocardial perfusion studies. It
decays by electron capture with a half-life of 73 h, emitting gamma photons of 135 and 167 keV (12%
abundance) and X-rays of energy 67-82 keV (88% abundance) [7]. Following i.v. injection, ~88% is
cleared from the blood after the first circulation, with ~4% of the injected activity localising in the
myocardium in proportion to regional perfusion and viability. *°'Tl is a potassium analogue and ~60%
of the administered activity enters the myocytes via the sodium-potassium, ATPase-dependent
exchange mechanism, with the remainder entering passively along an electropotential gradient. The
extraction efficiency is generally maintained under conditions of acidosis and hypoxia, and only when
myocytes are irreversibly damaged is extraction reduced. Myocardial uptake of 2Tl increases
proportionately with perfusion when perfusion increases up to 2-2.5 times above resting levels before
reaching a plateau in myocardial uptake. After initial uptake, prolonged retention depends on the
intactness of cell membrane and hence on viability. Moreover, because ' Tl is not trapped in
myocytes or in other tissues, redistribution of ?*TI occurs over several hours after administration. This
redistribution/re-availability leads to “*TI myocardial extraction in regions that were ischaemic when
01T was injected at peak stress, thus allowing redistribution images to be acquired that are fairly
independent of perfusion and mainly reflect viability. Sensitivity of detection of viability in **'TI rest
imaging can be enhanced by injection of a top up dose of °'TI after stress imaging [8].

Although Tl is a good tracer for myocardial perfusion imaging it does, however, have several

limitations:

o Relatively long physical half-life: high radiation burden for the patient

o Relatively low injected activity: low signal-to-noise ratio; images can be suboptimal
particularly in obese patients, and low count levels impair high-quality, ECG-gated SPECT
studies

o Relatively low energy emission: low-resolution images and significant scatter and attenuation

by soft tissue.

In general the i.v. administration of “*TI follows the same protocol as for ®"Tc labelled

radiopharmaceuticals.

A summary of the characteristics of the different SPECT myocardial perfusion tracers is shown in
table 1.

21T has some advantages compared with both *™Tc-labelled tracers:

e Splanchnic uptake and excretion are markedly higher than for ?°'TI, which may occasionally

complicate interpretation of the inferior wall perfusion
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e The uptake of both *™Tc-labelled tracers as a function of myocardial perfusion is less avid

than in the case of *TI, and so defects may be less pronounced

e The initial myocardial distribution of *™Tc-tracers remains largely intact; thus, for stress and

rest images separate injections are needed
e Radiation exposure to staff members is lower comparing to the *™Tc-labelled tracers.
The ®™Tc-labelled tracers offer other and probably more important advantages over ' Tl:

e The higher energy of *™Tc leads to better quality images because of less attenuation and
scatter

e The shorter half-life of ®™Tc permits much higher activities to be administered, giving better
counting statistics and thus allowing performance of left ventricular (LV) ECG gating or first-

pass imaging, which provides additional functional information.
Adverse events

Nuclear medicine has been characterized by the rare occurrence of acute and chronic adverse events.
In the period 1980-2000 fewer than 50 reports were registered annually in Europe [9]. Furthermore,
the majority of the reported events were mild and transient in nature, such as rashes, flushing, metallic
taste and vasovagal reactions. Very few adverse events required treatment. For “'Tl extravasation
must be avoided due to risk of local tissue necrosis. For *™Tc-labelled tracers a few cases of
anaphylaxis, angioedema and erythroderma/exanthema have been reported [10-13]. These cases
emphasize the fact that, although rare, adverse effects do occur, and the risk must not be totally
ignored [14].

Coronary CT contrast agents

The use of contrast media for cardiac imaging is increasing as hybrid cardiac SPECT/CT and PET/CT,
as well as coronary CT angiography and cardiac MRI, become more widely used [3].

For coronary CT angiography (CCTA), an intravenously injected contrast agent is needed. In general
these contrast agents are iodine-based and due to the relatively high attenuation coefficient of iodine
therefore result in high contrast between organs with and those without contrast. Coronary CT in
combination with ECG-gating and a contrast agent permits visualization of the coronary artery lumen
and detection of coronary artery stenoses [15, 16]. At the moment, there are four classes of contrast
media available for clinical use: high osmolar ionic monomers, low osmolar non-ionic monomers, low

osmolar ionic dimers and iso-osmolar non-ionic dimers. The contrast media are provided at various
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iodine concentrations and have different biochemical properties (viscosity, osmolarity, hydrophilic

behaviour, ionic content and pH).

In general, the injection protocol should follow vendor recommendations dependent on the specific
contrast agent and CT used. For coronary imaging in general, a contrast agent with a high
concentration of iodine is used (300-400 mg/ml) to ensure adequate opacification of the small
coronary arteries [17]. In total, approximately 60-90 ml of contrast agent is injected at an injection
speed of 4-6 ml/s. Often, the bolus is split between a first bolus of pure contrast and then a bolus with
a mix of contrast and saline, to reduce streak artefacts from contrast enhancement of the vena cava and
right side of the heart. Otherwise, the contrast bolus is followed by a saline flush of 40-70 ml. With
newest generation of CT scanners, a smaller contrast bolus with lower iodine concentration is likely

sufficient to obtain good contrast enhancement of the coronary arteries [18].

Two contrast timing techniques are available to start the CCTA acquisition, based on arrival of
contrast in the aorta: the bolus tracking and the bolus timing technique. Bolus tracking involves a
series of axial low-dose images at 2 s intervals to track the arrival of the bolus of contrast material in
the aorta. The CCTA is initiated when the contrast enhancement of the aorta reaches a certain
predefined level, e.g. 100 Hounsfield units (HU). The bolus timing technigue involves an extra low-
dose scan acquisition of a single slice prior to the CCTA acquisition. Here, a small contrast bolus and
saline flush are injected to determine the contrast arrival interval. The time between the start of the
contrast injection and the arrival of contrast bolus in the aorta is used as the scan delay for the actual
CCTA[3, 15].

Contraindications

Contraindications for iodine contrast can be divided into absolute and relative contraindications [19,
20]. Absolute contraindications include myasthenia gravis, mastocytosis, and post-thyroid carcinoma
when follow-up with **I imaging or *I therapy is planned within 6 months of the CCTA. Relative

contraindications are known contrast allergy, planned thyroid scan, and multiple myeloma.

The clinical benefit of using estimated glomerular filtration rate (éGFR) or calculated creatinine
clearance in assessing preprocedural contrast induced nephrotoxicity (CIN) risk in patients with stable
renal function is uncertain because much of the knowledge comes from studies that used only serum
creatinine measurements. The threshold values at which different clinical actions should be taken (e.g.,
active IV hydration, avoidance of contrast medium administration) are neither proven nor generally
agreed upon for either serum creatinine measurement or calculated creatinine clearance. In addition,
the accuracy of these formulae has only been validated in the patient population for whom they were

developed. The following is a suggested list of risk factors that may warrant pre-administration serum
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creatinine screening in patients who are scheduled to receive intravascular iodinated contrast medium.
This list should not be considered definitive [21]:

e Age>60

o History of renal disease, including: Dialysis, kidney transplant, single kidney, renal cancer,
renal surgery

o History of hypertension requiring medical therapy

o History of diabetes mellitus

Metformin does not confer an increased risk of CIN. However, metformin can very rarely lead to
lactic acidosis in patients with renal failure. In case of reduced renal function (i.e. estimated
glomerular filtration rate < 45 ml/min/1.73m?, or <60 ml/min/1.73m? in presence of diabetes mellitus
or at least 2 risk factors for contrast nephropathy) alternative (imaging) strategies should be
considered. However, when no alternatives are available adequate (clinical) hydration is the major
preventive action against CIN.

If intravenous contrast agent is going to be administered, metformin should be discontinued at the time
of the procedure and withheld for 48 h after the procedure. If the risk of nephrotoxicity is high,
metformin can be reinstituted only after renal function has been reevaluated and found to be normal. If
the risk of nephrotoxicity is low, metformin can be reinstituted without the need for renal function
assessment. An alternative glucose-controlling drug should be considered during this time [22].

Adverse events

Strategies to reduce the risk in non-acute settings of contrast medium induced adverse reactions
include the prophylactic use of oral anti-histamines and corticosteroid tablets. A classification system,
stratifying adverse events due to iodinated contrast media by severity and type, is presented below [21,
23, 24]:

e Minor

o Signs and symptoms are self-limited without evidence of progression. Mild reactions

include: Pruritus, nausea and mild vomiting, diaphoresis
e Moderate:

o Signs and symptoms are more pronounced and commonly require medical
management. Some of these reactions have the potential to become severe if not
treated. Moderate reactions include: Facial oedema, faintness, severe vomiting,
urticaria, bronchospasm

e Severe:

o Signs and symptoms are often life-threatening and can result in permanent morbidity
or death if not managed appropriately. Severe reactions include: Laryngeal oedema,
pulmonary oedema, respiratory arrest, hypotensive shock, convulsions, cardiac arrest
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o Delayed:
o Skin rash, thyrotoxicosis, kidney dysfunction.

The frequency of allergic-like and physiologic adverse events related to the intravascular
administration of iodinated contrast media is low and has decreased considerably with changes in
usage from ionic high-osmolality contrast agents (HOCA) to nonionic low-osmolality contrast agents
(LOCA). Historically, acute adverse events occurred in 5-15% of all patients who received HOCA.
Many patients receiving intravascular HOCA experienced physiologic disturbances (e.g., generalized
warmth, nausea, or emesis), and this was often documented as a contrast reaction. HOCA are now
rarely or never used for intravascular purposes because of their greater adverse event profile compared
to LOCA. The reported overall acute adverse reaction rate (allergic-like + physiologic) for nonionic
LOCA (i.e. iohexol, iopromide, or iodixanol) ranges from 0.2%, 0.6% to 0.7% [25-27]. Serious acute
reactions to i.v. LOCA are rare, with an historical rate of approximately four in 10,000 (0.04%) [28].
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Table 1. Comparison of properties of SPECT agents for MPI

99m 99m

Property Tc-sestamibi Tc-tetrofosmin

2017} thallous-chloride

Availability Kit preparation with  Kit preparation at Long half-life makes
heating room temperature  supply convenient
Imaging protocol Separate injections at stress and rest Stress and rest data

(if a rest study is deemed necessary)

from single injection

Imaging flexibility Stress and rest on same or different days

Stress imaging must

begin immediately

Image quality Optimal for gamma cameras

Low emission energy,

low count rate
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Injected activities, dosimetry and radiation exposure

In general, the principle of keeping radiation exposure “As Low As Reasonable Achievable”
(ALARA) must be adhered to. In addition, the activity of a radiopharmaceutical to be administered
must be determined in accordance with national legislation and the European Council Directive
Euratom 2013/59 [29]. This directive describes the basic safety standards for protection against the
dangers arising from exposure to ionising radiation. One of the criteria is the designation of diagnostic
reference levels (DRL) for radiopharmaceuticals, defined as levels of activity for groups of standard-
sized patients and for broadly defined types of equipment. It is expressed that the levels will not be
exceeded for standard procedures. In a 2013 ICRP publication on nuclear cardiology, biological
effects of radiation, DRL, as well as dosimetric issues in MPIl and CCTA for patients and staff are
further discussed [30]. In addition, the public awareness and public concern with regard to radiation
exposure in relation to medical procedures has been raised the last decade and should be
acknowledged.

Activity amounts to inject

It is not possible to make precise recommendations regarding injected activities, since hard evidence
documenting superior results with certain activities is not available. The activity to administer is, in
general terms, a compromise between image quality and radiation exposure to the patient and staff.
The higher the activity administered, the better the image quality and the higher the radiation exposure
to the patient and staff. The activity to administer is dependent on type of equipment (single-head or a
multiple head scintillation camera, or a camera based on a CZT detector), patient characteristics (body
weight), acquisition protocol (1-day or 2-day protocols, imaging time, pixel size, gated acquisition),
and the radiopharmaceutical (**"Tc-compounds or **Tl-chloride). The reconstruction method may
also be of importance, i.e. filtered back-projection vs. iterative reconstruction. When a 1-day *"Tc
protocol is used (i.e. two administrations of activity on one day), the activity for the second
examination has to be three times higher than the first administered activity [31]. It should be noted
that if the stress examination is performed first, irrespective of a 1- or 2-day protocol, and reported as

normal, the rest examination can be omitted [32].

There is limited evidence in the literature demonstrating activity amounts to be injected for optimal
images in the different settings of patients and instrumentation. Coming down to a classical SPECT
acquisition the following activities to administer are recommended, according to the ALARA
principle, for a normal weight adult patient (e.g. BMI <25) for a gated study on a multiple-head
scintillation camera, using filtered back-projection, an acquisition duration of 15 min and a pixel size

of around 6 mm:
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9mTe_sestamibi or " Tc-tetrofosmin:

e Two-day protocol: 350 — 700 MBg/study
e One-day protocol: 250 — 400 MBq for the first injection, three times more for the second

injection.
01T )-chloride:

e  Stress redistribution: 74 — 111 MBq
e Re-injection: 37 MBaq.

The above activities for *™Tc-sestamibi, ®"Tc-tetrofosmin and **Tl-chloride should be considered
only as a general indication. Camera systems based on new technology (e.g. CZT-cameras) have
improved count sensitivity. This improved sensitivity can be used to either reduce the amount of
activity accordingly or decrease image acquisition duration [33-37]. It should also be noted that local
legislation and local DRLs may exist and must be followed. The activities to be administered for

paediatric patients should be modified according to the recommendations by the EANM [38].
Radiation dosimetry
SPECT

The absorbed doses to various organs in healthy subjects following administration of **™Tc-sestamibi,
%M Tc-tetrofosmin and 2 Tl-chloride are given in Table 2 [39-41]. As can be seen there are some small
variations between the equivalent doses per injected activity to normal organs during rest and stress
studies. However, the effective dose per injected activity during a stress study is 10 to 15 % lower than
that from a rest study. The effective doses in the last column are calculated according to the method
described by the ICRP [42]. For paediatric patients, additional values for absorbed dose per unit
activity administered (mGy/MBq) are given in the ICRP reports [39-41]. The values of effective doses
in Table 2 are the latest published in an ICRP report. However, the ICRP has adopted new phantoms
for absorbed dose calculations, new weighting factors, and new bio-kinetic models [43-45]. Using

these new models the effective dose per administered unit of activity to adults are [46]:

o P™c-tetrofosmin (stress and rest): 0.0058 and 0.0063 mSv/MB, respectively
o P™Tc-sestamibi (stress and rest): 0.0066 and 0.0070 mSv/MBg, respectively
e Tl-chloride (redistribution): 0.102 mSv/MBq.

These values are approximately 20% lower than the values calculated using the previous methods. The

organs with the highest absorbed dose per unit activity administered (mGy/MBq) are the gallbladder
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and kidneys for *™Tc-sestamibi, the gallbladder and colon for *™Tc-tetrofosmin, and the bone surface
and kidney for **'Tl-chloride (Table 2).

Hybrid systems

If the MPI is combined with a CT-scan for attenuation, calcium scoring (CACS) or CCTA, an
additional dose is given to the patient. For an attenuation correction CT an additional 0.5-1.0 mSv is
given. Absorbed doses from CACS and CCTA depend on the system and imaging protocol used and
for CACS can be estimated to be <1 mSv. The absorbed dose for CCTA can be estimated between 2-5
mSv using commonly available single-source 64-slice CT scanners with a prospectively ECG
triggered step-and-shoot acquisition protocol [47, 48]. The latest generation dual-source or 256- and

320-slice single source CT scanners enable even absorbed doses <1 mSv [49, 50].
Radiation exposure to relatives of patient and to hospital staff
Patient relatives

In general, radiation exposure to accompanying persons and relatives is very limited, and no special
precautions are needed for studies with either *"Tc-labelled tracers or **TI-chloride. Only close
contact with infants should be restricted, cf. below under “Lactation”. One-day protocols for patients

taking care of infants should be avoided.
Staff

It should be noted that for the injected patient the absorbed dose is lower with *™Tc-labelled tracers
than with ?*Tl-chloride; but the radiation exposure to the surroundings is lower with **TI-chloride
than with *™Tc-labelled tracers (cf. Tables 2 and 3). These values were calculated using conservative
assumptions and are based on assumed number of cases that can only be reached in large hospitals.
The radiation exposure to staff working in nuclear medicine or nuclear cardiology departments varies
widely depending on workload, local work procedures etc., but the effective dose to

technologists/physicians are generally well below limits. For further reading see e.g. [51, 52].

The radiation exposure to the staff of a general hospital outside the nuclear medicine department has
been assessed in a “worst case scenario” by the German Radiation Protection Board (SSK) [53]. In
addition, the exposure of relatives was calculated (Table 3). These data do not represent the exposure

of staff performing the actual myocardial studies in a nuclear medicine or cardiology department.
Pregnant patients

In general MPI should not be performed in pregnant women since a number of alternative methods are

available for cardiac imaging giving less or no radiation exposure. This holds true not only when
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pregnancy is confirmed, but also for women in whom pregnancy is not excluded (e.g. a missed period
or the period is known to be irregular). If MPI is considered necessary for a pregnant woman, special
attention must be paid to the absorbed dose to the unborn child by [53]:

e Use a ®" Tc-labelled radiopharmaceutical, never *'Tl

e Possible reduction of administered activity (compensated by optimal imaging equipment etc.)

e Planning a 2-day procedure with the stress test first and omission of the rest study if the stress
study is considered normal

e Frequent emptying of the urinary bladder after administration of the activity

e In SPECT/CT: optimization of the CT protocol (scan range, tube current and voltage).

When an MPI is performed during pregnancy, accidentally or otherwise, the absorbed dose to the
foetus comes from external radiation emanating from the mother and internal irradiation from
radioactivity transferred through the placenta. The foetal absorbed dose differs depending on the stage
of pregnancy, with higher absorbed doses in the early stages. For 2 Tl-chloride the absorbed dose can
reach 0.097 mGy/MBq. For *™Tc compounds it can reach up to 0.015 mGy/MBq for embryos [54].
This level of exposure does not imply any deterministic effects on the foetus, only a minute increase in

stochastic risk. To reduce the exposure it is important that the mother voids her bladder often.

Lactating patients

In general, elective diagnostic nuclear medicine procedures should be delayed until the patient is no
longer breast-feeding. However, according to the ICRP 106, the interruption of breast-feeding is not
essential for *™Tc-labeled compounds [40]. But according to the principle of keeping exposure "as
low as reasonably achievable", it can be recommended to:

e Use ¥™Tc-labelled tracers rather than °'TI

e Nurse the infant just before administration of the radiopharmaceutical

e Interrupt breastfeeding for 3 to 6 hours after the administration of dose

o Express the milk completely once and discard it

e Close contact with infants should be restricted for 6-12 hours.
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Table 2. Absorbed dose per unit activity administered [46].

Adrenals
Bladder

Bone Surface
Brain

Breasts
Gallbladder
Gl tract
Stomach
Smalllntestine
Colon

Upper Large Intestine
Lower Large Intestine
Heart

Kidneys

Liver

Lungs

Muscles
Oesophagus
Ovaries
Pancreas

Red marrow
Skin

Spleen

Testes

Thymus
Thyroid
Uterus
Remainder

Effective dose

4,4E-03
1,4E-02
6,3E-03
2,7€-03
2,3E-03
2,7€-02

4,6E-03
1,1E-02
1,8E-02
2,0E-02
1,5E-02
5,2E-03
1,0E-02
3,3E-03
3,2E-03
3,5E-03
3,3E-03
7,7E-03
5,0E-03
3,9E-03
1,4E-02
4,1E-03
3,4E-03
3,3E-03
4,7€-03
7,0E-03
3,8E-03
5,8E-03

4,2E-03
1,7€-02
5,8E-03
2,3E-03
2,0E-03
3,6E-02

4,5E-03
1,5E-02
2,4E-02
2,7E-02
2,0E-02
4,7€-03
1,3E-02
4,0E-03
2,8E-03
3,3E-03
2,8E-03
8,8E-03
4,9E-03
3,8E-03
2,0E-03
3,9E-03
3,1E-03
2,8E-03
5,5E-03
7,8E-03
3,8E-03
6,3E-03

6,6E-03
9,8E-03
7,8E-03
4,4E-03
3,4E-03
3,3E-02

5,9E-03
1,2E-02
1,9E-02
2,2E-02
1,6E-02
7,2E-03
2,6E-02
9,2E-03
4,4E-03
3,2E-03
4,0E-03
8,1E-03
6,9E-03
5,0E-03
2,9E-03
5,8E-03
3,7E-03
4,0E-03
4,4E-03
7,2E-03
3,3E-03
6,6E-03

7,5E-03
1,1E-02
8,2E-03
5,2€-03
3,8E-03
3,9€-02

6,5E-03
1,5E-02
2,4E-02
2,7E-02
1,9€-02
6,3E-03
3,6E-02
1,1E-02
4,6E-03
2,9E-03
4,1E-03
9,1E-03
7,7E-03
5,5E-03
3,1E-03
6,5E-03
3,8E-03
4,1E-03
5,3E-03
7,8E-03
3,1E-03
7,0€-03

mSv/MBgq mSv/MBg mSv/MBg mSv/MBq

5,7E-02
3,9E-02
3,8E-01
2,2E-02
2,4E-02
6,5E-02

1,1E-01
1,4E-01
2,5E-01
1,8E-01
3,4E-01
1,9€-01
4,8E-01
1,5E-01
1,1E-01
5,2E-02
3,6E-02
1,2€-01
5,7E-02
1,1E-01
2,1E-02
1,2€-01
1,8E-01
3,6E-02
2,2E-01
5,0E-02
5,4E-02
1,0E-01

mSv/MBq

2,2
7,0
32
1,4
1,2
13,5

2,3
5,5
9,0
10,0
7,5
2,6
5,0
1,7
1,6
1,8
1,7
3,9
2,5
2,0
7,0
2,1
1,7
1,7
2,4
3,5
1,9
2,9

mSv

2,1
8,5
2,9
1,2
1,0
18,0

2,3
7,5
12,0
13,5
10,0
2,4
6,5
2,0
1,4
1,7
1,4
4,4
2,5
1,9
1,0
2,0
1,6
1,4
2,8
3,9
1,9
32

mSv

33
49
3,9
2,2
1,7
16,5

3,0
6,0
9,5
11,0
8,0
3,6
13,0
4,6
2,2
1,6
2,0
4,1
3,5
2,5
1,5
2,9
1,9
2,0
2,2
3,6
1,7
33
mSv

3,8
5,5
4,1
2,6
19
19,5

33
7,5
12,0
13,5
9,5
3,2
18,0
5,5
2,3
1,5
2,1
4,6
3,9
2,8
1,6
33
1,9
2,1
2,7
39
1,6
3,5
mSv

4,6
31
30,4
1,8
1,9
5,2

8,8
11,2
20,0
14,4
27,2
15,2
38,4
12,0
8,8
4,2
2,9
9,6
4,6
8,8
1,7
9,6
14,4
2,9
17,6
4,0
43
8,2

mSv

* The absorbed doses for a standard examination are calculated using an administered activity of 500

MBq for " Tc-labelled tracers and 80 MBq for a single administration of 2*'Tl.
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Table 3. Exposure levels to staff outside nuclear medicine departments and to relatives after

myocardial perfusion imaging (adopted from [53])

211)_chloride 9mrc-sestamibi/tetrofosmin ‘

Personnel
Nurses working at a general ward <0.5 mSv/year <0.6 mSv/year

outside nuclear medicine
Doctors
General ward <0.05 mSv/year 0.1 mSv/year
Special functions <0.1 mSv/year 1.1 mSv/year
Relatives or “helpers”
In the hospital/at home 0.002 mSv/patient <0.010 mSv/patient
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Stress tests

In patients with suspected or known coronary artery disease (CAD) dynamic exercise is the first test of
choice. However, patients must be able to exercise to a workload of at least 85% of age-adjusted
maximal predicted heart rate (220-age) (Fig. 1; Table 4).

Dynamic exercise should not be performed in patients who cannot achieve an adequate haemodynamic
response because of non-cardiac limitations including lung diseases, peripheral vascular disease,
musculoskeletal diseases, neurological diseases or poor motivation. These patients should undergo
pharmacological stress perfusion testing. There are two groups of medication that can be used for
pharmacological stress: (1) the vasodilators adenosine, regadenoson, and dipyridamole and (2) the
sympathomimetic agent dobutamine.

All stress procedures must be supervised by a qualified and appropriately trained health-care
professional being either physician, nurse or technician [55]. Nonmedical staff (depending on national
regulations) has to operate according to the locally approved procedure and may commonly work
under the direct or indirect supervision of a physician. The staff must be experienced in the selection
of the most appropriate form of stress for the clinical question being asked and must have the clinical
skills to recognize patients with an increased risk of complications. Appropriate facilities for
cardiopulmonary resuscitation must be available and the staff must have up-to-date knowledge of
advanced life support (ALS) techniques or intermediate life support and immediate access to
personnel with ALS expertise [55].

Preparations before a stress study:

¢ Clinical history should be obtained, including the indication for the test, symptoms, risk
factors, medication and prior diagnostic or therapeutic procedures

e Indiabetic patients, diet and insulin dosing should be optimized on the day of examination. In
selected, insulin treated patients, it may be useful to check blood sugar concentration before
an exercise stress test

e Patients should be haemodynamically and clinically stable for a minimum of 48 h prior to the
test

e Cardiac medications, which may interfere with the stress test, should be interrupted, if
possible (Table 5). In general, the decision on whether to interrupt drug administration should
be left to the referring physician in agreement with the nuclear physician, and such
interruption should ideally last for three to five half-lives of the drug

e Caffeine-containing beverages (coffee, tea, cola etc.), foods (chocolate etc.) and caffeine-

containing medicaments (some pain relievers, stimulants and weight-control drugs) must be
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discontinued for at least 12 h prior to stress testing as they antagonize the vasodilator effects;
this should be a recommendation for every patient in order not to rule out any of the stress
modalities. In exceptional cases, an increased adenosine dose, may overcome caffeine
antagonism [56]. However, only a few high volume centres have experience with these
dosages

e Methylxanthine containing medications must be withdrawn in vasodilator stress testing for at
least five half-lives

o If pharmacological stress testing is planned, patients should be asked for prior adverse

reactions to pharmacological stress agents.
Exercise stress testing procedure
Indications

This document will not review the indications, contraindications or diagnostic criteria for exercise
stress testing, since these matters are covered by other specific guidelines [57-59]. 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. Clinical

judgment is needed in deciding which patients are appropriate for exercise testing.

The electrocardiogram, heart rate and blood pressure must be recorded during each stage of exercise.
The patient should be continuously monitored for transient rhythm disturbances, ST segment changes,
other electrocardiographic manifestations of heart diseases and symptoms. A single ECG lead during
stress testing is not sufficient for the detection and recognition of arrhythmias or ischaemic patterns,

but a twelve lead ECG is recommended.
Equipment and protocols

Both treadmill and bicycle ergometers are used for exercise testing. Several treadmill exercise
protocols are available, differing in speed and inclination of the treadmill; the Bruce and modified
Bruce protocols are the most widely used. The objective of exercise testing is to maximally increase
myocardial oxygen consumption and by this means myocardial perfusion. The applied protocol to
achieve this aim is secondary. Usually > 85% of the age-predicted maximum heart rate is the surrogate
of maximal myocardial hyperaemia. Beside heart rate there are other determinants of myocardial
oxygen consumption and perfusion, such as systolic blood pressure. Thus, the rate pressure product
(heart rate x systolic blood pressure) can be applied as another surrogate parameter of myocardial
hyperaemia. Values >25,000 mmHg/min indicate good and values > 30,000 mmHg/min excellent
hyperaemia [57, 60]. In general, exercise should be symptom limited, with the goal for patients to

achieve >85% of their age-predicted maximum heart rate. Sometimes an exercise test has to be
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terminated before >85% of maximal, age-predicted heart rate has been achieved. In this case it is
recommended to switch/complement the stress testing modality and to perform a pharmacological
stress test (Fig. 1). However, when the patient has the symptoms for which he or she was referred,
administration of the radiopharmaceutical should be considered despite the suboptimal increase in
heart rate.

Absolute contraindications to maximal, dynamic exercise are:

e Acute coronary syndrome, until the patient has been stable for at least 48 h and the risk is
clinically assessed as acceptable

e Acute pulmonary embolism

e Severe pulmonary hypertension

e Acute aortic dissection

e Symptomatic severe aortic stenosis

e Hypertrophic, obstructive cardiomyopathy

e Uncontrolled cardiac arrhythmias causing symptoms or haemodynamic instability

e Acute myocarditis and pericarditis

e Active endocarditis.
Relative contraindications to maximal, dynamic exercise are:

e Patients with decompensated or inadequately controlled congestive heart failure
e Active deep vein thrombophlebitis or deep vein thrombosis

e Left bundle branch block, ventricular paced rhythm

e Hypertension with resting systolic or diastolic blood pressures > 200/110 mmHg
e Recent stroke or transient ischaemic attack

e Moderate to severe aortic stenosis.
A maximal exercise test should adhere to the following steps:

e Before exercise an i.v. cannula should be inserted for radiopharmaceutical injection

e The electrocardiogram must be monitored continuously during the exercise test and for at
least 3-5 min of recovery. A 12-lead electrocardiogram print-out/record should be obtained at
every stage of exercise, at peak exercise and during recovery (i.e., ideally every min and with
the occurrence of special events such arrhythmias etc.)

e The blood pressure should be controlled at least every 2 to 3 min during exercise

e Exercise should be symptom limited, with the goal for the patient to achieve >85% of their

age-predicted maximum heart rate (220-age)
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e The radiopharmaceutical should be injected close to the peak exercise. The patients should be
encouraged to continue the exercise for at least 1-2 min after the injection of the

radiopharmaceutical.
Absolute indications for early termination of exercise are:

e Marked ST segment depression (>3 mm)

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

e Appearance of sustained ventricular tachyarrhythmia

e Occurrence of supraventricular tachycardia or atrial fibrillation with a high heart rate response

e A decrease in systolic blood pressure of >20 mmHg, despite increasing work load

e Markedly abnormal increase of blood pressure (systolic blood pressure >250 mmHg or
diastolic blood pressure >130 mmHg)

e Angina sufficient to cause distress to the patient

e Central nervous system symptoms (e.g. ataxia, dizziness or near-syncope)

e Peripheral hypoperfusion (cyanosis or pallor)

e Sustained ventricular tachycardia or fibrillation

¢ Inability of the patient to continue the test

e Technical difficulties in monitoring ECG or blood pressure.
Relative indications for early termination of exercise are:

e ST segment depression >2 mm horizontal or down-sloping

e Arrhythmias other than sustained ventricular tachycardia (including multifocal premature
ventricular contractions (PVCs), triplets of PVCs, heart block or bradyarrhythmias),
especially if symptomatic

e Fatigue, dyspnoea, cramp or claudication

o Development of bundle branch block or intraventricular conduction defect that cannot be

distinguished from ventricular tachycardia.
Vasodilator stress testing with adenosine, regadenoson or dipyridamole
Mechanism of action

Vasodilators induce myocardial hyperaemia mediated by adenosine receptors independent of
myocardial oxygen demand. Only A2A receptors induce coronary vasodilation and hereby a four to
five-fold increase in myocardial blood flow in healthy coronary vessels. Beside the A2A receptor
adenosine stimulates A1, A2B, and A3 adenosine receptors too, which provoke the adverse effects

[61]. Regadenoson is a selective stimulator of the A2A receptor with minimal or no stimulation of the
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other adenosine receptor subtypes [61]. Dipyridamole increases the tissue levels of adenosine by
preventing the intracellular reuptake and deamination of adenosine [61]. Vasodilators result in a
modest increase in heart rate and most often 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. This results in heterogeneous uptake of the radiopharmaceutical.

Caffeine-containing beverages (coffee, tea, cola, etc.), foods (chocolate, etc.), some medicaments (e.g.
pain relievers, stimulants and weight control drugs) and methylxanthine-containing medications that
antagonise vasodilator action must be discontinued at least 12 h before vasodilator stress and at least
five half-lives for long-acting methylxanthines. Dipyridamole or dipyridamole containing medication
should be interrupted for at least 24 h (Table 5). Pentoxifylline and clopidogrel need not be
discontinued. Ticagrelor, a direct-acting P2Y 12-adenosine diphosphate receptor blocker, has been
shown to significantly raise adenosine plasma levels so that more frequent and more severe adverse
effects in adenosine and dipyridamole stress testing are likely [62, 63]. Interactions with regadenoson
have not yet been studied. So far there are still no recommendations for dose adaption of vasodilators
in stress testing for patients receiving ticagrelor.

Indications

The indications are the same as for exercise myocardial perfusion imaging but refer to patients not
able or expected to be unable to achieve >85% of maximal age-predicted heart rate during exercise.
Vasodilators (without exercise) should be preferred to exercise in cases of left bundle branch block
(Fig. 1). Considering diagnostic performance of myocardial perfusion imaging there is no significant

difference among the stress agents and modalities [64-66].
Absolute contraindications to vasodilator stress tests are:

e The same as for an exercise test. However, in acute coronary syndrome including unstable
angina, vasodilator stress test may be considered when the patient has been stable for at least

48 h and the clinically assessed risk is deemed acceptable
In addition the following conditions contraindicate a vasodilator test:

e Severe chronic obstructive (in particular bronchospastic) pulmonary disease (COPD)
e Greater than first-degree heart block or sick sinus syndrome, without a pacemaker

e Symptomatic aortic stenosis and hypertrophic obstructive cardiomyopathy
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e Systolic blood pressure <90 mmHg

e Cerebral ischaemia.
Relative contraindications to vasodilator stress tests are:

e For adenosine and dipyridamole: Mild to moderate asthma and COPD, cf. “Safety profile
adenosine, regadenoson, dipyridamole”

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

e Severe atherosclerotic lesions of extracranial artery

e Use of dipyridamole during the last 24 h (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.
Either two separate i.v. lines or one i.v. line with a dual-port Y-connector is required to allow injection
of the radiopharmaceutical without interruption of the adenosine infusion. Dipyridamole and
regadenoson can be administered intravenously by manual injection. A Y-connector is not needed.
Electrocardiographic (ECG) and blood pressure monitoring should be carried out as with exercise
stress testing.

Combination with low-level exercise

Low-level exercise can be performed routinely in conjunction with vasodilator tests. Low-level
exercise significantly reduces the side effects (flushing, dizziness, nausea, headache, vasodilator-
induced hypotension) and improves image quality due to lower bowel activity and higher target-
background ratio. Accordingly, if possible low-level exercise is recommended in combination with
vasodilator stress testing [67, 68]. 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 continuous infusion at 140 pg/kg/min over 4-6 min with injection of
the radiopharmaceutical at 2-3 min (Fig. 2). The infusion should be continued for 2-3 min after the
injection of the radiopharmaceutical. 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 radiopharmaceutical should be
injected 1 min after starting the 140 pg/kg/min dose. A shorter duration of infusion may also be
effective [69].
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Regadenoson dose

Regadenoson is given as a slow bolus over 10 s followed by a 10 s flush of 5 to 10 ml NaCl 0.9%, 10
to 20 s later the radiopharmaceutical is injected (Fig. 3). Regadenoson is administered independent of

patient weight in a dose of 0.4 mg in 5 ml.
Dipyridamole dose

Dipyridamole should be given as a continuous infusion at 140 pg/kg/min over 4 min. The
radiopharmaceutical is injected 3-5 min after the completion of the infusion (Fig. 4). Dipyridamole is

not licensed in all European countries (e.g. not in Germany) for myocardial perfusion stress testing.
Early termination of a vasodilator stress test
Vasodilators should be stopped early under the following circumstances:

e Severe hypotension (systolic blood pressure <80 mmHg)
e Persistent second-degree or sign of third-degree atrioventricular or sino-atrial block
e Wheezing

e Severe chest pain.

Safety profile

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%), dyspnea (20%), dizziness (7%), nausea (5%) and
symptomatic hypotension (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 in 15-20% of cases. However, unlike chest
pain, this is indicative of myocardial ischaemia. Fatal or nonfatal 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 infusion. Theophylline or aminophylline

are only rarely required [70].
Regadenoson

Compared to adenosine, regadenoson is associated with a lower incidence of chest pain, flushing, and
throat, neck, or jaw pain, a higher incidence of headache and gastrointestinal discomfort and a lower
combined symptom score in nearly all subgroups [71]. The safety of regadenoson was also studied in

two randomized, double-blind, placebo-controlled crossover trials in patients with mild to moderate
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asthma and moderate to severe COPD, respectively. Although dyspnoea was reported in respectively
the regadenoson groups compared to none in the placebo groups there was no relation with a decline
in forced expiratory volume in 1 s (FEV1) [72, 73]. Thus, regadenoson is also applicable in patients
with mild asthma and COPD. In summary, despite their selectivity to the A2A receptor, side effects
related to activation of the other adenosine receptors continue to occur albeit at a lower frequency and
with less severity and duration compared to the selective adenosine agonists.

A less frequent but important side effect of regadenoson is the increased incidence of seizures. The
exact incidence is unknown and the pathophysiological mechanism behind this increased incidence is
not yet clear. Regadenoson may lower seizure threshold and aminophylline should not be used in cases
of seizures associated with regadenoson. These seizures may be of new onset, or may be recurrences.
In addition, some seizures are prolonged and may require urgent anticonvulsive management. It is
recommended that during the initial triaging of patients, they should be asked about a history of
seizures [74-76].

According to the available limited data, the absolute risk of transient ischaemic attack (TIA) and
cerebrovascular accident (CVVA) associated with regadenoson administration appears to be small and
may not be different from other stress agents [77]. However, based on a recent advice of the European
Medicines Agency a Direct Healthcare Professional Communication updated the regadenoson product
information [78]:

e As aminophylline increases the risk of prolongation of a regadenoson induced seizure, and
should therefore not be administered solely for the purpose of terminating a seizure induced
by regadenoson

e Delay regadenoson administration in patients with elevated blood pressure until the latter is
well controlled

e Thereis a rare but undesirable risk of a TIA and CVA associated with regadenoson

administration.
Dipyridamole

More than 50% of patients develop side effects (flushing, chest pain, headache, dizziness or
hypotension). The frequency of these side effects is less than that seen with adenosine, but they last
longer (15-25 min) and theophylline or aminophylline (125-250 mg, i.v.) may be required, preferably
not earlier than 3 min after the injection of the radiopharmaceutical. The incidence of high-degree AV

and SA block with dipyridamole is less than that observed with adenosine (2%) [79].

Dobutamine stress testing
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Mechanism of action

Dobutamine induces a dose-related increase in myocardial oxygen demand increasing heart rate, blood
pressure and myocardial contractility (in severe ischaemic heart disease, contractility may be reduced
with high doses of dobutamine). Due to these effects, it causes secondary coronary vasodilation
similar to exercise stress. In areas supplied by significantly stenosed coronary arteries, 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 3-5
min intervals to 20, 30 and 40 pg/kg/min. Atropine (0.25 mg i.v., one to three times with 1/2-min
intervals) can be added if heart rate does not reach 85% of age-predicted maximal heart rate. 3-
blockers are dobutamine antagonists and should be discontinued for at least 3 to 4 half-lives before the

test.
Indications

Dobutamine is a secondary pharmacological stressor that is used in patients who cannot undergo
exercise stress and have contraindications to vasodilator stressors (Fig. 1).

Contraindications to dobutamine:

e The same as for dynamic exercise, cf. above
e In addition, B-blocker medication that has not been or could not be discontinued sufficiently

long.

Contraindications to atropine administration under dobutamine stress:

e Narrow angle glaucoma
e Obstructive uropathy, including bladder neck obstruction from prostatic hypertrophy
e Atrial fibrillation with an uncontrolled heart rate

e Obstructive gastrointestinal disease or paralytic ileus.
Procedure

An infusion pump is necessary for dobutamine administration. Two separate i.v. lines or one i.v. line
with a Y-connector is required for 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 3-5 min intervals up to a maximum of 40 pg/kg/min. The
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radiopharmaceutical should be injected when the heart rate is >85% of the age-predicted maximum
heart rate (220-age). Dobutamine infusion should be continued for 2 min after the radiopharmaceutical
injection. Atropine can be given in the presence of submaximal heart rate response (0.25 mg, i.v., one
to three times with 1/2-min intervals) (Fig. 5) [80]. Patients should be informed of possible difficulties
while driving in the 2 h following atropine administration due to reduced ocular accommodation.

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.
Safety profile

Dobutamine has a relatively rapid onset and cessation of action (plasma half-life of 120 s), allowing
control of its effects. Side effects occur in about 75% of patients. Most common 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 dobutamine infusion. Severe side effects may require i.v. administration
of a selective B-blocker such as esmolol (0.5 mg/kg over 1 min) or metoprolol (1 to 5 mg).

Hypotension can also occur during dobutamine infusion and may indicate severe ischaemia.
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Table 4. Types of stress tests used in myocardial perfusion imaging

Stress type

Bicycle stress
Exercise
Treadmill stress

Adenosine
Vasodilation* Regadenoson
Pharmacological
Dipyridamole
Sym pathomimetic$ Dobutamine

* Consider to combine with low-level exercise. Except for patients with LBBB.

* Add atropine if necessary.
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Table 5. Discontinuation of medication and food/beverage before stress testing

Medication

Exercise

Vasodilator

Dobutamine

(tatropine)

interrupt

Nitrates

(3-5 half-lives)

interrupt

(3-5 half-lives)

interrupt

(3-5 half-lives)

Beta blockers

interrupt

(3-5 half-lives)

interruption recommended

(3-5 half-lives)

interrupt

(3-5 half-lives)

Calcium antagonists

interrupt

(3-5 half-lives)

interruption recommended

(3-5 half-lives)

interrupt

(3-5 half-lives)

Drugs, food, beverages interrupt
continue* continue*
with caffeine (> 12 h prior to stress)
Drugs, food, beverages interrupt
continue* continue*
with methylxanthines (> 12 h prior to stress)
interrupt
Dipyridamole continue* continue*

(> 24 h prior to stress)

* In order not to rule out any of the stress modalities it is recommended for every patient to

interrupt caffeine-containing beverages (coffee, tea, cola etc.), foods (chocolate etc.) and caffeine-

containing medication (some pain relievers, stimulants and weight-control drugs) as they antagonize

the vasodilator effects.

Evidence for the significance of interruption of some of the drugs is still limited [81, 82].

Continue: no need to interrupt medication and food/beverage.
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Figure 1. Selection of stress test modality

no yes
4' LBBB or pacemaker

Vasodilator without low level ergometry

| Patient able to exercise |

no | yes

| Pharmacological stress test Ergometry
no \],
o ; - - | yes -
| Contraindication for vasodilator Target HR achieved / complaints | Ea

no

Vasodilator with low level ergometry

yes
Dobutamine (+ atropine)

Except for patients with LBBB, consider to combine pharmacological vasodilatory stress with low-

level exercise according to the ability of the patient to exercise. In case of pharmacological stress

with dobutamine but without adequate heart rate response consider to add atropine.
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Figure 2. Timeline of adenosine plus low-level exercise testing

Low-level exercise

Adenosine 140 pg/kg/min in 4-6 min

Tracer injection

Start 4-6 minutes
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Figure 3. Timeline of regadenoson plus low-level exercise testing
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Tracer injection
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Figure 4. Timeline of dipyridamole plus low-level exercise testing
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[
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Figure 5. Timeline of dobutamine plus atropine stress testing

Tracer injection

until heart rate
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Instrumentation

MPI is usually performed on a traditional, multiple-head SPECT system with Nal (TI)-crystals capable
of ECG gating. Single-head systems are not considered state of the art anymore due to lower
sensitivity and specificity, longer acquisition time and, thus an increased risk of patient motion. If

available, attenuation correction is recommended.

SPECT
Detectors

MPI1 may be performed using a dual- or triple-head camera. Dual-detector systems should be in a 90°
or “L” configuration if they are to be used for 180° scanning. In new-generation, dedicated cardiac,
ultrafast-acquisition scanners, multiple detectors surrounding the patient simultaneously image the
heart. Variations in these new design dedicated cardiac scanners comprise the number and type of
scanning or stationary detectors and the use of Nal, Csl, or cadmium-zinc-telluride (CZT) solid-state
detectors. They all have in common the potential for a 5- to 10-fold increase in count sensitivity at no
loss of resolution, resulting in the potential for acquiring a scan in 2 min or less if the patient is
injected with a standard dose. Some of this gain in sensitivity can be traded for a linear reduction in
the injected dose to reduce the patients’ exposure to radiation. With an ultrafast camera with a 10-fold
increase in sensitivity using conventional radiopharmaceutical doses, the dose could be reduced by

half and a 5-fold increase in sensitivity would still be maintained [83].
Crystals

Anger camera Nal-thallium (TI) crystals are typically 1/4 to 3/8 inch thick, although they may be as
thick as 5/8 in. The thicker the crystal, the greater the sensitivity of the Anger camera, because of the
increased probability that a gamma ray passing through the crystal will interact. However, the thicker
the crystal, the greater the spread of the emitted light photons produced from the scintillation, and the
less precise the computation of gamma ray interaction location resulting in poorer intrinsic resolution
of the camera [84]. An array of scintillation crystals is an alternative to the single-crystal Anger
camera design. A large number of small crystals (e.g., 6 mm Csl (TI) cubes) are coated with reflective
material and packed into an array. An advantage of this pixelated design is that the scintillation light is

much more focused than in an Anger camera.
Collimators

For Anger cameras, parallel-hole collimation is standard. The low-energy, high-resolution collimator

99m

is usually best for " T¢, although some ‘‘all-purpose’’ collimators give excellent results. Imaging
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with “'Tl is usually best with the low-energy, medium-resolution (all-purpose) collimators instead of

high-resolution collimators because the later limit count statistics.
Energy windows

For most modern Anger cameras, energy resolution is expected to be 9-10% for the 140-keV photons
from *™Tc, and 15-17% for the 72-keV photons from ' TI. For CZT detectors, an energy resolution of
5 to 6% has been reported for “™Tc [84].

New developments

General-purpose SPECT systems with large detectors and parallel-hole collimator “waste” a large
amount of physical detector area and due to their bulky detector heads, the distance from the heart to
the detector is often larger than necessary. Therefore, the development of dedicated cardiac systems
has always been an area of interest. Potential benefits include increased patient comfort, shorter

acquisition times and/or reduced administered activity.

Since the publication of the first version of this guideline, some significant advances in technology for
cardiac imaging have been made [83, 85, 86]. Besides, dedicated systems have emerged based on
traditional scintillation detector technology, equipped with smaller crystals and thus having more
compact design, as well as truly innovative cameras with a completely novel detector technology.
Pixelated, solid-state detectors made of CdZnTe (an alloy of cadmium telluride and zinc telluride,
CZT) offer better energy resolution and a virtually linear count rate response. As CZT replaces both
the scintillation crystal and the attached photomultiplier tubes, the detectors are very compact. This
has so far been exploited in two different, commercially available cameras. The D-SPECT® (Spectrum
Dynamics) utilises 9 small rectangular detectors placed along a 90° arc. Each detector rotates around
its own axis. All detectors together register photons from an area comparable to a traditional 180°
acquisition. The other CZT system (the Discovery NM530c by GE Healthcare) uses a stationary,
multiple-pinhole design with 19 holes, each with its own CZT detector. The collimators are arranged
such that the area of the chest including the heart can be imaged. Clinical evaluations of both systems
have demonstrated similar performance as traditional systems, but with shorter imaging times or lower
administered activities [83]. In a recent study the D-SPECT® system was compared to a conventional
SPECT camera showing improved image quality, comparable incidence of extracardiac activity, and

achieving a reduction in absorbed dose to 1 mSv for a single injection [87].

Another variation from traditional design is the upright patient position offered in a number of
dedicated systems. While more comfortable for the patient, the effect of posture on organ position
must be considered when interpreting the images [88, 89]. Some cameras systems (e.g. Digirad

Cardius) go one step further and employ a rotating patient chair instead of a rotating gantry.
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Additionally, Csl(TI) detectors allow for an optional X-ray based attenuation correction method.
Another variation of the upright design (the CardiArc system) is based on three stationary arc-shaped
crystals combined with a moving aperture, providing a similar function as a collimator. A problem
with many different, dedicated cardiac systems is the scarcity of publications about their clinical
validity [83].

An upgraded technology (IQ-SPECT, Siemens Healthcare) uses a conventional multi-purpose SPECT
system with a radially symmetric, cardio-focal collimator that is characterised by a radially increasing
focal spot distance. The proprietary reconstruction algorithm matches the collimators’ spatially
varying sensitivity profile. Reductions in acquisition time with no loss in image quality are claimed,

but the clinical evidence is limited.

Camera vendors and various third party companies provide reconstruction software that implements
iterative reconstruction based on Ordered Subset Expectation Maximisation (OS-EM). The advantage
of these algorithms over traditional Filtered back projection (FBP, cf. also the section on
“Reconstruction”) is that information about the camera, patient and radiopharmaceutical can be
exploited to reconstruct better images. CT images can be incorporated for estimation of attenuation
and scatter; the collimator-detector-response can be modelled and used for resolution recovery; noise
can be compensated by modelling the underlying characteristics of the decay process.

These reconstruction methods can achieve enhanced image quality that may be traded against shorter
acquisition times or reduced administered activity. Fundamental to all these algorithms is that the
correct choice of user-selectable parameters (typically number of iterations and subsets, regularisation,
and filter parameters) is crucial for their potential benefit. Inadequate parameters most likely lead to
insufficient image quality and artefacts. As implementations vary considerably across vendors, it is not

possible to transfer settings between camera systems without prior validation.
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Imaging protocols

%M Tc-tracer protocols are described first, followed by T protocols, dual-isotope, SPECT/CT and
finally gated MPI. A summary of the drawbacks of different SPECT imaging protocols is given in
Table 6.

9mTc_sestamibi and **™Tc-tetrofosmin

The *™Tc-labelled myocardial perfusion tracers exhibit minimal redistribution over time (particularly
tetrofosmin), i.e., once these tracers are taken up by the myocytes they retain within these cells.
Therefore separate injections are given in order to assess stress and resting perfusion. The 6-h half-life
of *™Tc means that the two studies should ideally be performed on separate days to allow for the
decay of activity from the first injection. However, different imaging protocols can be followed: 2-

day, same-day (i.e. 1-day) stress—rest or same-day rest-stress protocols.
Two-day protocol

A 2-day protocol is preferable because it facilitates comparison between the rest and the stress studies
and in addition, keeping the total radiation burden to the patient (and the staff) at a lower level
compared with same-day protocols. The stress study should usually be performed first, since the rest
study can be omitted if the stress study is interpreted as normal.

Same-day (1-day) protocol

The order of studies in a single-day protocol depends to some extent on the indication for the
investigation. If the problem is to detect viable myocardium and reversibility of a defect, in a patient
with previous infarction, it may be theoretically preferable to perform the rest study first. Conversely,
when the study is performed for the diagnosis of myocardial ischaemia, the stress study should be
performed first. Because this both avoids reduction of the contrast of a stress-induced defect by a
previous normal rest study [90] and also obviates the need for an unnecessary rest study, if the rest

scan is normal.

Semiconductor detectors can allow for a 1-day MPI protocol with low dose both during stress and at
rest by subtraction of background activity of the preceding stress scan [33, 35].

Timing of imaging
Imaging should begin 15-60 min after injection to allow for hepatobiliary clearance; longer delays or

repeated imaging are occasionally required for rest images and for stress images after vasodilators

alone because of the risk of higher sub-diaphragmatic *™Tc¢ activity.

Nitrates
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To improve myocardial perfusion at rest, it is advocated to give the injections for the rest examination
under nitrate cover. This is especially important when assessing myocardial viability because viability
can be underestimated in areas with reduced resting perfusion [6, 91]. Sublingual nitroglycerine,
usually at a dose of 400-800 pg, can be administered at least 5 min beforehand in order to improve
rest perfusion and to increase the correspondence of the rest images with myocardial viability. Other
nitrates such as buccal isosorbide dinitrate may also be used and these are ideally given (as with
nitroglycerine) with the patient in a sitting or supine position to avoid symptomatic hypotension. If a
resting study is planned to be performed under nitrate cover, phosphodiesterase use should be

discontinued for 24-48 h prior to the myocardial perfusion imaging study.
Fluid intake

Fluid intake has been recommended to remove intestinal activity from the subdiaphragmatic region.

Moreover, in some centres a fatty meal, water or coffee is offered between injection and imaging to

aid clearance of tracer from the liver and gallbladder. The value of these interventions, however, are
uncertain, and it may be counterproductive if there is retrograde passage of tracer from duodenum to
stomach or if the tracer reaches the transverse colon [92, 93].

ZOlTI

After an i.v. injection of ?'TI at stress, the radiotracer is distributed in the myocardium according to
myocardial perfusion and viability. 2Tl subsequently redistributes from its initial distribution over
several hours, thus allowing redistribution images, which reflect baseline perfusion and viability.
Images can usually be acquired 3—4 h later. In some cases redistribution may be incomplete at 4 h. A
second injection of Tl can then be given and reinjection 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 redistribution, stress re-injection, stress redistribution—re-injection or stress re-injection—delayed

24-h imaging as briefly mentioned below.
Stress imaging

This 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
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In patients with severe perfusion defects in the stress images and in patients where redistribution is

thought to be incomplete at the time of redistribution imaging, a rest injection can be given (ideally
after sublingual nitrates) with re-injection imaging after a further 60 min of redistribution [94]. This
protocol is normally sufficient for the assessment of myocardial viability.

Delayed imaging

Imaging can also be performed 24 h after injection using a longer acquisition time for the assessment

of myocardial viability.
Nitrates

As with the *™Tc labelled tracers, if a resting injection is given, for instance in a patient referred for
viability evaluation or in a patient with a severe perfusion defect on the stress images, sublingual
nitrates help to increase the resting myocardial perfusion and thereby helps to more accurately assess

myocardial viability.
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 “*TI to assess myocardial viability
(relative to the ®™Tc labelled tracers), at the same time using *"Tc to provide, compared to 2T,
better functional information from ECG-gated imaging [95]. *' 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. The
advent of technological advances in gamma camera technology, including solid state technology, new
collimator designs and incorporation of resolution recovery software, facilitates sequential or even
simultaneous acquisition of stress and rest dual-isotope studies. These developments can result in a
reduction of total radiation burden to the patient and staff compared to conventional dual-isotope
studies, however, as technology is continuously evolving, no recommendations can be made at this

stage for dual-isotope imaging protocols.
SPECT/CT

There are different types of integrated CT subsystems commercially available for SPECT/CT hybrid

devices, which allow for application of different CT protocols.
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e CT for attenuation correction (no contrast media, no ECG-gating, free tidal breathing)
Including slowly-rotating, low-current, “non-diagnostic" CT-subsystems like those built into
the GE Hawkeye or Philips BrightView XCT

e CT for coronary artery calcium scoring (no contrast media, with ECG-gating, breath-hold) [3]

e Coronary CT angiography (infusion of contrast media, with ECG gating, breath-hold) [3].

In general, it has to be considered that CT imaging is much faster than SPECT, where the heart
position is averaged over the complete acquisition time (10-20 min), so that mis-registration artefacts
can occur. As a consequence, free-breathing and end-expiratory breath-hold protocols during CT
scanning are preferred over inspiration breath-hold protocols when the CT scan is performed for
attenuation correction only [96]. General guidelines for CT-based transmission imaging for SPECT
are listed in Table 7 [97].

For attenuation correction of perfusion SPECT studies, separate CT scans should be performed for the
rest and stress MPI studies, even if recent studies demonstrate that the CT transmission scans are
interchangeable in specific clinical settings [98]. Other recent studies have demonstrated that the CT
scan can be used to approximate the extent of coronary calcification [99]. This approach, however, is
less accurate as compared to dedicated calcium scans due to missing correction of the coronary motion
and a much lower photon density. Otherwise, the coronary artery calcium score CT scan can be used
for attenuation correction, but with the limitation that this scan may not register adequately with
SPECT due to different acquisition time points [100, 101]. These are topics of ongoing research and

software developments.

For detailed acquisition protocols of the coronary artery calcium scan and CCTA we refer to the joint

position statement by the EANM, the ESCR and the European Council of Nuclear Cardiology [3].

Gated myocardial perfusion imaging
Myocardial perfusion studies should be acquired in a gated mode using an ECG-trigger. This subject
will be discussed in further detail in the sections “Image acquisition: SPECT, SPECT/CT and gated
SPECT” and “Data Analysis of left ventricular function”. In general, when perfusion SPECT studies
are acquired in an ECG-triggered, “gated” mode, three important advantages include:
e Evaluation of LV ejection fraction (EF), volumes and evaluation of LV regional wall motion
and thickening as well as diastolic function
e Improvement of the diagnostic accuracy of perfusion imaging in the event of attenuation
problems (apparently irreversible perfusion defects due to attenuation artefacts may be
recognized as wrongly interpreted scar tissue, when function is maintained) [102]

e Performance of phase analysis for assessment of LV dyssynchrony.
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Table 6. Disadvantages associated with different imaging protocols

Protocol Disadvantages

*™Tc-labelled tracers
General Tracer uptake often (rest and pharmacological stress studies) high

in subdiaphragmatic regions with extracardiac activity

2-day stress/rest protocol Logistics: patient must come on two different days if stress study
is not normal
1-day stress/rest protocol Reversibility may be underestimated without nitrates, if stress

study is not normal
Two tracer injections necessary, also with normal stress study
1-day rest/stress protocol Stress defects less clearly visualised (interference with remaining

myocardial activity from the rest study

201

Tl stress

4-h redistribution Attenuation artefacts may complicate evaluation of tracer
distribution
Evaluation of LVEF and wall motion is inferior compared with
*MTc-labelled tracers
Absorbed dose to patient higher than with Pmre

4- and 24-h redistribution Logistics: patient must come on two different days

Re-injection Additional absorbed dose

Dual-isotope protocol

P™T¢ tracer uptake may be influenced by

Comparison of 7] and
differences in attenuation and spill-over from extracardiac activity

Absorbed dose to patient higher than with single mre protocols
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Table 7. General guidelines for CT-based transmission imaging for SPECT [97]

CT parameter General principle Effect on patient absorbed
dose
Slice collimation Collimation should approximate Thinner collimation often
slice thickness of SPECT less dose efficient
(e.g., 45 mm)
Gantry rotation speed Slower rotation helps blurring Increased radiation with
cardiac motion slower gantry rotation

(e.g. 1 s/revolution or slower)

Table feed per gantry rotation (pitch) Pitch should be relatively high Inversely related to pitch
(e.g., 1:1)
ECG gating ECG gating is not recommended Decreased without ECG
gating
Tube potential 80-140 kVp is used, depending on Increases with higher kVp

manufacturer specification

Tube current Because scan is acquired only for Increases with higher mA
attenuation correction, low tube

current is preferred (10-20 mA)

Breathing instructions End-expiration breath-hold or No effect

shallow free breathing is preferred

Reconstructed slice thickness Thickness should approximate slice No effect

thickness of SPECT (e.g. 4—7 mm)
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Image acquisition: SPECT, SPECT/CT and gated SPECT

As already stated in the section “Instrumentation” myocardial perfusion imaging is most commonly
performed on a dual-head SPECT system with rotating detectors and Nal(T1)-crystals. In this section
the different patient related factors and SPECT related parameters influencing image acquisition are

discussed.
SPECT
Patient positioning

Factors influencing patient position include camera/gantry design, minimization of artefacts, and
patient comfort. The supine position with the arms raised above the head is routinely used for SPECT
imaging with most currently available systems and protocols [103]. Prone imaging has been reported
to reduce patient motion and attenuation of the inferior wall compared to supine imaging [104]. When
no ECG-gating is performed, the combination of supine and prone images may be helpful. With this
approach, attenuation artefacts due to breast and/or excessive lateral chest-wall fat can be identified
due to the shift in position of the attenuating structures that occur in the prone position. Prone imaging
does not eliminate attenuation artefacts, but simply changes the location. By comparing supine and
prone images, artefactual defects will change their location whereas true perfusion defects will remain
fixed [105]. When being used in this fashion, the acquisition time for a secondary (prone) image set is
reduced by 20-40% [84]. It is important that comparison of the rest and stress studies is done with the
patient in the same position. It has been demonstrated that prone imaging may be associated with
artefactual, anteroseptal defects due to the more pronounced sternal attenuation in this position [106].
With this approach, supine and prone images need to be compared to their respective normal databases

and only regions found concordantly abnormal by both positions are considered abnormal.
Camera orbit

For rotating detector systems, the main orbit options for cardiac SPECT imaging are circular, elliptical
or body-contoured orbits. While conventional SPECT acquisition has been performed by rotating the
detector(s) along circular orbits, recent trends in instrumentation (dual-detector cameras with 90°
detectors), protocols (combined emission/transmission), and algorithms (attenuation, scatter, and
resolution correction) are increasingly requiring noncircular orbits, i.e. elliptical or patient-

contoured [105]. Circular orbits maintain a fixed radius of rotation so that all projection images have
approximately the same resolution, given their fairly constant distance from the imaged heart. In
general there is reduced (but more uniform) spatial resolution since the detector-to-source distance is

greater. Conversely, non-circular orbits have the advantage of minimizing the distance between the
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patient and the camera throughout the scan but may suffer from reconstruction artefacts due to
changes in spatial resolution [107]. Data in favour of the circular orbit do not take into account the

recent software compensations for variations in resolution with distance from the patient.
Angular sampling range

Because of the anterior position of the heart in the left hemi-thorax, the preferred orbit or angular
sample range is 180° from 45° right anterior oblique (RAQ) to 45° left posterior oblique (LPO). The
recommended orbit range is largely dependent on the camera configuration [84]. For a 180°
acquisition dual detectors should be in 90° or “L” configuration. For triple-head systems, 360° rotation
is used. 180° acquisitions generally give higher contrast resolution but more geometric distortions than

the 360° orbit. This is especially true for the relatively low energy photons from 2T,
Pixel and matrix size

For current SPECT imaging system, the imaging resolution is between 13 and 16 mm [84]. The
standard matrix size is 64x64 or 128x128 pixel, depending on the field of view and zoom factor. For
spatial sampling, it is recommended to have two or three pixels over the imaging resolution, which
provides a usable pixel range of 4.5-7.0 mm per pixel. The pixel size of 6.4+0.4 mm for a 64x64

image matrix has been extensively used in the currently available systems.
Acquisition type

The most commonly used acquisition mode of tomographic system with rotating heads is the “step-
and-shoot” method. In this approach, the camera acquires a projection, but interrupts data recording
during rotation to the next angle. An alternative is the “continuous” mode where the camera moves
continuously and acquires each projection over an angular increment. This increases image counts at
the expense of a small amount of blurring due to the motion of the camera head during image
acquisition. It seems likely that the increase in count statistics counterweights the small amount of
blurring due to camera motion. A combined acquisition mode is called “continuous step-and-shoot”

acquisition.
Number of projections

For *™Tc, 64 or 128 views over 180° or 128 views over 360° are recommended [108]. For *T1 32
views over 180° is sufficient, but 64 views may be used. For non-rotating systems the number of
projections is dependent on the imaging system and the choice should consider the manufacturer’s

recommendation.

Time per projection and length of acquisition
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Total acquisition times should be no longer than 20-30 min as they increase the likelihood of patient
motion. Using conventional cameras and *™Tc-labelled tracers 25 s per projection angle is
recommended. This time can be reduced for systems with greater sensitivity (e.g. multidetector, half
ring) and should be adjusted based on the manufacturer’s recommendation and validation of its use. If
attenuation correction is performed with transmission sources (e.g. ***Gadolinium, >’Cobalt), the
acquisition time increases a little. However, attenuation correction with CT reduces this additional

time to around one minute.
Gated SPECT
Patient preparation

For gated acquisition, a 1- or 3-lead ECG is sufficient. The electrodes should be positioned ventrally in
supine position or dorsally in prone position. Before the acquisition it is important to verify that the
ECG monitor and acquisition display show the same heart rate and stable triggering. Patients with a
fairly regular heart rhythm can be easily studied with gated SPECT. Patients with arrhythmias (atrial
fibrillation, sinus arrhythmia, frequent premature beats, intermittent and dual-chamber pacing etc.) can
also be studied with ECG triggering, if the arrhythmia is not too irregular, but acquisition times will be
significantly prolonged with loss of accuracy [2]. Regular brady- or tachycardia (e.g. a-v block, atrial
flutter etc.) does not interfere with acquisition of gated SPECT, but may have profound influence on
LVEF and volume values observed, mostly due to longer or shorter LV filling intervals.

ECG gating

The gating of a SPECT acquisition is easily implemented using the QRS complex of the ECG signal,
since the R-wave corresponds to end-diastole [106]. The gating hardware interfaces with the
acquisition computer that controls the gantry. Data corresponding to each frame is automatically
sorted by the camera into the appropriate image matrix. The R-wave has to be positive in most
triggering systems. Ideally, the R-wave should be at least threefold higher than other positive waves (P

and T) and should have the steepest rising slope of the ECG cycle [2].
Number of frames

Using ECG gated SPECT the heartbeat is usually divided into 8 or 16 temporal frames or gates. The
R-wave of the QRS complex serves as the signal and starting point (triggering point) of the cardiac
cycle. The cardiac cycle is divided into frames representing different phases of the cardiac cycle. After
a gated SPECT acquisition with 8 gates and 64 projections, 8 raw data files each with 64 projection
images are recorded. While 8-frame gating is still prevalent in gated perfusion SPECT imaging, it is

obvious that the cardiac cycle can be more accurately described with more frequent temporal
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sampling. Sixteen-frame gating offers the opportunity to assess diastolic left ventricular function.
Eight-frame gating seems to be a reasonable compromise between the count statistics that should
provide accurate edge definitions of the ventricular walls and the temporal resolution that is required
to record the short end-systolic period. Eight-frame gating has a smoothing effect on the time-volume
curve compared to 16-frame gating, thus leading to slightly lower end-diastolic volume (EDV), higher
end-systolic volume (ESV), and lower LVEF, mainly due to inaccurate definition of ESV [105]. The
8-frame gating rate results in an average LVEF underestimation of 3.7-4 LVEF units in comparison
with 16-frame gating [105], but the relationship between the two is predictable and quite uniform over
a wide EF range. For both 8- and 16-frame gating, the number of rejected beats should be limited, to
below 25%.

The beat length acceptance window

The unavoidable variability of the cardiac beat length during gated acquisitions even in regular heart
rhythm has led to the creation of tolerances in the gating process. The beat length acceptance window
aims to eliminate data from beats that are “too short” or “too long” while still accepting enough beats.
A beat length acceptance window of 20% will allow accumulation of data from cardiac beats having
duration within £10% of the expected average duration. When deciding on setting for the cardiac beat
length acceptance window, it is important to remember that a gated SPECT acquisition produces both
gated short-axis images (reconstruction and reorientation of projection data of individual gating
intervals) and standard short-axis images (reconstruction and reorientation of the sum of projection
sets across all intervals). While cardiac function is assessed from the former, myocardial perfusion is
derived from the latter. If too many beats are rejected by a narrow window in the presence of
arrhythmia or gating problems, it hampers not only the assessment of cardiac function but perfusion
data may also be compromised. This may be solved by an “extra frame” (a 9" frame in 8-frame or 17"
frame in 16-frame gated SPECT imaging), in which all counts rejected by the acceptance window are
stored. Thereby the extra frame can provide a convenient additional tool to assess how many counts
were rejected, both globally and on a projection-by-projection basis. With an extra frame available a
20-30% beat acceptance window is recommended [106]. If no extra frame exists, it is advisable to
open the acceptance window to 100% (allowing accumulation of data from beats of duration within
+50% of expected beats) or infinity so as to maximize the quality of the perfusion images [106]. As a
final note, the premature ventricular contraction (PVC) rejection factor specifies the number of cardiac
beats that the camera acquisition software must ignore immediately after a “bad beat”. The PVC
rejection factor is generally set to 1, meaning that the first beat after a bad beat is also rejected,

regardless of its own length.

Time per projection and length of acquisition
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Ideally, the length of acquisition (expressed in seconds per projection) for a gated *"Tc based SPECT
study need not exceed that traditionally employed for a non-gated SPECT study [1, 106]. Time per
projection must be adjusted to obtain an adequate myocardial count rate per interval, but the total

acquisition time should not exceed 30 min due to risk of patient movement.
SPECT/CT
Detectors

The SPECT detectors in most SPECT/CT systems do not differ in any significant way from those of
stand-alone SPECT systems. The SPECT sub-systems are typically large field of view (FOV),
variable-angle, dual detector system. For hybrid imaging systems, the CT configuration can be a low-
resolution CT (non-diagnostic CT) or a multi-detector-row CT with slices ranging from 2 up to 64.
Any of these systems can be used for attenuation correction of MPI. For CACS at least 4-slice CT is
required (>6-slice recommended). For CCTA, at least a 16-slice scanner is required (>64-slice
multidetector-row CT recommended), with imaging capability for slice width of 0.4-0.6 mm and

temporal resolution of 500 ms or less (<350 ms is preferred) [109, 110].
Patient preparation

Patient preparation for MPI using hybrid devices is the same as for dedicated nuclear scanners. For
MPI and CACS, a small-gauge i.v. line is sufficient. For CCTA a large-gauge, peripheral iv. access
line (at least 20-gauge, but ideally 18-gauge) is placed. Moreover, for coronary CCTA studies patients
with a history of mild allergy to iodinated contrast material may be pretreated [110] (cf. CCTA

contrast agents).
Patient positioning

For MPI, supine (standard) or prone (optional) positioning can be used depending on local
preferences [84]. For cardiac CT, supine positioning is standard. Appropriate table centring within the

gantry is important to allow for proper function of angular z-axis tube current modulation.
Acquisition

SPECT/CT frequently uses an acquisition protocol that has a 128 x 128 matrix with a zoom factor of
1.0 so that the SPECT images can be registered with the CT. In SPECT/CT the position of the
diaphragm on the SPECT should match as closely as possible that on the CT transmission images.
Although a diagnostic CT scan of the chest typically is acquired during end-inspiration breath holding,
this technique is not optimal for SPECT/CT because it may result in substantial respiratory motion

mis-alignment on SPECT and CT images [111]. Between various breathing techniques free tidal
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breathing with averaging of respiratory movement appears to be the best technique for attenuation

correction by CT.
CT-tube current and voltage

Commonly, the tube current is modified to adjust for patient size/weight and desired image noise. It
has been outlined that tube current should only be increased to a level necessary for acquiring images
of adequate quality [110]. For cardiac imaging, 100-120 kV tube voltage is sufficient in most patients.
Increasing tube voltage to 140 kV leads to a higher energy x-ray beam with better tissue penetration,
resulting in a reduction of image noise, but also in substantially higher radiation exposure. In fact, the
dose change is approximately proportional to the square of the tube voltage change [110]. For some
extremely large patients, an increase in tube voltage to 140 kV may be necessary to achieve acceptable
noise levels, but this should be a rare exception. For patients with normal body mass index (BMI) a
tube voltage of 80-120 kV maintains adequate contrast-to-noise ratio [112]. Reducing voltage from
120 kV to 100 kV should be considered when BMI is below 30 kg/m? [110]. For CT images used for
SPECT attenuation correction, it must be assured that the attenuation correction algorithm in the
SPECT reconstruction is validated to work with the chosen tube voltage. Available CT dose
modulation should be applied if this is supported for attenuation correction. Differences in dose
modulation methods between vendors must be considered when re-using protocols from other

scanners.
CT data acquisition

CT data acquisition for coronary angiography has seen major improvements over the last decades:
Helical acquisition of the entire RR cycle with retrospective ECG gating has widely been replaced by
acquisition techniques using prospective ECG triggering, allowing confinement of x-ray tube
activation to a pre-specified small end-diastolic window. Prospective triggering allows for a
substantial reduction of absorbed dose while maintaining image quality. But it is not applicable when
the patient’s heart rate remains high (>63 bpm) despite the use of a beta-blocker or in patients with
arrhythmias [113, 114]. Prospective ECG triggering with a small acquisition window should be used
for CCTA and CACS, whenever possible.

Contrast injection for CT coronary angiography

A dual power injector for administration of iodinated contrast media is required for CCTA
examinations [109]. Typical contrast injection rates range from 4 to 6 mL/s dependent on body habitus
and cardiac output. For a timing bolus scan, 10-20 mL of iodinated contrast medium is injected
followed by an approximately 40 mL isotonic saline flush during an inspiratory breath-hold. Scanning
is started 10 s later as a single CT slice at 2 cm above the aortic root, 1 image/2 s. Once the time to
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peak contrast opacification in the aorta is determined an additional interval of 3-4 s is added to allow

for opacification of the coronary arteries.
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Quiality control of instrumentation and image acquisition

Quality control (QC) involves the complete patient workflow including preparation, stress test,
administration of the radiopharmaceutical, image acquisition, data processing, data interpretation and
reporting. In this section, the focus is on the QC of image acquisition hardware, software, and of

acquired data.

Gamma camera performance in SPECT mode should be monitored with regular intervals, as outlined
in the related EANM guideline [115]. National recommendations and guidelines may demand further
procedures. As an absolute minimum, systems should undergo tests checking for uniformity of
detector response, geometric accuracy and — if applicable — multi-modality registration (Table 8).
For traditional, Anger-style gamma cameras (multiple head, large-field of view Nal crystal detector
with photomultiplier tubes), this translates to procedures testing planar uniformity, centre-of-rotation
and multi-modality registration. The results must be within the limits imposed by the European
Commission [116]. The manufacturers’ recommendations should always be followed. An extensive
description of these and additional tests are given in the previous version of this guideline and in a
description published by the IAEA [1, 117].

Special care must be taken when using *T1. Often, standard QC protocols use *™Tc as activity
source, but many corrections are energy-dependent, especially those for uniformity and attenuation
correction [1].

The above mentioned tests are designed to measure “raw” hardware performance. Advanced data
processing is not incorporated. Thus, a system with adequate hardware performance may still exhibit
poor clinical image quality because of incorrectly chosen processing parameters e. g. for iterative
reconstruction. A simple way to check for overall correctness of the complete dataflow, is to check the
“overall system performance” with a suitable phantom [115]. This phantom should be imaged with the
clinically used protocol and reconstructed like a patient dataset. Further data processing should be
performed correspondingly. If LVEF is reported in clinical studies, the test should be performed on a
phantom with a cardiac inset and include calculation of systolic and diastolic volumes. In that case, an
artificial ECG signal has to be recorded during acquisition — unless a gating phantom is available. It
is mandatory that the performance of the tests is monitored over time and compared to baseline,
especially after updates or service of the system. Experience shows that software patches often are

installed silently or without proper and exhaustive description of their functionality.

In daily clinical routine, energy window settings should be checked at the start of each study. After

acquisition, patient data should be reviewed immediately — before the patient leaves the department.
Cinematic views and sinograms should be checked for blank views, artefacts and motion. Likewise,
the reconstructed and reoriented images must be inspected. A common problem is extracardiac “hot
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spots” close to the left ventricle. Patients with unusual orientation of the heart may need special

processing in order to reorient in short axis and long axis images.

Gated acquisitions require some extra checking: The heart rate histogram should only comprise one
narrow peak, the positioning of the systole and diastole in the cardiac cycle should be checked and the
ECG data should be reviewed with respect to adequate and constant number of accepted beats along
the acquisition arc. Compensation mechanisms may be used during reconstruction. If automatic edge
detection is used for calculation of LVEF and similar parameters, endo- and epicardial edge

definitions must be reviewed.

For combined modality systems, a critical processing step is alignment between SPECT and CT
images before attenuation correction. This step is necessary despite perfect registration of SPECT and
CT on phantom data, as motion artefacts (lungs, heart) usually interfere noticeably. The non-
attenuation corrected images should be reviewed for QC purposes. Ideally, the additional registration

step should be documented on a per-study basis.

In SPECT/CT systems, the CT part is often part of a separate QC scheme. The CT should comply with
national and local guidelines. There is, however, general agreement to recommend checking CT
number accuracy of water, image noise and uniformity (standard deviation) and artefacts in a water
phantom on a daily basis [118]. Other, more advanced but very important QC aspects like dosimetry
are beyond the scope of this document.
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Table 8. Quality control —on a regular and daily basis and at each study

Regularly

(weekly/monthly etc.)

Uniformity of detector response, geometric

accuracy, planar uniformity, centre-of-rotation

For each study

Before start of study: patient data and energy

window settings

Overall system performance

Cinematic views and sinograms should be

checked for blank views, artefacts and motion

Daily CT QC (in SPECT/CT): CT number accuracy
of water, image noise and uniformity (standard

deviation) and artefacts in a water phantom

Reconstructed and reoriented images,

extracardiac “hot spots”

For gated studies

Heart rate histogram, positioning of systole and

diastole, adequate number of accepted beats

For automatic processing of LVEF

Endo- and epicardial edge definitions

For SPECT/CT

Alignment between CT and SPECT images before

attenuation correction
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Reconstruction methods

Myocardial perfusion images appear relatively uncomplicated, but they are highly processed and their
appearance is a complex interaction of the various processes. Although sophisticated reconstruction
methods are available including correction for motion, attenuation and scatter correction, these
software tools cannot produce “miracles”. It is therefore important to achieve optimal quality of the
raw data by selecting the proper matrix size, angular sampling, zoom factor, patient-to-camera
distance, energy window settings, and to assure that the camera is properly tuned and maintained
through regular QC procedures. In addition, the acquired projection data should be checked for motion
and the presence of high extra-cardiac uptake. This should be done before the patient leaves the

department and before reconstruction is commenced (Table 9).

Given the measured projection data, which is essentially a collection of line-integrals through the
activity distribution inside the patient, perpendicular to the detector for a certain angular direction, the
reconstruction task is to produce an image of the activity that as closely as possible reflects the
distribution when the measured data was acquired. Today, two main categories of reconstruction
methods are available — (2) the analytical back-projection method and (b) the iterative reconstruction

methods.
Filtered back-projection

Historically, FBP has been the main method of reconstruction used in SPECT as this was adapted
from techniques used previously in other fields such as radioastronomy and electron microscopy
[119]. FBP has the advantages of being fast and computationally relatively non-intensive. However, it
takes no account of the basic physical processes underpinning emission tomography, which can be
incorporated into the alternative iterative algorithms. Assumptions made by FBP are for instance the
presence of an infinite number of projection angles, no stochastic noise, no photon attenuation, no
scatter, no collimator blurring. Correction for these effects needs to be made pre- or post-
reconstruction or is simply not possible. Over the last several years FBP rapidly lost ground to the

iterative techniques, which currently is the most frequently used method of SPECT reconstruction.

The filters most common in FBP are generally low-pass filters such as the Hanning and Butterworth
filters combined with the required ramp-filter to eliminate the blurring. These low-pass filters reduce
the high spatial frequency components of the image and thus reduce the pixel-to-pixel noise but also at
the expense of the spatial resolution in the image. In general, it is recommended to follow the cut-off
frequency and power factors (if necessary) in the recommendations of the vendors, if standard doses 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
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study produced by the normal acquisition protocol of the department. Ideally, a cardiac phantom
should be used to facilitate this optimisation. The phantom can be imaged with and without simulated
defects and at a range of count levels around the expected average. Ideally the chosen cut-off
frequency should be based on the average count level. The phantom data allow for an estimation of the
effects the chosen filter has. The filter should produce images of similar quality over a reasonable
range of count levels around the average value. Optimisation should be based on data presented and

assessed in the prevailing format used for reporting of the studies.

Negative numbers: These numbers occur in the reconstructed image because of the incomplete ramp-
filtering caused by the (for practical reasons) limited number of projection angles. The most common
method is to truncate these values to zero. However, this truncation results in the loss of linearity
between the counts in the reconstructed images compared to the counts measured in the projection.
This loss of linearity is especially of concern when quantification of activity is needed. Related to this,
it must be remembered that FBP does not eliminate streak artefacts completely due to the finite
number of projection angles, which means that counts will appear outside the body region in the
SPECT images (Fig. 6). It should also be noted that in the case of large extra-cardiac activity uptake in
the liver or gall bladder artefacts can sometimes be generated, resulting in false defects. This is
because relatively large streaks of negative numbers due to the ramp filter pass through the heart

region and thus reduce the counts.
Iterative reconstruction methods

The principles: This family of reconstruction methods has only been clinically available in this
millennium, due to their computationally intensive nature [120]. The difference between iterative
methods and FBP methods is that, in addition to the back-projection step, there is also a forward
projecting step (“reprojection”). This step is required to calculate projection data (or line-integrals)
along a path from an image matrix defined in the computer, simulating the distribution for which the
actual measured SPECT data was obtained. The main idea of iterative reconstruction is to find a
source distribution (3D volume) so that corresponding calculated projections agree with the measured

projections.

An iterative procedure starts with an initial first guess of the activity distribution. This can be a flat
image or an image obtained by FBP. The key feature in an iterative method is then the comparison
between the measured projection data and the projection data, calculated from the image matrix. This
comparison is often based on calculating the difference or the quota between the measured and the
calculated projection bins (ML-EM/OS-EM methods). The difference (or the quota) is then back-
projected on the image space along the direction to form an error image. When all of the projection
angles have been processed in this way, a correction matrix has been formed that is multiplied with the
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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 data and calculated projection data will be decreased. After a certain number of
iterations have been reached, the difference between the calculated projection and the measured one is
assumed to be only a function of image noise, therefore the process is interrupted and the last updated

image is used as the final reconstructed image. The flow-chart in Figure 7 summarizes these steps.

The most commonly used iterative methods in commercially available systems are the Maximum-
Likelihood Expectation Maximization (ML-EM) method and its accelerated version called Ordered-
Subsets Expectation-Maximization (OS-EM). The equation that describes the iteration process is given

by:
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where |; is the i-th iteration of the image to be created, P is the measured projection profile and h;; is
the probability (sometimes called the system - or transfer matrix) that the pixel i will contribute to the
projection bin j. In its simplest form that assumes no photon attenuation, no scatter contribution nor
collimator blur, hj;is unity along the ray-of-view for the current projection angle. This reduces the

formula to:
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The summation term under 1 is needed because the back-projection step is a summation step and
therefore a normalization with the number of projection angles is essential to keep the humber of

counts in the reconstructed images on the same level as that which was acquired.

ML-EM or OS-EM: The main problem with the ML-EM method has been the long time required to

obtain acceptable accuracy in the reconstructed image. A successful method to accelerate the
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convergence rate is the OS-EM method [121]. This method is identical to the ML-EM algorithm in its
principals but differs in the stage in the process where the image is updated. In the ML-EM algorithm,
the image is updated only after all projection angles have been processed (the summations in equation
2 runs over all projection angles). In the OS-EM algorithm, the image is instead updated after a subset
of projections has been processed; for each iteration the summation runs over a different subset of
projection angles. For example, a common number of subsets are sixteen for a sixty-four projection
angle acquisition. Hence, the image is updated after four angles have been processed. The angles
inside each subset are usually equidistantly distributed over the projection range for an optimal
reconstruction. The acceleration in this method is roughly proportional to the number of subsets. An
iteration is defined when all subsets are processed. The process is then repeated for the desired number
of iterations. Sometimes, when using OS-EM, the phrase “ML-EM equivalent iterations” is used,
which equals the product of the number of subsets and the number of OS-EM iterations. Figure 8

shows an example using images obtained with different iteration numbers for ML-EM and OS-EM.

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 depends on the method of choice
and/or on the image noise. An increasing number of iterations generally leads to an increase of the

likelihood of the reconstructed image belonging to the measured projections; however the amount of

noise also increases up to a point that post-filtering might be required.

The physics model behind: It must be noted that the accuracy of the image strongly depends on the
accuracy of the physics model used in the projection and (to a lesser extent) on the back-projection
step. This means that if physical degradation factors are present in the measured projections, but not
accounted for in the calculated projections, then the final image will not be correct. The results may
include artefacts due to this iterative process that subsequently may result in a false positive
judgement. However, the iterative process is well suitable to include physical effects, such as photon
attenuation and contributions from photons scattered in the patient. The effect of photon attenuation
can be included in the h 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 by e.g.
transmission SPECT or from a registered CT study. Thus, a non-homogeneous attenuation correction
can then be incorporated in the forward projector step. The accuracy of such an attenuation correction
is then mostly dependent on the accuracy of the obtained attenuation values. The collimator response
can be included in h;; by calculating the contribution (the probability of detection) in other projection

bins from voxel i.
Filtering
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The filter cut-off should not be varied routinely, as this may lead to separate parts of the same study
being reconstructed and compared using different parameters. If a study appears to be of low counts
the acquisition time, if possible, should be adjusted, to collect approximately the average count level,
rather than altering filter parameters. Different filter parameters should be used with each isotope. 2Tl
myocardial perfusion images will generally require a smoother filter than those used with *™Tc-
labelled radiopharmaceuticals due to the lower count levels obtained with thallium.

Filter definition: Care must be exercised when filter parameters from one manufacturer’s system are
compared with those from another system. The mathematical definition of the filter window may vary
between different systems, e.g. the definition of the 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 1/72, or 0.707 [122].
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.

The use of adaptive 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. In theory deconvolution with this filter should
produce ideal images with the degrading effects of the imaging process removed. However, this is
impractical due to the high levels of noise amplification produced 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, the 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 [123]. However, 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 spectrum [124], and
introduce apparent defects (Fig. 9). For these reasons these filters should only be used by persons with

expertise within this field.

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

reconstruction methods.

The process of resolution recovery implemented in many commercial systems today also result in
smoothing of the data since the resolution is modelled as a distance-dependent Gaussian function (i.e.

a type of low-pass filter). Therefore, one should always investigate from tests or experimental
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phantom measurements, whether or not an additional post-filter is required. Also, a combination of a
general purpose collimator with a well-functioning collimator resolution recovery method may give
comparable images as when using a high resolution collimator, but with better noise characteristics
because of the higher geometrical sensitivity for such a collimator.

The need for filtering is very closely connected to the selection of acquisition parameters and
collimator. One must always bear in mind the trade-off between count statistics and spatial resolution
when selecting a protocol for a SPECT study. For example, if the noise in the projection data is such
that extensive low-pass filtering is required when using high-resolution collimators, then the final
results may appear similar to an acquisition using a general purpose collimator with less filtering
applied. Also, the volumetric count statistics is generally reduced by a factor of eight when going from
a 64 to 128 projection matrix since the slice thickness of each tomographic image is also reduced by a
half. The number of projections will affect the reconstructed image, especially the FBP image, since
the ramp filtering is not perfect for a limited number of projections. The streaks appearing in the image
can subsequently reduce the contrast in infarcts or ischemic regions or reduce the accuracy in the

volume calculation of the left ventricle.

Finally, when considering the choice of low-pass filtering, it must be remembered that the filter
reduces the contrast between a defect and the surrounding normal tissue, which for a smaller defect
can affect the calculated value of the severity of the defect. The magnitude of the filtering should

always be balanced against the level of noise that is acceptable by the reader of the images.
Motion Correction

As mentioned, a number of proprietary motion correction packages are available from manufacturers
on modern gamma camera systems. A variety of methods is used to correct for translational motion of
the heart during the acquisition. Some methods apply external point sources [125], whilst others use
fitting to an idealised sinogram [126]. If an automated method of correction is to be used, the applied
algorithm should be tested for its appropriate working mechanism prior to clinical implementation. For
example, for some sinogram-based fitting techniques the heart must be positioned 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 also be noted that these methods will only correct for relatively simple forms of motion. With
commercial software systems correction for motion is usually only possible in the longitudinal axis.
More complex motion patterns involving rotational motion cannot be adequately corrected using
current methods. This may include the relatively common phenomenon of ‘upward creep’ [127]. It is

therefore important to minimise motion by ensuring that the patient is comfortable [128]. Previous
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work has demonstrated that movement by 1 pixel does not produce significant artefacts in the
reconstructed images [126]. Hence it is recommended that only motion by > 2 pixels 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 misinterpreted as perfusion
defects [129]. Automated methods of reorientation are available and have been shown to be at least as
accurate as trained operators [130, 131]. If manual reorientation is chosen, the operators should use
reproducible landmarks for definition of the long axes. Common landmarks include the apex and

points on the valve plane.
New developments

Over the past few years several new software and detector technologies have been introduced. Two
commercial systems, based on CZT solid state detectors, are now clinically available. These systems
are dedicated to myocardial perfusion imaging but with completely different detector characteristics as
compared to the Nal(TI) scintillation camera techniques. Currently all major vendors offer the
possibility to include resolution recovery (also called count recovery) in the OS-EM/ML-EM
algorithm. The increased reconstructed resolution and less noise allows for slightly lower count
statistics (hence lower injected dose) or shorter scan times [85]. However, such techniques require

careful testing against phantom studies performed with validated hard- and software.
Technical and clinical implementation

In myocardial perfusion SPECT, both FBP and iterative methods are useful and have advantages and
disadvantages. Correction for scatter and attenuation when using FBP needs to be done before using
geometric-mean calculations on opposite projections [132] or after reconstruction using e.g. the Chang
method [133]. Correction of detector blur is also difficult because of its distance dependence. lterative
methods allow the physical processes to be modelled in the projector step and will therefore be
superior in correction for non-homogeneous attenuation and detector response. Scatter can be included
either by a pre-subtraction step or preferably (due to the decreased noise problems) directly as an

additive term in the projection step.

The reconstructed noise in iterative methods is less disturbing than for FBP due to the incomplete
ramp filtering. However, in iterative reconstruction noise tends to increase with higher iteration
numbers. A regularisation procedure that controls the stopping based on the neighbourhood count

difference can be a way of ensuring the reconstruction stops in time. For most cases, the rule-of-thumb
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of about 15 iterations for an ML-EM procedure can be applied and is often recommended by
commercial vendors [134]. Low-pass Fourier filtering can introduce ring artefacts (the Gibbs
phenomena) if the filter is not properly selected.

Overall, it is probably now best to use iterative techniques on systems where they are available to take
advantage of the more accurate modelling of physical processes and the lower noise. However, FBP
should still be used where quantitative comparison with normal databases is used during image
assessment and the databases were created using data reconstructed with FBP.
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Figure 6. lllustration of the streak artefacts inherent with the filtered back-projection process.

Figure 7. Flow-chart describing the step in an iterative procedure.
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Figure 8. Different iteration numbers for the ML-EM and OS-EM reconstruction methods (64 angles
and 16 subsets). Example of images obtained with different iteration numbers for ML-EM in the

upper row and OS-EM in the lower row.

Iterations
1 2 3 4 5 10 20 100
ML-EM . 2 L] L) 2 by n )
OS-EM 2 2 7 2 A 2 A ]

Figure 9. The same short-axis slices through a ventricle reconstructed with a conventional low-pass

filter (the left two images) and with a resolution-recovery filter (the right two images).

Low-pass filter Resolution-recoveryfilter
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Attenuation and scatter correction

In addition to the pixel size, type of orbit etc., primary factors of concern for image quality are:
e Attenuation of photons in the body, which can lead to an apparently non-uniform distribution
of activity in the myocardium and to the introduction of artefacts in the images
e Contribution of events in the image due to scattering of photons both within the body and in
the detector, which degrades image contrast and potentially affects quantification of activity
and relative distribution of perfusion
e Changes in spatial resolution with distance from the collimator face, which can alter the

apparent distribution of activity in the myocardium.

The issue is quite complex:

e Attenuation is considered to have the most significant effect [129, 135-146], but failure to
incorporate the effects of scatter into the AC technique may result in over-correction of the
data and introduction of artefacts

e Most commercial camera systems now offer a combination of both software and hardware for
non-uniform AC mainly based on CT data

e Most of the vendors now use the same type of quantification software (i.e. iterative
reconstruction including modelling of non-uniform attenuation and triple-energy window

scatter correction).

It is documented that correction with at least some systems does improve image quality and image
interpretation. At present it is not possible to set exact guidelines for the best performance of AC
because of technological developments and the significantly different requirements of the current,
commercially available AC techniques. The only recommendation is to use some form of ML-EM/OS-
EM method that includes the corrections [147]. Hence these guidelines attempt to define the key

aspects of AC techniques that should be considered when using these techniques in clinical practice.

Attenuation correction

The amount of attenuation in a clinical study depends on several factors, including:
e The type and distribution of tissue (soft tissue, bone or lung)
e The energy of the radiation

e The distance between the source and the body outline for a particular projection angle.

Hence, a proper correction for soft tissue attenuation requires exact knowledge of the attenuation
characteristics for each patient. While many schemes for the generation of the attenuation
characteristics have been reported, nowadays the attenuation map of a patient is usually generated by a

low-dose CT with a scaling from Hounsfield Unit (HU) numbers to attenuation values for the
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appropriate photon energy. Older systems used transmission imaging with an external radiation source
but because of known problems, regarding noise and down scatter, we recommend using low-dose CT
if available.

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 attenuation map. Specific guidelines
for each vendor’s system should be consulted with respect to a number of factors (Table 9).

Scatter correction
Unfortunately, emission data usually contain a significant percentage of scattered events. A wide
range of algorithms is in use for scatter correction, and there are few data to support the use of any one
specific algorithm [148]. Specific guidelines for each vendor’s system should be consulted. Scatter
correction on the emission data can be performed by:

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

e A reduction of the primary energy window width to minimize scatter (e.g. 15% instead of

20%)
e Modelling of the scatter based on the emission data

e Empirical determination of an effective attenuation coefficient (does not remove scatter).

The use of additional energy windows or a reduction in the width of the energy window will increase
statistical noise in the image data. However, it has been shown that if energy-window based scatter
estimates are added in the forward projector of an iterative reconstruction method, the noise is
considerably less than when subtracted from projection data prior to reconstruction. Modelling of the
scatter is potentially the most attractive option as it does not incorporate additional noise into the data
to the same degree as an energy window based method usually does, but the method is still not

generally available on commercial systems [148].

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 detector orbit, and acquisition arc all affect spatial
resolution and result in changes in the resolution of the images with rotation. Some commercial
systems employ algorithms of depth-dependent resolution recovery [149]. The purpose of depth-
dependent resolution recovery algorithms is to improve the uniformity of resolution over the
myocardium. The accuracy and validity of these algorithms has not been well studied. In some cases
resolution recovery introduces the so-called Gibbs ringing artefacts, which are wave-formed variations
of counts that often appear close to sharp edges. If resolution correction is used, phantom tests should

be performed to investigate whether or not this is a problem for the current system. However,
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compensating for changes in resolution should generally improve the overall detection of coronary
disease [150].

Process of attenuation-scatter correction

It is also important to consider at what point the various corrections described above are applied to the
data. An iterative algorithm that incorporates corrections for attenuation, scatter and loss of resolution
with depth may perform better than programs that consider these corrections separately. For example,
a scatter subtraction program may generate more noise than an ML-EM 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-scatter correction 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 phantom imaging
experiments [151] with a suitable myocardial phantom and an anthropomorphic phantom,

respectively.

1. The myocardial phantom should be filled with the appropriate 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 anthropomorphic 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 for comparison with the AC algorithm.

Because of large variations in body size and composition, 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. 10). In
addition, the reviewer should evaluate the transmission data for soft tissue truncation and consistency
in attenuation coefficient values. A simple check of the attenuation map can be done using region of
interest analysis to determine the average attenuation coefficients for soft tissue, lung and bone. It is
necessary to consult the manufacturer’s documentation to determine how to convert a pixel value to an

attenuation coefficient (usually a simple multiplication).
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Prone SPECT

If AC methods are not available, scanning the patient in another position from the original acquisition
(i.e. prone vs. supine and vice versa) may help to judge whether or not a regional reduction in counts
on an area of the myocardium is due to attenuation. If the defect has changed in location or
disappeared, then the suspected defect was caused by photon attenuation.

Application in clinical practice

Several large multicentre trials have demonstrated that the primary advantages of AC are increased
specificity and normalcy rates [147]. 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 [152]. A major factor to be
considered when incorporating AC data into clinical practice is that many trained physicians mentally
perform an internal AC based on their experience reviewing ‘wrong’ (uncorrected) images. Hence
they may need to review both the non-AC and the AC images in order to re-learn the appearance of a
normal myocardium, as well as understand any residual artefacts or limitations not compensated by

the vendor’s AC program (Table 10).
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Table 9. Parameters of importance for the performance of an AC system
Truncation of attenuation map in obese Partial truncation of the patient in transmission
patients beam, if the girth of the patient is greater than the

field of view: how does the system handle that?

Matching CT resolution to SPECT resolution Differences in resolution between CT and SPECT
can result in artefacts close to the boundary
between soft tissue and lungs. CT data should
therefore be filtered to match the expected

resolution of the SPECT images.

Fast CT acquisition artefacts The difference in acquisition time between CT
(fast) and SPECT (relatively slow) may lead to AC
artefacts (mismatch between CT and SPECT). A

‘tidal-breathing’ CT protocol may help.

Beam-hardening How does the system handle beam hardening for
large patients and lateral views? Are the

attenuation values depending on this effect?

QC of X-ray source e Isthere a QC procedure to ensure correct
operation of the X-ray system?
e Is there ability to check the accuracy of co-
registration of X-ray and emission data?
e Isthere a check to verify proper scaling to

emission photon energy?
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Table 10. Summary of attenuation and scatter correction recommendations

Summary of attenuation and scatter correction recommendations

Image quality and study interpretation Will be improved by AC and scatter correction

The function of AC Is highly dependent on hardware and the algorithms
applied

Integration of AC An iterative reconstruction method should be

preferred to separate methods

Attenuation correction without scatter Not recommended

correction

Validation of AC Must include phantom studies before clinical use
Patient studies display Should always comprise both corrected and non-

corrected data sets, viewed side-by-side

QC programs for the acquisition, analysis Must be established for the laboratory itself, though
and review of AC studies initially based on the recommendations from the

equipment vendor

If AC methods are not available An additional SPECT with a change of patient position
(prone vs. supine) can provide information on

possible attenuation effects, but cannot correct for it
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Figure 10. Correct and incorrect attenuation and scatter correction of short axis slices from a normal

myocardium in a cardiac phantom.

With AC

The 2 panels on the left shows that presence of an adjacent hot liver (x2 myocardial activity) results
in artefacts in the FBP images, which are corrected after application of AC.
The 2 panels on the right illustrates that increased non-uniformity is shown in the attenuation-

corrected images relative to those seen in the FBP images, owing to an error in the AC algorithm.
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Data analysis of regional perfusion imaging

Adequate interpretation of MPI requires a systematic visual review of raw data and reconstructed

images on a computer screen. The process includes:

e Simple analysis of raw data (QC)

e  Stress parameters

e Processed image data (without and, if available, with attenuation-scatter correction and gated
cine data)

¢ Quantitative data (incl. comparison with reference databases or computer aided diagnosis
systems)

¢ Integration with clinical information.

Quantitative analysis is not only a valuable supplement to the visual interpretation of perfusion data,
but several studies have also documented better reproducibility and less interobserver variations.

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 QC (cf. “Quality control of instrumentation and image acquisition™). It is also imperative
to check the position of the heart within the zone of iso-sensitivity when using CZT cameras, and to
visualise the heart by all the pinhole collimators when using multi-pinhole detectors systems (Table
11).

Results of gated studies

In addition to the QC, inspection of raw data may show:

e LV dilatation, either permanent or transient after stress

e Increased lung uptake of tracer, particularly Tl

e Clearly visible RV tracer uptake: RV hypertrophy or (occasionally) generalised low LV
uptake

e Extra-cardiac abnormalities: focal breast or lung accumulations, duodenal-gastric reflux, or

bile obstruction.
Causes leading to inadequate stress-rest comparison:
e Inadequate stress, which may result in underestimation of the presence, severity and extent of

stress induced perfusion abnormalities
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e Lack of true rest in patients with critical coronary disease, which may lead to underestimation
of the presence, severity and extent of the reversibility of perfusion defects.

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. The short-axis tomograms
should be displayed with the apical slices to the left and the base to the right. The vertical long-axis
tomograms should be displayed with septal slices to the left and the lateral slices to the right.
Similarly, the horizontal long-axis tomograms should be displayed with inferior slices to the left and

anterior slices to the right.

Preferably, a format that allows simultaneous inspection of the three image planes is used. A
continuous colour scale should be used. If AC has been applied, both images with and without

correction should be evaluated (cf. section on “Attenuation and scatter correction™).

Polar maps (bull’s eye) display. This display represents LV perfusion in a single two-dimensional
image and facilitates the assessment of the presence, location, extent and severity of perfusion
abnormalities. Ventricular size, however, is not represented in the polar map. By digitally subtracting
the rest polar map from the stress polar map, the presence, location, extent and severity 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 LV and no marked differences between possible
extracardiac activity accumulations adjacent to the LV. If corresponding parts of the polar maps do not
represent identical parts of the LV myocardium, it can lead to serious, falsely positive differences in
stress induced perfusion changes in the polar maps. It should be emphasised that the polar map does
not disclose possible artefacts such as false perfusion defects caused by attenuation from by

intervening tissue or a pacemaker, intra- or extracardiac hot spots.

Three-dimensional display. This display may also facilitate the assessment of the presence, extent and
location of LV perfusion abnormalities. LV size and configuration can be displayed. In addition it may
be helpful for correlation of perfusion data with other examinations such as echocardiography and
coronary angiography (cf. section on “Data Analysis of hybrid imaging”), in particular in the

communication with clinical cardiologists.
Visual analysis

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
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nomenclature is recommended, as this model provides the best agreement with other imaging

modalities such as MR, echocardiography and anatomical data [153].

Regional tracer uptake. The distribution of the perfusion tracer may be assessed in relation to the
activity distribution in healthy, gender-stratified, reference populations for the same LV region as
[154, 155]:

e Normal: >70%

e Mildly reduced: 50-69%

e Moderately reduced: 30-49%
o Severely reduced: 10-29%

e Absent: <10%.

The percentages allow for the normal, regional variation of count rates, e.g. septal count rate to be
lower than that in the lateral wall in healthy subjects.

Extent of a perfusion defect. The extent of a perfusion abnormality should not only be classified as

small, intermediate or large. Quantitative data should be added (cf. below).
LV size and function

A visual assessment of the LV cavity should be performed. With gated studies, quantitative
measurements of volumes can be acquired (cf. sections on “Data analysis of gated SPECT” and “Data

analysis of hybrid imaging”).
Quantitative analysis

Absolute quantification of regional myocardial perfusion is still only possible with PET, but a number
of validated, quantitative programs for SPECT analysis of the relative perfusion distribution and
cardiac function are commercially available. They can provide additional, clinically useful data,
including prognostic information, and can increase both reliability and reproducibility of
interpretations. However, quantitative analysis should be used in combination with the visual review
of the images since technical problems and most artefacts will not be recognised if only quantitative

analysis is performed.

Some programs include manual steps such as identification of apex and base in the short axis slices of
the rest and stress studies, resulting in inter-operator variability. Completely automated programs have
the advantage of low inter-operator variability, but considerable differences among different
automated programs quantifying perfusion defects, ventricular volumes or EF should be taken into

account, especially if more than one program is used at the same site.
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Perfusion defects

Several programs can highlight regions with “significantly” reduced tracer uptake and quantify the
extent and severity of perfusion defects. Most of this type of analysis is based on a database
comprising a reference population, often a combination of subjects with low likelihood of CAD or
normal coronary angiography and patients with known CAD. Computer aided diagnosis systems have
recently been shown to perform at least as well as programs based on comparison with a “reference”
data base including healthy subjects [156]. There are many parameters that potentially may influence
MPI, e.g. gender, tracer, acquisition and processing protocols, patient position and AC. Both a suitably
large database and similarity with the aforementioned parameters for the locally examined patient
population are important 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 MPI is to first divide the myocardium into 17 segments.
Each segment is scored separately using a 5-point model ranging from 0 (normal uptake) to 4 (uptake
absent). The total scores of the LV are referred to as the summed stress score (SSS), summed rest
score (SRS) and summed difference score (SDS: stress minus rest score). All scores have been shown
to be of prognostic value (cf. section on “Data analysis of hybrid imaging”). In addition, the scores
should be expressed as normalized to percent of the total LV involved with stress, rest, and ischaemic
defects by dividing the summed scores by 68, the maximum potential score in the 17-segment model
(4x17), and multiplying by 100, respectively [157, 158]:

score (i.e., SSS, SDS or SDS)
*

100
68

score normalized to %LV =

Coronary artery supply and SPECT images. Some quantitative 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, and caution should be taken when assigning myocardial segments to
specific vascular territories. Programs that allow matching of the angiographic data and perfusion data

within one person are commercially available (cf. section on “Data analysis of hybrid imaging”).

Pixel- and voxel-based models. A quantitative analysis can be performed of the polar maps and/or
three-dimensional displays, where respective pixels and/or voxels with relative count values below
reference limits are highlighted as black-outs. The number of pixels and/or voxels in the different
vascular territories is calculated to give a quantification of the severity and extent of a perfusion
defect.

Integration of perfusion and function
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Mild reduction of regional tracer uptake may represent a mild perfusion reduction or an attenuation
artefact. Information on wall motion and wall thickening in such regions may help to differentiate
between these possibilities [159]. However, presence of regional wall motion and/or thickening does
not exclude a stress-induced perfusion defect shown by *™Tc tracers, since the imaging is a reflection
of post-stress (i.e. usually = resting) myocardial function. Moreover, LV function has been found to be
an independent prognostic marker for cardiac events. The combined assessment of perfusion and
function has major prognostic implications [160] (cf. sections on “Data analysis of left ventricular

function” and “Data analysis of hybrid imaging™).
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 >55% of peak activity and
with detectable wall thickening have been found to have a high likelihood of functional recovery after
revascularisation [161], but may vary with the tracer used and the region of the LV. Lack of true
baseline conditions at the time of ®™Tc-tracer injection or incomplete redistribution of *TI may lead
to underestimation of myocardial viability. In order to increase the correspondence of the resting
images with myocardial viability, nitroglycerin administration before injection of tracer at rest
correctly increases the region assessed as viable [162, 163].
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Table 11. Quality control of acquired SPECT data to prevent possible artefacts.

Artefacts Diagnosis and correction of artefacts

Patient motion If possible, make re-acquisition of the study. If not possible use
motion correction (cf. section on “Reconstruction methods”)

In CZT detectors, check the panogram

Upward creep In particular with °'Tl, review cine. Use motion correction (cf.

section on “Reconstruction methods”)

Soft tissue attenuation Inferior wall, particular in men
Breast attenuation in women
Pectoral muscles in athletic subjects.
Use attenuation-scatter correction (cf. section on “Attenuation and

scatter correction”)

Scatter Adjacent activity in bowel, liver, gall-bladder (cf. section

“Attenuation and scatter correction”)

Arrhythmias Gated images should not be used if significant rejection (>1/3) of

cardiac cycles has occurred (cf. section on “Gated SPECT”)
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Data analysis of left ventricular function

Analysis of gated SPECT images includes the determination of global parameters such as LV volumes
and EF, and the visual assessment of regional wall motion, wall thickening and synchrony. Visual
assessment is aided by commercially available software products employing algorithms for automated

detection of LV endocardial and epicardial contours throughout the cardiac cycle.

Image display

The preferred method of display for gated SPECT is a continuous movie of all phases of the cardiac
cycle, for short- and long-axis slices analogous to the common display of non-gated tomographic
datasets. As a minimum, a static display should include apical, mid-ventricular and basal short axis,
and mid-ventricular horizontal and vertical long axis slices in end-diastole and end-systole (Figure 11).
A linear grey scale without computer-derived edges has been suggested to be the best display for
evaluation [164]. However, it seems that a continuous colour scale may be an equal alternative for

evaluation of regional wall thickening.

In addition to regular slice displays, commercial software tools allow for display of three-dimensional
volumes and polar maps of wall thickening, wall motion and synchrony, which are based on
automated contour detection algorithms and designed to calculate global parameters and to assist in

regional wall motion analysis.

Global left ventricular size and function
A visual assessment of the LV cavity on post-stress and rest images (if available) should be performed
first, in order to obtain an overall gross impression of LV size, global function and differences

between post-stress and rest studies.

Transient LV cavity dilatation post-stress has been shown to be a marker of CAD severity and an
independent predictor of cardiac events [165, 166]. It should be noted that the transient ischaemic
dilatation (TID) ratio is calculated from non-gated images and included in most software packages
used for functional gated SPECT analysis. It can be used as an adjunct to qualitative assessment of the
cavity size, but it should not be interpreted as a stand-alone parameter outside of the context of other
perfusion and function data. The presence of dilatation alone in the absence of other abnormalities is

not predictive of more severe atherosclerosis or inferior outcome [167].

Quantitative global LV parameters, including end-diastolic volume, end-systolic volume, stroke
volume and EF, are calculated automatically with the use of well-validated, commercially available,
automated programs. The results are commonly based on computer-derived endocardial and epicardial

contours. Prior to acceptance of global quantitative parameters, the contours should be reviewed for
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edge detection errors and adjusted if necessary. Common sources of detection errors include large
myocardial perfusion defects, extra-cardiac activity, small LV, LV hypertrophy and images with low
counts. Using various techniques, the accuracy of volume calculations has been well validated against
MRI, radionuclide angiography, and contrast ventriculography as reference standards [168-170]. Some
caution should be exercised for interpretation and reporting. Firstly, values from different software
packages should not be used interchangeably as the respective algorithms and their normal ranges may
differ [171]. Normal limits of LVEF and volumes measured with gated SPECT are influenced by the
number of frames, the tracer and the algorithm used. Also, differences in values between centres,
according to their respective protocols, have been reported [172]. Finally, in small ventricles, more
often observed in women, calculated volumes may be underestimated, resulting in overestimation of
EF.

Regional wall motion and wall thickening
Regional LV function can be determined by analysis of wall motion or wall thickening. Visual
analysis should be performed first. This can be assisted by software-based algorithms, which require

QC of contours first.

Wall motion is defined as the movement of the endocardial border. Computer-generated contours can
be helpful, for example with a fixed end-diastolic or end-systolic contour displayed on the cine
images. Wall thickening is based on the increase in counts per pixel between diastole and systole. It is
commonly accepted that wall motion and wall thickening are incorporated into a single qualification
while noting the discordance between motion and thickening when it occurs. For instance, such
discordance is commonly observed in the septal wall after coronary bypass surgery and in right
ventricular overload: wall motion is decreased, whereas wall thickening is preserved. Regional

assessment should be made according to the following classification of regional function:

e Normal: wall thickening and motion are both normal
e Hypokinesia: wall thickening and/or motion is decreased
e Akinesia: absence of both wall thickening and motion

o Dyskinesia: absence of wall thickening and paradoxical wall motion.
However, physiological and pathophysiological variations should be noted [173]:

o Wall motion at the base may be reduced compared with the apex in healthy subjects

e Greater excursions of the basal, lateral wall compared to the basal septum may be observed in
healthy subjects

o Paradoxical septal motion may be observed in patients with a LBBB, a ventricular pacemaker,

or a history of cardiac surgery.
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Analysis of LV dyssynchrony

Measurement of LV dyssychrony by gated SPECT appears to be a robust and reproducible method
[174, 175]. Bandwidth and standard deviation (SD) of the phase are used to describe LV
dyssynchrony, and normal values for men (bandwidth 39+12°; SD 14+5°) and women (bandwidth 31
+10°; SD 12+5°) have been published [175]. Phase analysis measured by gated SPECT was compared
with tissue Doppler imaging and showed good correlation [176, 177]. Dyssynchrony by gated SPECT
showed independent prognostic values in patients with normal and abnormal ventricular function,
respectively [178-180]. Moreover, in combination with scar burden and assessment of site of late

activation, it can be useful for predicting response to cardiac resynchronization therapy (CRT) [181].

Most of the commercially available packages provide data on dyssynchrony, but more validation is
needed in large prospective trials to establish the accuracy and clinical value of these data.
Furthermore the influence of variables like scar tissue [182], RV function and very low LVEF values

on measurements of LV phase are not yet fully understood and need further clarification.

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:

e Regional wall motion/wall thickening in apparently fixed perfusion defects may help in the
discrimination of infarction (reduced wall motion/thickening) from attenuation artefacts
(preserved wall motion/thickening). The number of equivocal interpretations is reduced [159]

e Presence of regional wall motion and/or thickening does not exclude a stress induced
perfusion defect, because SPECT images reflect post-stress myocardial function

e Post-stress regional LV dysfunction, not present in rest images (myocardial stunning)
improves sensitivity for detection of severe coronary artery disease [183]

e An end-systolic volume of >70ml and an LVEF of <45% in post-stress gated SPECT have an
incremental prognostic value over pre-scan and perfusion results, predicting an adverse
outcome [184].
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Data analysis of hybrid imaging

Hybrid imaging is defined as the combination and fusion of two datasets by which both modalities
significantly contribute to image information [185]. Typically, hybrid imaging is synergistic, i.e. more
powerful than the sum of its parts as it provides information beyond that achievable with either data

set alone, leading to improved sensitivity and specificity.

The term hybrid imaging is not valid for the combination of nuclear cardiac imaging with X-ray based
AC where the (low-dose) CT images do not provide independent information, but only contributes to
image quality improvement of the other modality (PET or SPECT) [3].

The following section provides recommendations for interpretation and analysis of cardiac
SPECT/CCTA hybrid imaging. Specifics on acquisition of CCTA and calcium scoring have been
briefly described in the section on “Image acquisition: SPECT, gated SPECT and SPECT/CT”.

Hardware and software requirements

Dedicated workstations capable of two- and three-dimensional display of CCTA and SPECT data are a
basic requirement for hybrid data analysis. Aside from projection of standard views of SPECT data as
described in the sections “Reconstruction methods” and “Data analysis of regional perfusion

imaging”, the combination of hardware and software has to offer capabilities for volume rendering of
stress and rest SPECT data sets (uncorrected and attenuation corrected), common reconstruction and
reformatting techniques for CCTA data (including transaxial stacks, multiplanar (curved)

reformations, maximum intensity projections and volume-rendering) [186], and automatic or manual
image co-registration and fusion. If non-contrast enhanced CT data is acquired for AC of SPECT, the

software should offer computation of coronary artery calcium scores.
Integration of myocardial perfusion SPECT with CCTA

The incremental value of hybrid cardiac imaging arises from spatial co-localization of a myocardial
perfusion defect with a subtending coronary artery. Traditionally, this process is performed by mental
integration of a standard myocardial segmentation model that allocates each segment to one of the

three main coronary arteries (Figure 11) [153].

Notably, however, there is a substantial inter-individual anatomical variability of coronary arteries.
Therefore, the so-called standard distribution of myocardial perfusion territories does not correspond
with the patients’ individual anatomy in more than half of the patients [187]. Most frequently, left
circumflex artery segments are erroneously assigned to the right coronary artery territory, and standard

left anterior descending artery segments are erroneously assigned to the left circumflex territory [188].
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True hybrid cardiac imaging and data analysis using volume rendered, co-registered, and fused
SPECT and CCTA datasets should be preferred over sole side-by-side analysis because of accurate
segmental assignment to coronary artery territories and documented incremental value [189-191].

Fused images of myocardial perfusion SPECT and CCTA can be obtained using data sets acquired on
a hybrid scanner (SPECT/CT) or via co-registration of images obtained from separate stand-alone
scanners. Software-based automated registration is accurate and fast [191]. However, automated co-
registration of data from cardiac imaging is more challenging than that from other body areas. Errors
may arise from cardiac motion, breathing motion, and cardiac contraction [192]. Additionally,
different anatomic features are depicted by the two modalities rendering automatic object recognition
and image registration difficult, particularly if large perfusion defects are present in SPECT images.
Accurate registration, however, is of utmost importance to accurately allocate subtending coronary
arteries to areas with radiotracer uptake. Therefore, review of the registration is mandatory and manual

correction must be performed if needed.
Data analysis

The combined diagnostic information from myocardial perfusion SPECT imaging and CCTA is
complementary: The negative predictive value of CCTA to exclude CAD is close to perfect (Figure
12) [15, 193, 194]. However, specificity and positive predictive value of CCTA for identification of
haemodynamically significant luminal narrowing have been documented to be less robust. CCTA is
associated with a general overestimation of the severity of CAD stenosis and difficulties to
differentiate between slight differences in stenosis severity. SPECT offers complementary diagnostic
information as to the true hemodynamic significance of coronary artery lesions detected by CCTA.
Also, uninterpretable segments on CCTA due to strong calcifications or artefacts can be well studied
with SPECT. By contrast, CCTA adds to the diagnostic value of SPECT through documentation of
multivessel disease (with possible balanced ischaemia not detectable by semi-quantitative SPECT

analysis) or diagnosis of subclinical atherosclerosis.

Interpretation of CCTA studies is beyond the scope of this document and is covered in detail in the
respective guidelines of the Society of Cardiovascular Computed Tomography [186]. In brief, CCTA
should be first reviewed in transaxial images, complemented by multiplanar reformations to better
visualize suspected lesions. Diagnostic conclusions are not based on three-dimensional volume

rendered CCTA representations.

By contrast, in hybrid imaging a panoramic three-dimensional view is offered by integrating volume

rendered CT data with the perfusion information from SPECT. This comprehensive information
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improves both the identification of the culprit vessel and the diagnostic confidence for categorizing

intermediate lesions and equivocal perfusion defects, thus optimizing management decisions.

Incidental cardiac and extracardiac CT findings are not uncommon [195]. Although most such
findings are negligible, some may be of clinical relevance. Thus, it is recommended that images are
additionally screened by a physician fully trained in CT readings, including non-contrast enhanced CT

scans for attenuation correction and scouts.

At a practical level this concept requires careful coordination of the readout between nuclear

physicians and radiologists, and the final discussion with the cardiologist. The benefit of such an
interdisciplinary approach is that those fully trained in the specific modalities would interpret the
images jointly, thus providing a high-quality result covering all aspects of hybrid SPECT/CCTA

image acquisition.

The integration of coronary anatomy by CCTA and (quantitative) documentation of the true ischaemic
burden through SPECT allows effective identification of 1) patients with CAD benefiting from
optimal medical therapy versus those who should undergo coronary revascularization, 2) the culprit
stenosis in patients with multiple coronary artery lesions thereby guiding clinicians on the appropriate
method of revascularization, 3) patients with subclinical coronary atherosclerosis where more
aggressive prevention may be indicated, and 4) patients with normal coronary arteries who can safely
be deferred from any further cardiac testing.

In summary, the complimentary anatomic and functional information provided by hybrid
SPECT/CCTA imaging has been demonstrated to confer added diagnostic value in CAD detection
[188, 190, 191, 196, 197] and to effectively stratify risk and predict outcomes [198, 199], guide patient

management [200], and to contribute to optimal downstream resource utilization [201].
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Figure 11. Coronary artery territories in a 17-segment model.
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Standard myocardial segmentation, assigning all 17 myocardial segments to the territories of the left
anterior descending (LAD), right coronary artery (RCA), and left circumflex (LCX) [153].
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Figure 12. Coronary artery territories in a 17-segment model Myocardial perfusion SPECT, coronary

computed tomography angiography (CCTA), and fused hybrid SPECT/CCTA of a 43 year old male

patient presenting with typical angina.

Myocardial perfusion SPECT documents a reversible perfusion defect in short axis and horizontal long
axis slices (A) at rest (bottom rows) and stress (top rows). The corresponding polar plots (B) at rest
(left plot) and stress (right plot) clearly depict the extent of the ischemic area in the anterolateral
wall. CCTA (C) shows an intermediate stenosis (i.e. 50-70% luminal narrowing) due to non-calcified
plaques in the middle/distal left anterior descending artery at the level of the second diagonal

branch bifurcation. Fused hybrid SPECT/CCTA (D) reveals that the anterolateral ischemia corresponds
with the vascular territory of the second diagonal branch, while the stenosis in the LAD does not

cause any ischemia.

88



Reports, image display

Reports should be uniform with the ultimate goal of translating the images into clinical relevant

information. The previous EANM guidelines and the joint position paper by the EANM and the

European Association of Cardiovascular Imaging (EACVI) on reporting nuclear cardiology present

more detailed recommendations, but below some principles are emphasized and/or added [1, 2, 84,

202].

It is crucial that the referring or treating physician directly understands the report as intended by the

interpreter of the images. This implies careful attention to the general language and professional

terminology used in the report. This means that:

The report should be written in a simple way and, if possible, without use of technical terms
Abbreviations and technical information should be avoided if not important for understanding
of the report

Quantitative data should replace or should be added to qualitative descriptions (e.g. do not use
terms like small or medium-sized etc.)

Protective expressions (e.qg. is likely, cannot be excluded) should be used as little as possible.

However, relevant doubt about the interpretation must be communicated.

The structured report

Since a well-structured report is more easily accessible for the referring physician, a structured report

with adequate headings, in contrast to free text, should be used in current nuclear cardiology [203].

Headings may differ between different institutions and different countries, due to local tradition and

legislation.

In general the following information should be included in the report:

Administrative data for the patient, the referring physician, and the laboratory/department
Indication for the study: presenting the purpose and appropriateness

Stress test protocol and pathological findings during stress (whether exercise or
pharmacological stress)

Radiopharmaceutical and quantity (i.e. amount in MBq) administered

Image acquisition (optional if following routine)

Description of the findings: Normal or significant defects (reversibility, location, extent,

severity); LV function (if the study is gated)
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e Conclusion(s): Brief summary of findings leading to a clinically useful interpretation
(ischaemia, scar tissue, suspicion of hibernating tissue etc.), prognostic information and
recommendations regarding further diagnostic imaging may be given [204]

e Signature of the interpreting physician.
Images in the report

It is crucial that images accompanying the report are rather few, and they must illustrate and support

the conclusion of the report.
Selection and presentation of images

Slices in all three image planes should be shown (short-axis, horizontal long-axis, and vertical long-
axis), and stress and rest images (if both have been acquired) must be carefully aligned. The short-axis
tomograms should be displayed with the apical slices to the left and the base to the right. The vertical
long-axis tomograms should be displayed with septal slices to the left and the lateral slices to the right.
Similarly, the horizontal long-axis tomograms should be displayed with inferior slices to the left and

anterior slices to the right.

Polar plots of stress and rest should be shown, and black-out defects for reversible and irreversible
defects may be presented. If gated, end-diastolic and —systolic images with or without edge contours
should also be presented. 3-D images may be shown. Technical images and screen captures should

generally not be used.

Several colour scales are available in current reporting environments. It is important to use the same,
standardized scale for each type of study. Some centres prefer grey scales to colour scales for specific

images.
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