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I. PLANAR IMAGING

A. Purpose

Planar equilibrium radionuclide angiocardiography

(ERNA) is used to determine global and regional mea-

sures of ventricular function (primarily left ventricular

[LV] function) at rest and/or during exercise stress or

pharmacologic intervention. These measures of ven-

tricular function may include evaluations of ventricular

wall motion, ejection fraction (EF), and other parame-

ters of systolic and diastolic function. The following

sections provide a technical description of the tech-

niques to acquire and process the data necessary to

assess parameters of ventricular performance.

B. Radiopharmaceuticals

1. Inject the patient with technetium 99m-labeled red

blood cells, with activity of approximately 20 to

25 mCi/70 kg body weight (11 to 13 MBq/kg) to

provide the radioisotope tag for resting studies

(Table 1). For exercise studies, the activity can be

increased to 25 to 35 mCi/70 kg patient. The radia-

tion dosimetry to the patient from 20 mCi of

Tc-99m-labeled red blood cells labeled in vitro is 0.3

to 0.52 rem effective dose equivalent. With in vivo

labeling of red blood cells, doses will run at the

higher end of this range.1

2. Labeling methods.

a. In vivo or modified in vivo/in vitro methods (e.g.,

using 2 to 3 mg stannous pyrophosphate 15 min-

utes before injection of the radiopharmaceutical).2

b. Commercial in vitro kit.3

Quality control-labeling efficiency. Poor

labeling of red blood cells can be easily recognized on

ERNA images. Free Tc-99m-pertechnetate accumulates

in the mucosa of the stomach and in the thyroid gland. A

number of frequently used drugs and solutions are known

to interfere with red blood cell labeling (Table 2).4

Heparin unfavorably affects labeling efficiency. Thus, if

at all possible, Tc-99m-pertechnetate should not be

injected in heparinized intravenous lines, or they should

be flushed thoroughly. Similarly, intravenous lines con-

taining dextrose solution may alter labeling efficiency. In

addition, antibodies against red blood cells may inhibit

labeling. Antibodies may develop as a result of drugs

such as methyldopa and penicillin. Antibodies may also

be present in patients with chronic lymphocytic leuke-

mia, non-Hodgkin’s lymphoma, and systemic lupus

erythematosus.

Labeling efficiency is also diminished when ‘‘old’’

Tc-99m-pertechnetate of low specific activity is used. Tc-

99m decays to Tc-99, which is no longer useful for

imaging but nevertheless competes with the radioactive

form of stannous ions. To prevent the presence of carrier

Tc-99, the Tc-99m dose should be taken from relatively

fresh (\24 hours after elution) eluate from the generator.5

C. Acquisition Parameters—Rest/Exercise
Imaging

1. Collimator. For resting studies, use of a parallel-

hole, high-resolution collimator with spatial resolu-

tion of approximately 8 to 10 mm full width at half
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maximum (FWHM) (of a line spread function) or

better at 10 cm distance from the collimator, as well

as a sensitivity (for Tc) of approximately 4,000 to

5,000 counts � s-1 � mCi-1 (108 to 135

counts � s-1 � MBq-1), is preferred (Table 3). If a

time-limited stress study (e.g., bicycle exercise) is to

be performed, a higher sensitivity (and therefore

poorer spatial resolution) collimator may be consid-

ered, such as a low-energy all-purpose (LEAP)

collimator (typically 12 mm FWHM at 10 cm and

sensitivity of approximately 10,000 counts �
s-1 � mCi-1, or approximately 280 counts � s-1 �
MBq-1), or optionally a high-sensitivity collimator.

In this case, it is especially important to keep the

collimator–chest wall distance minimized. It is

recommended that the same collimator be used for

both the rest and stress study, with parallel-hole

LEAP collimator being preferred. If caudal tilt is

used (see paragraph 10), a slant-hole collimator may

be considered instead of a parallel-hole collimator to

provide 10� to 15� of caudal tilt while maintaining

minimal collimator–chest wall distance.

2. Pixel size. Any matrix size that results in a pixel

size less than approximately 4 mm/pixel (with

approximately 2 to 3 mm/pixel being preferred)

can be used. These acquisitions are usually per-

formed using a zoomed 64 9 64 matrix of 16-bit

(word) pixels. The zoom required to meet the less

than 4 mm/pixel criteria will depend on the field of

view (FOV) of the camera used. Minimal to no

zoom is recommended for small-FOV cameras

(circular, 10 inch diameter, or square, 8 inch) to

zoom factors of 1.5 to 2.2 for large-FOV (rectan-

gular, 21 inch) cameras. Smaller-FOV cameras, if

available, are preferred. In any case, pixel size

should not exceed 5 mm. See paragraph 5.

3. FOV. The effective FOV is dependent on the

camera size and acquisition zoom utilized. Typ-

ically, an 18 9 18-cm2 FOV will be sufficient,

but any FOV size sufficient to encompass all four

cardiac chambers and at least 2 cm beyond the

cardiac blood pool (for positioning of a back-

ground region of interest [ROI]) is acceptable.

Larger FOVs are acceptable, provided that they

(1) do not inhibit minimizing collimator–chest

distance and (2) are not so large as to cause

increased gamma camera dead time. If large

FOVs are used, care must be taken to prevent

Table 1. Radiopharmaceuticals used for planar ERNA

Rest Exercise
For information,
see paragraph

Radiopharmaceutical Tc-99m-labeled RBCs Tc-99m-labeled RBCs Standard 1

Dose 20–25 mCi/70 kg 25–35 mCi/70 kg Preferred 1

Labeling method In vivo In vivo Not recommended 2

Modified in vivo/

in vitro

Modified in vivo/

in vitro

Standard 2

In vitro In vitro Preferred 2

Table 2. Causes of poor red blood cell labeling

Cause Mechanism

Hydralazine Oxidation of stannous ion

Prazosin Decreases labeling rate

Propranolol Increases dissociation

Digoxin Decreases labeling rate

Doxorubicin ?

Iodinated contrast ?

Heparin Complexes with Tc-99m

Oxidation of stannous ion

Dextrose Complexes with Tc-99m

Methyldopa Induces RBC antibodies

Oxidation of stannous ion

Penicillin Induces RBC antibodies

Quinidine Induces RBC antibodies

Immune disorders Induces RBC antibodies

Prolonged generator

ingrowth

Increased carrier

Decreased hematocrit Relative increase in plasma

which oxidizes stannous

ion (?)

Excess stannous ion Tc-99m reduced outside

the RBC

Insufficient stannous ion Incomplete reduction with

free Tc-99m

pertechnetate

RBC, Red blood cell
From Gerson MC. Cardiac nuclear medicine. 3rd ed. New
York: McGraw-Hill; 1997. Reproduced with permission of
the McGraw-Hill Companies

Corbett et al Journal of Nuclear Cardiology

Equilibrium radionuclide angiocardiography



Table 3. Camera/computer setup6-11

Rest Exercise
For information,
see paragraph

Collimator Parallel—LEAP Parallel—LEAP Preferred 1

(rest/exercise) Parallel—high sensitivity Parallel—high sensitivity Optional 1

Collimator Parallel—high resolution Preferred 1

(rest only) Parallel—LEAP Optional 1

Slant hole Slant hole Optional 1

Pixel size \4 mm/pixel \4 mm/pixel Standard 2, 3

2–3 mm/pixel 2–3 mm/pixel Preferred 2, 3

Energy window 140 keV, ±10% 140 keV, ±10% Standard 4

Bad beat Buffered beat Buffered beat Preferred 5

On-the-fly: On-the-fly: Standard 5

Reject beat and next beat Reject beat and next beat Preferred 5

Beat length window ±10–15% ±10–15% Standard 5

Check trigger Check trigger Preferred 5

Acquisition method Frame mode Frame mode Standard 7

List mode List mode Optional 7

Frame rate (EF) [16 frames/cycle 16–32 frames/cycle Standard 8

24–32 frames/cycle 24–32 frames/cycle Preferred 8

Count density [1800/pixel (3 mm) or 20,000/cm2

(high-resolution collimator)

Not applicable Standard 9

[3600/pixel (3 mm) or 40,000/cm2

(high-sensitivity collimator)

2–3 minutes acquisition Standard 9

Positioning LAO (best right/left separation) LAO (best right/left separation) Standard 10a

LAO (caudal tilt) LAO (caudal tilt) Optional 10a

Plus anterior, lateral Standard 10b and 10c

Quality control View cine loop View cine loop Preferred 6

R–R histogram R–R histogram Preferred 6
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acquisitions terminated on liver or spleen over-

flow and to ensure that data are displayed with

cardiac structures at maximum intensity. Use of a

lead apron as a shield for the liver/spleen may be

appropriate, positioned with the aid of a persis-

tence scope.

4. Energy window. 140 keV, ±10% window.

5. Bad beat/beat length window (arrhythmia rejec-
tion).8,12,13 If systolic function only (EF) is to be

assessed, accepting less than 10% to 15% arrhyth-

mic beats are acceptable. If the examination is

performed to determine diastolic function, beat

length windowing (arrhythmia rejection) is neces-

sary. The preferred arrhythmia rejection mode is

buffered beat, where each beat is temporarily stored

in memory to assess whether its beat length is

within the (typical) ±10% to 15% R-R beat length

window. If the beat is outside the window, it is

rejected without contaminating the gated data

acquired. Standard arrhythmia rejection methods

typically terminate data acquisition if a premature

beat is seen outside of the (±10% to 15%) beat

length window (a portion of the bad beat will be

acquired). Rejection of the short or long beat along

with rejection of the subsequent (compensatory)

beat is preferred. The typical beat length window is

±10% to 15% but will vary depending on heart rate

and rhythm. If the study is acquired with significant

arrhythmias, poor statistics may result, and accurate

computation of EF may be compromised. The beat

length window may require lengthening to improve

statistics but will compromise measurement of

diastolic function and may adversely affect cine-

loop displays if end frames are not corrected or

deleted. See paragraph 8. With regard to triggers,

assessment of the adequacy of the R-wave trigger

prior to instigation of the gated acquisition should

be performed. It is recommended that the electro-

cardiographic (ECG) trigger point be checked to

ensure that the ECG gating circuitry is synchro-

nized to the peak of the ECG R-wave. Checks can

be either performed visually, with a dual-trace

oscilloscope, or checked with a commercially

available dynamic phantom. Poor-quality or

delayed triggers can adversely affect the ventricular

volume curve.

6. Post-acquisition quality control of the ERNA study is
also recommended. Visualization of the beating cine
loop after acquisition allows evaluation of data drop-

off due to inadequate triggers, significant arrhyth-

mias, rhythm disorders, poor tag, or poor count

statistics. Review of the beat-length R–R interval

histogram can be used to assess cardiac rhythm

abnormalities or determine if significant arrhythmias

were present. Quality control can anticipate errors

associatedwith inadequate ERNA studies prior to the

reporting of ventricular performance.

7. Acquisition method. Frame mode gating is standard

(forward framing), although forward/backward, as

well as forward/backward by thirds, methods are

optional. If arrhythmias are present, the frames at

the end of the cardiac cycle (containing data

acquired over shorter total acquisition time) should

be either corrected or deleted (preferred). List-mode

data acquisition is optional and offers increased

beat length windowing flexibility, particularly for

analysis of diastolic function.6

8. Frame rate.12 A frame rate of less than 50 milli-

seconds/frame is preferred for resting EF. A frame

rate of less than 30 milliseconds/frame is preferred

if ejection and filling rates are to be computed. For

rest studies, a minimum of 16 to 19 frames per

cardiac cycle is recommended, with 24 or 32 being

preferred for EF calculation and for calculation of

ejection and filling parameters. For stress studies

(R–R \600 milliseconds), 32 frames/cycle is pre-

ferred for EF calculation and calculation of peak

ejection and filling rates.

9. Count density. Studies containing approximately

20,000 counts/cm2 (1,800 counts/pixel for a 3-mm

pixel) over the center of the left ventricle at rest

using high-resolution collimation, or about

40,000 counts/cm2 at rest with the higher-sensitiv-

ity collimators (LEAP or high sensitivity), as

used in rest/exercise studies, are preferred (which

corresponds to about 3 to 4 million counts in a

15 9 15-cm2 FOV with high-resolution collima-

tor). This count density is measured by summing all

images in the gated series together and determining

the count density from a small ROI at the center of

the left ventricle in the left anterior oblique (LAO)

projection. Total counts are not a reliable indicator,

as they depend too strongly on the FOV. Never-

theless, a practical rule has been to acquire at least

200,000 counts per image frame for a 16-frame

resting study using a high-resolution collimator.

Similarly, acquisition time will give variable results

depending on collimator sensitivity. To calculate a

typical acquisition time, for a particular collimator

and dose, sum all frames in the study together, and

using a small ROI at the center of the left ventricle,

determine the time necessary to achieve the above-

mentioned counts per square centimeter. During

stress, acquisition time is often the limiting factor.

When this is the case, at least 2 minutes (preferably

3 minutes) of acquisition time at peak stress is

recommended using the LEAP or high-sensitivity

collimator, as previously specified.
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10. Camera positioning—imaging angles. To acquire

the ERNA study, position the patient supine (for

greatest patient comfort) or in the right lateral

decubitus position (to minimize interference from

diaphragm and spleen). Three views should be

recorded for assessment of wall motion of the left

ventricle.

a. LAO view. The LAO view is optimized to

visualize the septum (best septal view—usually

the 45� LAO, but the angle will depend on body

habitus and cardiac orientation) (Figure 1). In the

LAO view, the orientation should be such that

the long axis of the ventricle is approximately

vertical, with the apex pointing down and left

ventricle on the right side of the image. Caudal

tilt of the LAO view, typically 10� to 15�, is
helpful to separate the atria from the ventricle

and may be particularly useful in patients with

vertical hearts. The degree of caudal tilt is

limited by the detector yoke suspension and the

necessity to keep the camera face as close as

possible to the chest. As an alternative to achieve

a 10� to 15� caudal tilt, a slant-hole collimator

may be used, if available. When using a caudal

tilt, depending on the imaging conditions, the LV

and left atrial separation still may not be

apparent. This may result in inclusion of more

left atrium than desired, if the atrial-ventricular

border is difficult to discern, as the superior

aspect of the ROI may encroach into the left

atrium. If the atrial-ventricular border is not

evident, use the standard LAO view. On a

correctly angulated LAO projection, the pho-

topenic area of the septum is more or less

vertical. To the left is the foreshortened right

ventricle. The right atrium is partially hidden

behind and superior to the right ventricle. At

the viewer’s right, the LV blood pool is well

isolated from the surrounding structures by the

myocardium as a photopenic halo. The append-

age of the left atrium can occasionally be seen

superior to the left ventricle, usually separated

from the LV blood pool by the photopenic area

of myocardium. As a rule, LV blood pool is

projected as nearly a ‘‘short-axis’’ view. In other

Figure 1. Correct positioning to image left ventricle.8 A, LAO images that are optimal, too
anterior, and too lateral in obliquity. B, In an optimized LAO view the axis of the left ventricle
should be vertical. In images that are too anterior, there is a rightward tilting of the axis from base to
apex. In images that are too laterally positioned, there is a leftward tilting of the axis from base to
apex. (Reproduced with permission from DePuey.8).
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words, one looks ‘‘down the barrel’’ of the left

ventricle. In some patients, the heart is vertically

oriented. This anatomic variant can be recog-

nized because of the elongated shape of both

ventricles and visualization of both the right

atrium and left atrium superior to the ventricles.

The pulmonary artery and ascending aorta can

also be evaluated in the LAO view. The myo-

cardial segments typically visualized in the LAO

view are the septal, inferoseptal, inferoapical,

inferolateral, and lateral. The two other preferred

views are as follows:

b. Anterior view. The anterior view ideally should

be -45� more anterior than the LAO selected.

On the anterior view, the border-forming contour

on the right side of the heart (left side of image)

is the right atrium. To the viewer’s right, the

border-forming contour of the heart on this view

is the left ventricle. Because of the overlying

activity of the right ventricle, only the anterolat-

eral wall and apex can be evaluated. The inferior

wall is frequently completely obscured by the

right ventricular (RV) blood pool. Further struc-

tures that can be evaluated on the anterior view

are the pulmonary artery and the ascending aorta.

The myocardial segments typically visualized in

the anterior view are the basal anterolateral, mid

anterolateral, apical, mid inferoseptal, and basal

inferoseptal.

c. Lateral view. The left lateral or left posterior

oblique (LPO) view; the LPO view angle selected

is ?45� more lateral than the LAO view angle

selected. These views are best acquired with the

patient lying on his or her right side. An optimal

left lateral view shows the long axis of the left

ventricle. ‘‘Long axis’’ is defined as the longest

dimension from valve plane to apex. Because

there is individual variation among patients,

either the straight left lateral or the LPO view

may show the long axis of the left ventricle best.

In the left lateral projection, the left ventricle is

superimposed on activity of the right ventricle.

Anterior and superior to the left ventricle, the RV

outflow tract and the pulmonary artery can be

noted. The mitral valve plane is often well

demarcated by a linear photopenic area

caused by attenuation by fatty tissue in the

atrioventricular groove. Posterior to the left

ventricle are the left atrium and the descending

aorta. The spleen is usually visualized in the right

lower corner of the image. The myocardial

segments typically visualized in the lateral or

LPO view are the basal anterior, mid anterior,

apical, mid inferior, and basal inferior.

D. Assessments of Ventricular Function—
ERNA at Rest: Image Display and
Quantification (Table 4)

1. Display.6,8,10,11 Multiple-view ERNA (LAO, ante-

rior, and left lateral or posterior oblique projections)

are usually displayed simultaneously as endless-loop

movies in quadrants of the computer screen. The

display should visualize the entire heart and its

surroundings. ERNA images are best viewed by use

of a linear gray scale. Color display is strongly

discouraged. Occasionally, intense extracardiac

activity may cause a problem with image display.

Computer images are usually normalized to the

hottest pixel within the image over all time points.

In the presence of intense extracardiac activity,

radioactivity in the heart is at the darker (lower)

end of the gray scale and may be almost invisible.

Rather than using lead shielding, normalization of the

cardiac image to the hottest pixel within the heart

usually deals adequately with this display problem.

Alternatively, the extracardiac activity may be sub-

tracted or ‘‘masked out’’.

2. Smoothing.15,16 The smoothing process is designed

to remove statistical fluctuations from image data

by modifying individual data points within the

image. Multiframe digitized ERNA data are often

temporally and spatially smoothed. For temporal

smoothing, pixels are modified by weighted aver-

aging of data from preceding and following frames

in time, usually 3 to 5, with the center pixel

replaced with this average value. For spatial

smoothing, pixels are modified by weighted aver-

aging of counts from a group of neighboring pixels

within the same image, usually 9, with the center

pixel in the group replaced with this weighted

average value. This is referred to as Gaussian

9-point weighted smoothing. The exact number of

temporal or spatial points used for the smoothing

will depend on the number of time points acquired

and the acquisition resolution. Images of adequate

count density rarely require spatial smoothing.

3. LV volume curve generation.17-20 Most parameters

describing ventricular function are extracted from a

complete LV volume curve or time-activity curve

(TAC). This curve can be obtained either from a

single ROI drawn at end diastole (and modified at

end systole, if necessary, to include any dyskinetic

regions) or preferably using multiple ROIs drawn at

each time point. ROIs should be edited on an

amplitude or difference image to exclude overlapping

atrial counts. Manually drawn ROIs are the most

consistently accurate, though time consuming. Many

Corbett et al Journal of Nuclear Cardiology
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automatic techniques exist for drawing ROIs. It is

important that the resulting ROIs be checked visually

and altered manually if necessary. Irregularities in

LV contours occasionally occur using automatic

algorithms, especially for exercise studies, and for

ROIs drawn near end systole. These irregularities can

have significant effects on parameters extracted from

the LV curve. If EF only is to be determined, the

preferred method (and the simplest) for LV volume

curve generation is from manually drawn ROIs over

end diastole and end systole, with the volume curve

being processed by weighted interpolation of curves

from end-diastolic and end-systolic ROIs (weighted

to end diastole near the beginning and end of the

curve and weighted to end systole at curve mini-

mum). If ejection and filling rates are to be computed,

ROIs drawn on all frames are preferred. NOTE:
Single ROI definition at end diastole may underes-

timate EF. Optionally, automatic edge detection may

be used, if each frame is reviewed, and the ROI

corrected, if necessary.

4. Background. Background is critical for the measure-

ment of many LV parameters. Usually an ROI 5 to

10 mm away from the end-diastolic border, drawn

from approximately 2 o’clock to 5 o’clock, is used,

although the exact location used is less important

than consistent placement, ensuring that atrial counts,

counts from the spleen or descending thoracic aorta,

LV counts, or a gastric air bubble is excluded. With

automatic routines, visual verification of the back-

ground ROI is essential. A visual examination of the

TAC produced from the background ROI (it should

be flat) is useful to determine if LV activity or atrial

activity is spilling into the background ROI. If the

background curve is flat, this indicates that the

background ROI has not been positioned over any

periodically beating structures and that all time points

may be averaged for good statistics. An ROI adjacent

to the end-systolic border can be used to estimate

background, but care must be taken to use only those

time points that do not include LV activity. A rule of

thumb is that the background count rate/pixel is

Table 4. Quantitative parameters of ventricular function–planar ERNA6,8,10,11,14

Parameter Method
For information, see

paragraph

LV volume curve

generation

Manual ROI at ED and ES Preferred 3

Manual or automatic ROIs at each time point Optional 3

Manual or automatic ROIs at ED only Optional 3

Background Manual at ED Preferred 4

Automatic at ED Standard 4

Automatic or manual at ES Optional 4

LVEF From end-diastolic and end-systolic ROIs Preferred 5

From Fourier-filtered curve Optional 5

From single end-diastolic ROI (not

recommended)

Optional 5

LV wall motion Visual assessment of cine loop Preferred 6a

Phase and amplitude analysis Optional 6b

Principal component or factor analysis Optional 6c

Regional EF Optional 6d

LV emptying Peak rate of emptying Preferred 7a

Average rate of emptying Optional 7b

Time to peak emptying rate Optional 7a

LV filling Peak rate of filling Preferred 8

Average rate of filling Optional 8

Time to peak filling rate Optional 8

LV volumes Counts based Optional 9

Geometric based Optional 9

RVEF Not widely accepted at equilibrium Optional 10

Heart/lung ratio Counts based LV/lung Optional 13
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typically 30% to 70% of the end-diastolic LV counts,

and exceptions to this rule occur infrequently.

5. LVEF.6-8,13,14 Many methods are commercially

available for computation of LVEF. In general,

LVEF is calculated based on the assumption that

LV volumes throughout the cardiac cycle are

proportional to LV counts. LV counts at end diastole

and at end systole or throughout the cardiac cycle are

measured by constructing LV ROIs. The measured

LV counts within these LV ROIs are corrected for

background scatter. Background is measured using

ROIs constructed adjacent to the lateral or inferoapi-

cal walls of the ventricle. LV ROI counts are

corrected for background by subtracting background

counts from LV ROI counts. This is referred to as

background correction (BkCorr). LVEF then is

calculated using the usual equation: ([End-diastolic

volume (EDV) - End-systolic volume (ESV)]/

EDV) 9 100 or, as applied to ERNA, LVEF = ([Bk-

Corr end-diastolic counts - BkCorr end-systolic

counts]/BkCorr end-diastolic counts) 9 100.

Three basic approaches are commonly

employed.

a. LVEF can be computed by selecting only the end-

diastolic and end-systolic frames and constructing

the appropriate LV and background ROIs. This is

just as effective as using all frames from the entire

cardiac cycle, and if regions are being constructed

manually, this greatly decreases processing time.

No matter what the approach, care must be taken

to ensure that LV ROIs are appropriately fitted to

include all LV counts, but only LV counts (i.e.,

LV ROIs) should not extend to include the activity

from any adjacent structures such as the left

atrium above, right ventricle to the left, an

adjacent intensely active spleen below and to the

right, or a grossly ectatic descending aorta imme-

diately to the right. Automatically generated LV

ROIs may need to be edited or redrawn by the

operator if they do not tightly fit the apparent LV

boundaries. This is especially the case at end

systole, where automatically generated ROIs often

do not fit well, extending irregularly beyond the

ventricle frequently including the aortic root to the

left and beyond the apex above. If the end-systolic

LV ROI is not correctly drawn, the calculated

LVEF will generally be underestimated.

b. If all frames throughout the cardiac cycle are

employed to generate an LV TAC, one optional

method that can be used fits two or four Fourier

harmonics to the LV TAC, extracting the first and

the minimum points, as the end-diastolic and end-

systolic count values. Because this method uses

the entire curve, it reduces statistical fluctuations,

even for very short (stress) acquisitions. If the first

point of the filtered curve is used, one must ensure

that the ECG gate is correctly set up, with gating

occurring no later than the peak of the R wave,

preferably during the upslope of the R wave to

ensure that the first point truly corresponds to end

diastole. If the R-wave trigger is not precisely at

end diastole (see section I.C.5, ‘‘Bad beat/beat

length window [arrhythmia rejection]’’), then the

maximum value of the filtered curve can be used

to identify the end-diastolic counts. Fourier fitting

may fail to provide reliable results if there is

‘‘drop off’’ in TAC counts at the end of the curve

due to heart rate variability from sinus arrhythmia

or other arrhythmias varying the R–R0 interval.

This effectively reduces the time of acquisition of

frames at the end of the diastolic phase of the

cardiac cycle and the corresponding TAC. Fourier

filtering should be applied only to curves that have

no drop off or that have been corrected for drop

off.

c. EF can also be computed from the LV counts

produced from a single end-diastolic ROI, applied

to both the end-diastolic and the end-systolic

images. In this case, the EF will be consistently

underestimated compared to the above methods.

The single end-diastolic LV ROI approach is

discouraged.

6. LV wall motion.15,16,21-27

a. Visual assessment of all three standard views is

preferred. It is critical that the cine loop consist of

approximately 12 to 16 frames (fewer frames may

lose temporal information, greater may compro-

mise statistics). If the acquisition is performed

with more than 16 frames for improved temporal

resolution, it is imperative that the frames be

appropriately added/recombined or filtered before

visual assessment. Spatial filtering and temporal

filtering are often employed in cine-loop presen-

tations. Spatial filtering is typically a 9-point

spatial smooth and reduces the apparent quantum

mottle or image noise. Temporal filtering typically

weights the current frame two parts and the

previous and postframes one part to recreate the

cine-loop image with 16 frames or more. Both

types of filtering tend to make the cine loop appear

more visually pleasing. If rest and stress are to be

compared, it is preferred to show both cine loops

simultaneously. Optionally, modern application of

principal components analysis (PCA) or factor

analysis can create a mathematically derived cine

loop which separates various types of wall motion
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(atrial, ventricular), producing a more visually

pleasing motion image, reducing the appearance

of noise in the cine. However, the effects of PCA

analysis on the assessment of regional wall motion

have not been completely evaluated.

b. Phase and amplitude images have been reported to

be of use for the detection and quantification of

wall motion defects. It is preferred that this

method supplement, not replace, visual assess-

ment of the cine loop. Analyses of the phase

image and phase histogram, as well as visual

assessment of a dynamic phase image, have both

been reported to be useful in reducing the

subjectivity associated with visual assessment of

wall motion defects using cine loops. Also, in

patients with conduction abnormalities, phase

analysis has proven useful in identifying the

pattern, location, and/or point of origin of arrhyth-

mic foci.

c. PCA or factor analysis creates a mathematically

derived set of functional images expressing

significant motion components in the image.

Displayed as amplitude images and associated

time signatures, they may add to the assessment of

regional wall motion and can be viewed in similar

fashion to phase and amplitude images or applied

to process the cine-loop display (see above). This

method is clearly a supplement at this point and

should be used in conjunction with standard cine-

loop assessment of wall motion. (d) Regional EF

(i.e., dividing the left ventricle into 6 to 8

subregions and applying the conventional formu-

lation for EF) has been reported to aid in the

assessment of regional or segmental wall motion.

It is preferred that this method supplement, not

replace, visual assessment of the cine loop.

Cardiac rhythm and conduction.8,13,28,29

Because the ERNA is formatted and displayed

as an endless-loop cine of a single representative

beat, the ‘‘rhythm’’ always looks regular. Abnor-

malities of rhythm can only be discerned by the

relationship of atrial to ventricular contraction.

The most common sustained disturbance of

rhythm is atrial fibrillation. Atrial fibrillation or

flutter can be assumed to be present when no

atrial contraction is detected. Occasionally, one

may diagnose flutter or atrial tachycardia by a

difference between the atrial and ventricular

contraction rates—that is, 2 or 3 atrial contrac-

tions to each ventricular contraction. A

pacemaker rhythm is usually apparent because

the LV activation starts at the apex, and the wave

front of contractions proceeds to the base. Left

bundle branch block can be diagnosed by the

typical paradoxical pattern of septal motion.

7. LV emptying.12,30

a. The maximal LV emptying rate is determined by

measuring the peak slope of the LV curve,

expressed in units of EDV/second. The counts in

the end-diastolic ROI are used to represent the

EDV, and the counts in subsequent frames are

referenced to this value to compute EDV/second.

The time to peak emptying (from the end-diastolic

frame) may also be computed and expressed in

milliseconds. Measurement error in the down

slope of the LV volume curve is greatly amplified

by statistical noise in the unprocessed (unfiltered)

curve. For this reason, either the LV curve is

generally first filtered or a small region of the

curve is fitted to a polynomial, or other similar

techniques are employed to minimize noise with-

out distorting the value of slope. Measurements of

peak emptying at exercise are often considered too

heart rate dependent or statistically inadequate to

be of clinical use. When computing peak or

maximal emptying rate, 32 frames per cardiac

cycle is preferred to ensure accurate assessment of

maximal rate.

b. The slope of a line connecting the end-diastolic

and end-systolic points can be used as a measure

of the average LV emptying rate. Alternatively,

methods that depend on the time it takes for the

left ventricle to empty one-third (or any other

arbitrary fraction) of the way from end diastole to

end systole have been reported.

8. LV filling/diastolic function.8,12,31-35 The same tech-

niques described in paragraph 7 above can be used to

measure diastolic filling rates. All of the same

considerations mentioned above for emptying also

hold for filling. Note that the gating requirements for

adequate representation of diastolic parameters are

more stringent than for systolic ejection parameters,

due to data drop off at the end of the cardiac cycle.

Qualitative. Visual analysis of the shape of the

LV TAC is frequently sufficient to detect gross

abnormalities of diastolic filling. Prolongation of

isovolumic relaxation, a delay in the onset of rapid

filling, a decrease in the slope of the rapid filling

phase, or an exaggerated contribution of atrial

contraction to LV filling may be readily apparent

and should be noted. Such findings are typical of

hypertrophic ventricles. Aging, pericardial disease,

and restrictive myocardial disease are also
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associated with changes in the pattern of filling and

a decrease in the rate of filling.

Quantitative. Peak diastolic filling rate can be

quantified from the first derivative of the diastolic

portion of the LV TAC. To obtain reliable values

for diastolic filling, the LV volume curve should

have sufficient temporal resolution. Values for

normal studies vary from laboratory to laboratory,

but a generally accepted lower limit of normal for

the peak diastolic filling rate (PFR) is 2.50 EDV/

second. PFR tends to decrease with age in otherwise

healthy older subjects. In addition to the PFR, the

time to PFR (tPFR) can also be measured from the

LV TAC and is expressed in milliseconds. As with

the PFR, the tPFR also varies from laboratory to

laboratory but on average should be expected to be

less than 180 milliseconds. The relative contribu-

tion of atrial filling to LV filling may be quantified

as the ratio of the atrial peak to the peak of the rapid

filling phase on the first derivative curve. Ratios of

less than 1:4 are normal but may increase with

aging.

9. LV volumes.36-40 Acceptable results have been

reported in the literature using both counts-based

and (to a lesser extent) geometrically based meth-

ods, although counts-based methods are preferred.

Geometric methods are based on the standard

‘‘area-length’’ methods and are hampered by the

limited spatial resolution of ERNA. Both the

counts-based and geometrically based methods

may produce highly inaccurate results unless

extraordinary attention is paid to methodological

detail. These methods are not widely used. Assess-

ments of LV volume are affected by photon

attenuation and Compton scatter. Counts-based

methods include the ‘‘aortic arch’’ method or

methods involving blood draws and calibration of

the counts-to-volume ratio. The latter method is

highly influenced by photon attenuation. Calculation

of absolute volumes is not recommended, except for

laboratories that have the ability to independently

validate their methodology.

10. RVEF.41-44 Because of overlap with other cardiac

chambers, ERNA is not the procedure of choice for

measurement of RVEF. Frequently, there is overlap

of right atrial activity during RV systole, which will

lead to an erroneously low calculation of RVEF.

Overlap of the right atrial activity with the right

ventricle may be partially circumvented by acquiring

a separate shallower LAO, about 20� LAO, chosen to
optimize the separation of the right ventricle from

both the right atrium and left ventricle. Although

optimal separation is generally impossible, improved

separation usually is relatively easily accomplished.

Rotating slant-hole collimators, if available, may be

quite useful in optimizing atrioventricular separa-

tion. Either true first-pass or ‘‘gated first-pass’’

radionuclide angiocardiography is the preferred

approach. Both of those techniques yield RVEF

values that are higher than those measured on a

standard ERNA study. The lower limit of normal

with these methods is 0.40.

11. RV size. This is best evaluated in the anterior view.

Assuming that ERNA images are routinely acquired

with the same gamma camera and same zoom

factor, abnormal enlargement of the right ventricle

can be identified by visual inspection and mental

comparison to normal studies. There is no reliable

quantitative measurement method for the RV vol-

ume with ERNA.

12. RV regional wall motion. This is best assessed by

use of the information from both the anterior and

LAO views. Any single view may be inadequate.

Regional wall motion is usually qualitatively graded

as normal, mildly hypokinetic, severely hypoki-

netic, akinetic, or dyskinetic.

13. Heart/lung ratio. Optionally, heart/lung ratio can be

computed. The ratio of the counts in the cardiac

blood pool to the counts in the lung can be useful to

assess ventricular compensation. Pooling of blood

in the lungs has been reported to be indicative of LV

failure.

E. Assessment of Ventricular Function
During Exercise and Interventions: Image
Display and Quantification7,8,11,45,46

1. Display. ERNA images acquired at baseline and

during exercise or pharmacologic interventions

should be displayed side by side on quadrants of the

computer screen for evaluation of changes between

the two sets of images.

2. Regional wall motion changes from rest.45,47-49 One

should expect an increase in regional excursion

during exercise, during inotropic stimulation, and

during administration of afterload-reducing agents

such as nitroglycerin. The standard approach to

detection of changes in regional wall motion between

two studies is to visually assess the change on the

side-by-side display. A somewhat more rigorous

approach is the semiquantitative method in which

ventricular segments are assigned scores where 4 is

normal, 3 is mildly hypokinetic, 2 is moderately
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hypokinetic, 1 is severely hypokinetic, 0 is akinetic,

and -1 is dyskinetic. A significant change in regional

wall motion between two studies is defined as a

change in score of 2 or greater.

3. Chamber size changes from rest.50-52 During inter-

ventions, changes in chamber size may occur. A mild

increase in end-diastolic volume is normal during

physical exercise, especially with patients in the

upright position.50 During dobutamine stress, a

decrease in LV chamber size may be observed.

These changes may be too small to be appreciated by

visual analysis but can be quantified either as a

relative change (from decay-corrected count

changes) or absolute volume change. Visually, only

moderate to severe dilation of the ventricles should

be reported. Such marked volume changes are almost

always abnormal. If volume is measured quantita-

tively, one should expect increases in LV EDV of

only 10% to 20% during exercise and concomitant

decreases in ESV.

4. LVEF and RVEF changes from rest.12,43,47,48,53-57

Both LVEF and RVEF typically increase during

exercise. Many authors have suggested that the

normal response is an increase of at least 5%, or 5

EF units. That criterion is based on the reproducibil-

ity of the ERNA measurements of LVEF.

Nevertheless, this criterion does not hold true under

all circumstances. For instance, with increasing age,

the ability to augment LVEF during exercise

decreases. The type of exercise protocol, the sub-

ject’s gender, acquisition during submaximal

exercise, isometric exercise, markedly hypertensive

responses to exercise, and coexisting noncoronary

heart disease may all alter the response of the EF to

exercise. Consequently, a failure to increase LVEF of

at least 5% is a sensitive but very nonspecific

criterion for diagnosis of coronary heart disease. In

the absence of an exercise-induced regional wall

motion abnormality, changes in LVEF alone are

nonspecific. Coupled with a large ([20%) increase in

EDV during exercise, a drop in LVEF with normal

regional wall motion during exercise should be

viewed as highly suspicious for coronary artery

disease.

A more important parameter is the absolute level

of LVEF at peak exercise. Even if angiographic

coronary artery disease is documented, a peak

exercise LVEF greater than 50% indicates a favor-

able prognosis. It is important to ensure that

acquisition of radionuclide data is performed during

peak exercise. In most patients, with and without

significant disease, a significant increase in LVEF

can be noted immediately after discontinuation of

exercise. Abnormalities in RVEF during exercise are

most often seen in patients with chronic pulmonary

diseases and in particular in those with pulmonary

hypertension. Patients with cardiomyopathy and

bi-ventricular dysfunction or proximal right coronary

artery stenoses may also demonstrate abnormal RV

responses.

5. Comparison to previous studies and correlation with
clinical data.45,55,58 When a patient has undergone

previous radionuclide studies, the results of this study

should be compared with the previous ones. Ideally,

one should display the old and new studies side by

side. Serial LVEF data are particularly important in

patients undergoing chemotherapy for cancer and

also in patients with heart failure, myocarditis, or

cardiomyopathy or after undergoing transplantation.

For this reason, it is helpful to record and reproduce

the camera angles at which the three planar cardiac

views are acquired for each study. Interpretation of

ERNA data may be performed without knowledge of

the clinical data; however, once an initial interpre-

tation is made, the interpreting physician should

always review the available clinical information to

avoid obvious misinterpretation and to guarantee that

the interpretation appropriately addresses the clinical

question that prompted the study.

6. Study quality. Poor-quality studies cannot be inter-

preted with confidence and a high degree of

reproducibility. Studies can be subjectively graded

as (a) excellent, (b) average, (c) suboptimal but

interpretable, and (d) uninterpretable. Placing such a

designation in the report communicates a level of

confidence in the data that is helpful to recipients of

the report. It may also be used to screen studies from

inclusion in research data. If possible poor-quality

(suboptimal and uninterpretable) studies should be

repeated but, if for some reason, they cannot be, the

subjective grade of study quality will at least alert the

referring clinician to the limited reliability of the

reported results.

7. Type of exercise or intervention protocol.50,59 The

type of exercise should be specified in the report:

physical exercise on treadmill or supine or upright

bicycle. The exercise protocol should be stated.

Exercise ERNA studies are performed with bicycle

ergometers, and the levels of stress during each

image acquisition are reported in watts or kilogram-

meters of work and duration. Treadmill protocols

such as the Bruce, modified Bruce, and Naughton

protocol are not used with exercise ERNA. For

pharmacologic intervention, the generic name of the
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drug (e.g., dobutamine) and maximal dose (e.g.,

40 mg � kg-1 � min-1) infused should be stated.

Furthermore, whether drugs were administered to

either enhance or counteract the effect of the

pharmacologic stressor should be reported.

8. Symptoms, heart rate and blood pressure response,
ECG changes, and endpoint of stress. Within the

report of the radionuclide study, a succinct descrip-

tion should be given of important clinical parameters:

duration of exercise or stress protocol, baseline and

peak stress heart rate, maximal workload (in meta-

bolic equivalents when applicable), baseline and peak

stress blood pressure, symptoms during test, (re)pro-

duction of symptoms and chest pain, and ECG

changes compared with baseline.

F. Image Analysis/Interpretation7,8,10,11,39

1. Overall cardiac assessment. The initial assessment of

ERNA studies should include an overall general

assessment of the size, position, and rotation of the

cardiac blood pool (heart) and proximal great arteries.

In most patients there is not a great deal of variability

in regard to position and rotation if the standard best

septal LAO, anterior, and lateral projections have

been acquired. In patients with severe obstructive

airways disease and patients with congenital heart

disease, often previously undiagnosed, to mention

only a few causes of significant variability, size,

position, and rotation can differ greatly from the

expected. The best septal projection can on rare

occasion be as shallow as straight anterior or as steep

as 10� to 30� LPO. If the technologist has not care-

fully identified and noted the angulation of the best

septal LAO projection and the standard ‘‘anterior’’

(-45�) and ‘‘lateral’’ (?45�) projections, the quan-

tification of ventricular function will be significantly

impaired and the interpretation of segmental function

of the left and right ventricles hampered by either

chamber overlap or misidentification of segments or

both. For example, if the interpreting physician does

not note that the rotation of the heart in the sagittal

oblique plane is quite steep in a patient with severe

chronic obstructive pulmonary disease and depressed

diaphragm, that individual may interpret motion at the

base of the left ventricle in the LAO projection as

anterior wall motion, as is more commonly the case in

patients without overinflated lungs, rather than

motion of the mitral valve plane. In patients with

pulmonary hypertension, the right ventricle is often

greatly dilated and, with this, the septum is often

rotated to a steep LAO, lateral, or LPO projection. If

the technologist does not recognize and note this

during image acquisition, chamber overlap may be so

severe that the left ventricle cannot be assessed at all.

2. Attenuation artifacts. As is the case for myocardial

perfusion imaging, breast attenuation may also affect

ERNA imaging. On the LAO view, the entire heart

may be in the ‘‘shadow’’ of the left breast. At times,

this may give the illusion of a halo around the heart

and suggest pericardial fluid. Lack of ‘‘swinging’’ of

the heart and the typical configuration of the shadow

may provide clues for the artifact.

3. Activity outside the heart and great vessels. Any

vascular structure (tumor, etc.) with a sufficient

volume of red blood cells can be visualized by ERNA

imaging. Therefore, it is important to be attentive for

any unusual radioactivity outside the heart and great

vessels and seek clinical correlation. Free Tc-99m-

pertechnetate accumulates in the thyroid gland and

gastric mucosa.

4. Chamber sizes.

a. LV size. One can qualitatively assess the relative

size of various cardiac chambers. This assumes

that the same camera and magnification are used

routinely. Because in many patients the right

ventricle is normal in size and function, RV end-

diastolic size may serve as a benchmark for

qualitative assessment of the relative size of other

cardiac structures. On a normal study, the right

ventricle is usually somewhat larger than the left

ventricle and the RV inferior wall and apex

extends below the left ventricle. A normally sized

left ventricle ‘‘fits’’ within the crescent of the

right ventricle on the LAO view. The presence or

absence of marked LV hypertrophy (LVH) can be

estimated by qualitative assessment of the thick-

ness of the septum. The septum is well delineated

by RV and LV blood pool, and thus the thickness

of the myocardium can be assessed. In severe

LVH, a thick photopenic halo typically surrounds

the LV blood pool.

b. RV size. This is best evaluated in the anterior

view. Assuming that ERNA images are routinely

acquired with the same gamma camera and same

zoom factor, abnormal enlargement of the right

ventricle can be identified by visual inspection and

mental comparison to normal studies. There is no

reliable quantitative measurement method for the

RV volume with ERNA.

c. Atrial sizes. The right atrium forms the left lower

border on the anterior view of the cardiac image.

Size and contraction of the right atrium can be

evaluated in this view during ventricular systole.
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The left atrium is best evaluated on the left lateral

view during ventricular systole. Because of over-

lying and surrounding radioactivity, frequently no

clear outline of the left atrium is present. How-

ever, the general size and contractility of the left

atrium usually can be appreciated. The size of the

left atrium should be judged in comparison to the

long axis of the left ventricle. The contraction of

the left atrium is appreciated as a change in count

density during ventricular diastole and is some-

times discernible on radionuclide studies.

Atrial contraction does, however, occur at the

very end of the acquisition cycle. Atrial contraction

is shorter than the ventricular cycle. In the presence

of ventricular ectopy or irregular rhythm, the last

frames have lower count density, resulting in

‘‘flicker’’ of the endless-loop cine. During process-

ing, one or two frames at the end of the cyclemay be

‘‘cut off’’’ for aesthetic reasons. As a result, atrial

contraction may no longer be evaluable.
5. LVH. The presence of LVH is best assessed in the

LAO view as more than normal thickening of the

septum. This is a subjective evaluation that requires

familiarity with the normal appearance of the septum

on ERNA images acquired with a particular gamma

camera. In severe LVH, the LV blood pool is

surrounded by a thick photopenic area—that is, the

hypertrophied myocardium. During systole, there can

be almost complete LV cavity obliteration.

6. Pericardial space. Pericardial fluid accumulation can

be identified on ERNA studies. When a large amount

of fluid is present, a photopenic area surrounds the

heart, extending up to the roots of the large vessels.

On the cine display, a swinging motion of the heart

can be appreciated. When estimating the extent of the

photopenic area around the ventricular blood pool,

one should account for both the thickness of the

myocardium and the presence of epicardial fat before

deciding that pericardial fluid is present. Conse-

quently, small amounts of fluid are impossible to

distinguish from normal variants. The shadow of a

large overlying breast may, particularly in the LAO

view, mimic pericardial fluid. Only swinging motion

of the heart is a certain sign of a large amount of

pericardial fluid. The preferred technique to assess

pericardial fluid continues to be echocardiography.

7. Size of pulmonary artery and aorta. The pulmonary

artery and the ascending and descending aorta can

also be evaluated visually on good-quality ERNA

studies. Only qualitative assessments, such as dilation

of the pulmonary artery and dilation and tortuosity of

the ascending aorta, aortic arch, or descending aorta,

can be made. The three conventional views allow for

visual assessment from different angles.

8. Conclusion. It is important to summarize the results

of the test as either ‘‘normal’’ or ‘‘abnormal.’’

Equivocal statements should be avoided if at all

possible. In addition, the report should reflect the

degree to which the test is abnormal: ‘‘markedly,’’

‘‘moderately,’’ or ‘‘mildly’’ abnormal. Finally, a

comparison should be made to previous results, if

applicable. A serious attempt should be made to

provide an answer to the clinical questions and

indication for study.

II. SINGLE-PHOTON EMISSION COMPUTED
TOMOGRAPHY IMAGING

A. Purpose

Single-photon emission computed tomography

(SPECT) ERNA is used to determine global and regio-

nal measures of ventricular function (primarily LV

function) at rest and/or during pharmacologic interven-

tion. These measures of ventricular function may

include evaluations of ventricular wall motion, EF, and

other parameters of systolic and diastolic function. The

following sections provide a technical description of the

techniques to acquire and process the data necessary to

assess parameters of ventricular performance.

B. Radiopharmaceuticals (Table 5)

1. Inject the patient with Tc-99m-labeled red blood

cells, with activity of approximately 25 to 30 mCi/

70 kg body weight (14–17 MBq/kg) to provide the

radioisotope tag. With in vivo labeling or red blood

cells, doses will run at the higher end of this range.1

2. Labeling methods.

a. In vivo or modified in vivo/in vitro methods (e.g.,

using 2 to 3 mg stannous pyrophosphate 15 min-

utes before injection of the radiopharmaceutical).2

b. Commercial in vitro kit.3

C. Acquisition Parameters and
Reconstructions—Gated SPECT ERNA
(Table 6)

1. Camera. Use of dual-detector (two-head) SPECT

cameras in the 90� configuration are the most

common preferred camera setup (90� gantry rota-

tion required), but three-head cameras in 120�
configurations are another preferred approach (120�
rotation). For 360� image acquisitions, three-head

SPECT systems (120� configuration) are the most

efficient systems for image acquisition (120�

Journal of Nuclear Cardiology Corbett et al

Equilibrium radionuclide angiocardiography



Table 5. Radiopharmaceuticals used for SPECT ERNA

For information,
see paragraph

Radiopharmaceutical Tc-99m-labeled RBCs Standard 1

Dose 25–35 mCi/70 kg Preferred 1

Labeling method In vivo Not recommended 2

Modified in vivo/in vitro Standard 2

In vitro Preferred 2

RBC, Red blood cells

Table 6. Camera and computer setup and reconstruction7,60-64

Data/method
For information, see

paragraph

Camera and computer setup

Camera Dual-head—90� configuration Preferred 1

Three-head—120� configuration Optional 1

Single head Optional 1

Collimator Parallel—high resolution (dual head) Preferred 2

Parallel—LEAP (single head) Preferred 2

Pixel size 4.8–6.6 mm/pixel Standard 3

Energy window 140 keV, ±15% Standard 4

Beat length window ±15–35% Standard 5

Bad beat rejection Reject beat Standard 5

Reject beat and next beat Preferred 5

Acquisition method Frame mode Standard 6

Frame rate 16 frames/cycle over full cycle Standard 7

16 frames/cycle over partial cycle Optional 7

Number of views 60–64 Standard 8

30–32 Optional 8

30–32 (single head) Standard 8

Time per view

(seconds)

20–30 Standard 8

40–60 Optional 8

40–60 (single head) Standard 8

Acquisition stop

mode

Time per view Standard 8

Cardiac cycles per view Preferred 8

Acquisition time per view Preferred 8

Rotation 180� Standard 9

360� Optional 9

Gated SPECT reconstruction parameters

SPECT reconstruction Filtered backprojection or iterative Standard 10

Reconstruction filter Butterworth 0.55 Nyquist cutoff

Order = 7 Standard 10

Butterworth 0.45 Nyquist cutoff Optional 10

Oblique reorientation Short-axis oblique Standard 11

Long-axis coronal Optional 11

Long-axis sagittal Optional 11
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rotation acquisitions) followed by dual-head

SPECT systems in a 180� configuration (180�
rotation acquisitions). Single-head SPECT cameras

are the least efficient systems for both 180� and

360� acquisitions, requiring 180� and 360� rota-

tions, respectively, to acquire a full study. With

multidetector SPECT systems, ERNA SPECT can

be performed in half the time, about 15 minutes, of

a 3-view planar ERNA series and are highly

recommended. Dual-headed cameras in the 180�
configuration are optional but are not recommended

unless 360� image acquisitions are desired (180�
rotations are required). Single-head SPECT cam-

eras with 180� rotations are optional, but not

recommended. Acquisition time with a single-

head camera (180� rotation) is approximately

30 minutes.

2. Collimator. High-resolution parallel-hole collima-

tors (resolution of approximately 8 to 10 mm

FWHM or better at 10 cm and sensitivity [Tc] of

approximately 4,000 to 5,000 counts � s-1 � mCi-1

[108 to 135 counts � s-1 � MBq-1]) are preferred

when using multidetector SPECT systems. LEAP

collimators (typically 12 mm FWHM at 10 cm and

sensitivity of approximately 10,000 counts � s-1 �
mCi-1, or approximately 280 counts � s-1 �
MBq-1) may be preferred when using a single-

head SPECT camera.

3. Pixel size. A 64 9 64 matrix size of 16-bit word

pixels or a 128 9 128 matrix size of 8-bit byte

pixels is preferred. Acquisition zooms that result in

pixels 4.8 to 6.6 mm2 in the acquired planar

projection images and comparably sized cubic

voxels in the reconstructed SPECT image sets are

standard of practice. Acquisitions may be per-

formed using acquisition zooms as high as 1.75

with large-FOV cameras (1.75 for patients with

small body habitus) providing pixels as small as

4 mm2. However, it is critical that the entire cardiac

blood pool be in the FOV in all projections or

severe truncation artifacts may result. If pixel sizes

smaller than 4.8 mm are desired, a test rotation with

observation of the blood pool using a persistence

scope in all views is recommended. With large-

FOV rectangular detectors, common on most mod-

ern and currently available SPECT systems, a test

orbit is only required in patients with very severely

dilated hearts. Most quantification programs are

validated at only one or two pixel/voxel sizes, and it

is generally recommended that an acquisition zoom

(voxel size) be used on all patients in keeping with

the image input requirements of the quantification

software used.

4. Energy window. 140 keV, ±15% window.

5. Bad beat/beat length window (arrhythmia rejec-
tion). The preferred arrhythmia rejection mode is

on-the-fly bad beat rejection. Typically, the stan-

dard arrhythmia rejection methods interrupt data

acquisition if a premature beat is detected outside of

the beat length acceptance window. Rejection of the

short or long beat is typical, with rejection of

subsequent beat preferred. The typical beat length

acceptance window for SPECT is the mean R–R0

interval ±15% to 35% but will vary depending on

heart rate and rhythm. This window is generally

somewhat larger than that used for planar ERNA, as

significant arrhythmias may result in poor statistics,

which, depending on the acquisition stop mode

employed, can adversely affect the quality of the

gated SPECT reconstruction. The beat length

window may require widening in some patients if

there is significant variation in cycle length due to

either sinus arrhythmia or premature beats. Regard-

ing acquisition stop mode, SPECT image

reconstructions assume equal sampling (acquisition

time) at each camera view. If several cardiac cycles

are excluded due to cycle lengths falling outside the

acceptance window, severe reconstruction artifacts

can occur including severe streaking of the recon-

structed images. For this reason, although not

commonly employed, ‘‘acquisition stop for

accepted beats’’ with normalization of the actual

acquisition time at each projection to a common

time (e.g., 30 seconds) and ‘‘acquisition stop for

accepted time’’ at each projection (e.g., 30 seconds)

are the preferred stop modes. Both stop for accepted

beats and stop for accepted time ensure virtually

identical sampling at each projection, whereas

simple acquisition for camera dwell time at each

projection with bad beat rejection turned on can

result in some projections having no accepted beats

(in the worst case) if there is a run of frequent

premature beats or a drift of heart rate outside the

acceptance window. As with planar studies, it is

recommended that the ECG trigger point be

checked to ensure that the ECG gating circuitry is

gating on the upslope or peak of the ECG R-wave.

The ECG gate setup should be checked with either a

dual-trace oscilloscope or strip chart recorder

output from the ECG gate on each patient. Since

most gating devices are designed to recognize a

rapid increase in QRS voltage, the optimal input to

these devices is an ECG lead that is predominately a

large monophasic R-wave accompanied by rela-

tively small P-waves and T-waves and an artifact-

free baseline. In most cases if the negative electrode

(typically the right arm lead) is placed just below
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the right clavicle in the mid-clavicular line, the

positive electrode (typically the left arm lead) is

placed above the costal margin 2 to 4 cm below the

V4, V5, or V6 position so as to avoid overlapping

the cardiac FOV, and the ground lead is placed in a

similar position on the right lower chest, a good

signal will be obtained. Care should be taken to

carefully prepare the electrode sites with alcohol or

other skin preparation materials to ensure a stable

artifact-free signal. In difficult cases, a quick review

of a standard 12-lead electrocardiogram may be

helpful in planning electrode placement, and usually

only repositioning the positive electrode will be the

only required change. The ECG lead wires should be

positioned so that they have no tension on them and

so that neither the patient nor camera can either

displace, snag, or bump them during acquisition

setup and imaging, resulting in interruption of gating

and/or artifacts. Bad ECG gating devices including

gating devices with excessive delays between QRS

onset and output of signal to the camera can adversely

affect the ventricular volume curve and severely

lengthen image acquisition time or result in poor

statistics. ECG gating devices can be checked with

commercially available dynamic phantoms.

6. Acquisition method. Frame mode (forward framing)

is standard. However, when available, forward–

backward gating should be considered, especially in

patients with significant arrhythmia where the

diastolic phase of the volume curve and cine

displays of wall motion may be severely distorted

when only forward framing is used.

7. Frame rate. Sixteen frames per cardiac cycle are

preferred because of the poor temporal resolution of

8-frame studies. LVEF values may be decreased

significantly if 8 gated frames per cycle are

acquired. The statistics of SPECT acquisitions

typically preclude the use of higher frame rates.

An alternative to higher frame rates per cycle is to

acquire 16 frames, over one half or two-thirds of the

cardiac cycle, if systolic ejection parameters and EF

only are required. However, with this optional

acquisition mode, diastolic function analyses will

be compromised if not precluded entirely.

8. Number of projections (views) and time per view.
When using dual-head SPECT cameras, 60 or 64

projections (30 or 32 projections per head) over a

1808 rotation (right anterior oblique to LPO) at

approximately 30 seconds per view are preferred

when (total acquisition time of about 15 or 16 min-

utes). Optionally, 30 or 32 views may be used (15 or

16 views per head) at 60 seconds per view for

enhanced statistics in very large or severely arrhyth-

mic patients (total acquisition time of about 15 or

16 minutes). With 3-headed systems, the total

number of projections acquired over a 1808 orbit

and the acquisition time per projection are the same

as for dual-head systems. This will require approx-

imately 30% more total acquisition time for a 1808
study. However, this 1808 approach throws away

half of the acquired data (i.e., in the same time

required for a 1808 study, a 3608 study has actually

been acquired). Some laboratories take advantage of

all the acquired projections and reconstruct with the

full 3608 projection data set. This permits reduced

time per projection and reduced total acquisition

time with the same or greater total acquired counts

for 3608 reconstructions. When using a single-head

gamma camera, 30 or 32 projections at 60 seconds

per view are recommended (total acquisition time of

about 30 to 32 minutes).

9. Rotation. With single- and dual-head SPECT cam-

eras, 1808 rotation is preferred; 3608 rotation is

optional with either a single- or dual-head camera

but is not recommended unless a three-head SPECT

camera is used.

10. SPECT reconstruction/filter. Filtered backprojection
is the suggested reconstruction method. Iterative

methods can also be used when available and are

required if attenuation correction is performed.

Different SPECT reconstruction filters are preferred

by different clinical sites. The suggested filter for

each of the 16 gated frames is a Butterworth filter

with 0.55 Nyquist frequency cutoff, and order of 7. If

the study is count-poor (due to significant arrhyth-

mias, poor tag, or other technical reasons), a

Butterworth filter with 0.45 Nyquist frequency

cutoff, and order of 7 may decrease statistical noise

and improve the quality of the reconstruction. As

algorithms become commercially available, iterative

reconstruction methods will probably become the

preferred approach. Temporal filling analogous to

that employed in planar imaging (I.D.2) should be

applied to raw data or to transverse reconstructed

images of count-poor studies.

11. Oblique reorientation. Preferably, each of the 16

gated frames’ transverse reconstructions are reori-

ented in short-axis oblique slices and, optionally,

long-axis coronal slices, most commonly referred to

as horizontal long-axis slices, and long-axis sagittal

slices, most commonly referred to as vertical long-

axis slices. Typical three-dimensional (3D) recon-

structions of the SPECT ERNA data are

accomplished using the short-axis oblique data

only. However, long-axis views are often important

when observing regional wall motion by cine-loop

display of the oblique reformatted slice data. See

paragraph 5 in the next section.
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D. Assessment of Ventricular Function—
Gated SPECT ERNA Imaging: Image Display
and Quantification (Table 7)

1. LV volume curve generation.66-71 Most parameters

describing ventricular function are extracted from a

complete LV volume curve in a manner similar to

that employed for planar ERNA studies. Techniques

that obtain this curve from either a single two-

dimensional ROI drawn at end diastole (and modified

at end systole as necessary) or using multiple ROIs

drawn at each time point over the summed short-axis

slices, which include the entire left ventricle but

exclude the left atrium, have been used on occasion

in the past but are outmoded and should be avoided.

Most methods described for the quantification of LV

volumes from SPECT ERNA employ 3D regions

encompassing the entire left ventricle, but only the

left ventricle, at each frame throughout the cardiac

cycle. Like methods used to quantify LV volumes

from gated SPECT perfusion studies, these methods

sum the calibrated voxels and partial voxels within

the defined 3D LV volume throughout the cardiac

cycle. Unlike planar ERNA methods that employ

TACs where background subtraction is required,

SPECT methods are inherently volumetric and do not

typically employ background subtraction. Several

automatic or semiautomatic methods have been

described, which in most patients are quick and

accurate, although it is important that the automatic

results be checked visually and modified as neces-

sary. Irregularities in the LV contour occasionally

occur using automatic algorithms and can have

significant effects on the parameters extracted from

the LV curve if not manually or semiautomatically

corrected during user quality assurance. Definition of

the mitral and aortic valve planes is the most difficult

step in this quantification—this is the result of the

activities within the LV, left atrium, and aortic blood

pools all being generally of similar intensity and

separated only by the relatively thin and sometimes

poorly defined mitral and aortic valve planes.

2. Background. Background subtraction is not required

and generally not performed for SPECT imaging.

The inherently 3D nature of reconstructed SPECT

images and the 3D surface rendering of the LV blood

pool employed in most quantitative methods obviate

the need for background correction (see paragraph 1

above).

3. LVEF. As discussed in paragraph 3 above, LVEF can

be computed by applying an end-diastolic ROI to

end-diastolic images and an end-systolic ROI to end-

systolic images reconstructed from slices summed to

include the entire left ventricle (but excluding other

cardiac chambers). These are essentially adaptations

of gated SPECT ERNA data sets to planar ERNA

quantification programs. These are outdated and to be

discouraged. Automatic or semiautomatic programs

which are inherently volumetric and consider the left

ventricle as a 3D object are the current standard. LV

Table 7. Quantitative parameters of ventricular function-gated SPECT ERNA imaging7,63-65

Parameter Method
For information, see

paragraph

LV volume curve

generation

Automatic ROIs at end diastole or at each time point Preferred 1

Manual ROI at end diastole Standard 1

Background LVEF None Standard 2

Counts-based 2D/3D method Preferred 3

Geometrically based method Optional 3

Automated method Optional 3

From single end diastolic ROI Optional 3

RVEF Not well validated at this point Optional 4

Wall motion 3D visual assessment of movie loop Preferred 5

Slice-based visual assessment of movie loop Optional 5

Regional EF Optional 5

LV emptying Peak/average rate of emptying Optional 6

LV filling Peak/average rate of filling Optional 7

LV volumes Counts based Standard 8

Pixel based Optional 8
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volume curves can be generated and LVEFs can be

computed in a manner similar to what is done with

planar ERNA. Although count-based methods can be

used, with SPECT, volume-based methods are pre-

ferred. Optionally, a geometric-based method may be

used to compute LVEF from EDVs and ESVs.

LVEFs obtained from SPECT ERNA are likely to be

higher than LVEF values determined from the planar

ERNA method due to the complete removal of all

activity from the left atrium. Preliminary results

indicate that SPECT ERNA LVEFs are approxi-

mately 7 to 10 EF units higher than those determined

from planar studies.72 Fitting the LV curve with two

or three harmonics and extracting the maximum and

minimum points as the EDV and ESV values are

sometimes employed. Volumetric methods are gen-

erally less affected by variations in sampling at the

end of the cardiac cycle due to cycle length variation.

Therefore, the end-diastolic frame may occur at

either the beginning or the end of the cardiac frame

cycle (frame 14, 15, or 16). If a nonvolumetric

activity-based method is employed and the original

TAC is produced from a single end-diastolic ROI, the

EFs will be consistently lower than if the TAC is

produced from multiple ROIs. In this case, SPECT

ERNA LVEF values may be comparable to or less

than multi-ROI planar ERNA calculations. Care must

be taken when applying SPECT ERNA LVEF values

to the evaluation of chemotherapy patients where

standards have been established using planar meth-

ods. A thorough understanding of the differences

between LVEF normal values between SPECT and

planar studies is required.

4. RVEF. Unlike planar ERNA studies, accurate com-

putation of RVEF may be possible with SPECT

ERNA due to the removal of chamber overlap and

the 3D nature of SPECT. Automatic volume-based

methods to date have not been as well validated as

those used for the left ventricle. Some studies

validating RVEF values from SPECT ERNA have

yielded positive results, although others have

not.73-75 The same activity-based techniques

described in paragraphs 1 and 3 above can be applied

for the measurement of RVEF, but as was the case for

the left ventricle, they are also discouraged for RV

analysis. All of the same considerations mentioned

above for the left ventricle also hold for the right

ventricle, but since the RV chamber is geometrically

more complex than the left ventricle, final results

may vary.

5. Wall motion.60,66,67,76,77 Regional wall motion in

SPECT ERNA may be determined from cine displays

of multiple long- and short-axis slices and from 3D

displays of the cardiac chambers in cine-loop fashion

(preferred). The 3D displays may be shaded-surface

and/or wire-frame displays or, optionally, volume-

rendered displays. These 3D images are best dis-

played in multiple cardinal views or rotated under

user control. Cine-loop displays of long- and short-

axis slices are standard on most commercial com-

puter systems as part of gated SPECT software

packages. Wall motion analyses by SPECT ERNA

may be the most useful application of this technique

and can be performed on most commercial systems.

Optionally, regional EFs can be computed from the

segmented left ventricle and have been shown to be

helpful in identifying wall motion defects in patients

with coronary artery disease. Alternatively, two-

dimensional planar projections can be easily gener-

ated from the 3D data sets to permit viewing of cine

images from a variety of projection angles.

SPECT ERNA has been used for the assessment

of left and right ventricular activation sequences and

the identification of the sites of AV nodal bypass

tracks, as well as LV and RV arrhythmias.78-81 A

newer application of SPECT ERNA has been the

study of activation sequences to calculate parameters

of ventricular synchrony such as the site of last

activation useful in guiding resynchronization ther-

apy for congestive heat failure.82 These uses have

been recently reviewed, but unfortunately, these

applications currently remain available only to

research laboratories since there is no commercially

available software that performs these functions.64,82

6. LV emptying. LV emptying, average and maximum,

may be computed in similar fashion to planar ERNA

methods, as can the systolic ejection period.

7. LV filling. LV filling, average and maximum, may be

computed in similar fashion to planar ERNA meth-

ods, as can the diastolic filling period(s).

8. LV volumes.66-71 LV volumes can be accurately

computed using SPECT ERNA techniques. LV

surface rendering methods are inherently volumetric

and are less hampered by chamber overlap. Moreover,

the spatial distribution of the left ventricle is more

clearly delineated. The most straightforward approach

for LV volume determination that involves no geo-

metric assumptions is to sum the 3D pixels (voxels)

contained within the LV volume of interest, excluding

all other structures, and multiply the number of voxels

by the calibrated voxel volume. With the calibrated

voxel volume (a standard system measurement on all

modern SPECT systems), LV volumes at end diastole

and end systole and throughout the cardiac cycle can

be easily computed. Although many individual stud-

ies have compared LV volumes to those derived from

cardiac contrast ventriculography going back as far as

the early 1980s and, more recently, against cardiac
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Table 8. Guideline for interpretation

For information, see paragraph

Planar SPECT

Display
Quad screen cinematic display Standard I.D.1 II.D.1 and .5
Time smoothing Standard I.D.2 II.C.10
Spatial smoothing Optional I.D.2 II.C.10
Quality control
Image quality

Statistics–qualitative Standard I.B.2 II.C.10
Statistics–quantitative Optional I.C.9 II.C.8 and .10
Labeling efficiency–qualitative Standard I.B.2 I.B.2

Appropriate imaging angles Standard I.C.10 II.C.8 and .9
Appropriate zoom Standard I.C.2 II.C.3
Attenuation Standard I.F.2 –
Processing accuracy

Ventricular ROIs Standard I.D.3 and .5 II.D.1 and .3
Background ROIs Standard I.D.4 II.D.2
Volume curve(s) Standard I.D.3 II.D.1

Image analysis
Cardiac rhythm and conduction Standard I.D.6 II.C.5 and II.D.5
LV size

Qualitative Standard I.F.4.a II.D.8
Quantitative volume Preferred I.D.9 II.D.8

LV regional wall motion

Qualitative Standard I.D.6 II.D.5
Semiquantitative Optional I.D.6 II.D.5
Quantitative Optional I.D.6 II.D.5

LVEF Standard I.D.5 II.D.3
LV diastolic filling

Qualitative Standard I.D.8 II.D.7
Quantitative Preferred I.D.8 II.D.7

RV size

Qualitative Standard I.D.11 and I.F.4.b II.D.4
Quantitative Optional I.D.11 and I.F.4.b II.D.4

RV regional wall motion Standard I.D.12 II.D.5
RVEF Optional I.D.10 II.D.4
Atrial sizes Standard I.F.4.c –
Aortic and pulmonary artery sizes Standard I.F.7 –
LV hypertrophy Optional I.F.5 –
Pericardial space Standard I.F.6 –
Activity outside heart and great vessels Standard I.F.3 –
Exercise/intervention study
Display Standard I.E.1 –
Regional wall motion: Changes from rest Standard I.E.2 –
Chamber size: Changes from rest Standard I.E.3 –
LVEF, RVEF: Changes from rest Standard I.E.4 –
Conclusion
Correlation with clinical data Standard I.E.5 I.E.5
Comparison to previous studies Standard I.E.5 I.E.5

III. EQUILIBRIUM RADIONUCLIDE ANGIOCARDIOGRAPHY: GUIDELINE
FOR INTERPRETATION (TABLE 8)
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Table 9. Guideline for reporting

For information, see paragraph

Planar SPECT

Demographic data

Name Standard

Gender Standard

Age Standard

Ethnic background Optional

Date acquisition Standard

Medical record number for inpatient Standard

Height/weight body surface area Standard

Acquisition parameters

Type of study Standard

Radionuclide/dose Standard

Indication for study Standard I.A. and V. I.A. and V.

Study quality Optional I.B.2 and I.C.6 and I.E.6 II.C.5 and .10

Results: Rest

LV size

Qualitative Standard I.F.4.a II.D.8

Quantitative Optional I.D.9 II.D.8

LV regional wall motion Standard I.D.6 II.D.5

LV hypertrophy Optional I.F.5 –

LVEF Standard I.D.5 II.D.3

LV diastolic function

Qualitative Standard I.D.8 II.D.7

Quantitative Preferred I.D.8 II.D.7

RV size

Qualitative Standard I.D.11 and I.F.4.b –

Quantitative Standard I.D.11 II.D.4

RV regional wall motion Standard I.D.12 II.D.5

RVEF Optional I.D.10 II.D.4

Atrial sizes Optional I.F.4.c –

Aortic and pulmonary artery size Optional I.F.7 –

Results: Exercise/intervention parameters

Type of exercise/intervention protocol Standard I.E.7 –

Symptom(s) Standard I.E.8 –

Peak heart rate and blood pressure Standard I.E.8 –

METS achieved or percent maximum heart rate Optional I.E.8 –

Results: Exercise/intervention ERNA data

LV size: Change from rest

Qualitative Standard I.E.3 II.D.5

Quantitative Preferred I.E.4 II.D.3

LV regional wall motion Change from rest Standard I.E.2 II.D.5

LVEF exercise Standard I.E.4 NA

RV size: Change from rest Standard I.E.3 –

RV regional wall motion: Change from rest Standard I.E.2 –

RVEF exercise Optional I.E.4 –

IV. EQUILIBRIUM RADIONUCLIDE ANGIOCARDIOGRAPHY: GUIDELINE
FOR REPORTING (TABLE 9)
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contrast ventriculography and gated magnetic reso-

nance imaging (see cautions discussed in paragraph 3

above), as a caution, LV volumes have not been

validated extensively with any one of the commer-

cially available quantitative programs.83

Table 9 continued

For information, see paragraph

Planar SPECT

Conclusion

Normal or abnormal Standard I.F.8 I.F.8

Diagnostic significance of rest/exercise response Standard I.F.8 NA

Prognostic significance of rest/exercise response Optional I.F.8 NA

Comparison to previous results Standard I.E.5 I.E.5

NA, Not applicable; METs, metabolic equivalents

Table 10. Indications for equilibrium radionuclide angiocardiography (rest and/or exercise)

Planar SPECT

Diagnosis of acute coronary end diastole syndromes

Suspected ACS in the ED with nondiagnostic electrocardiogram and biomarkers III III

Detection of AMI when conventional measures are nondiagnostic III III

Diagnosis of STE AMI III III

Risk assessment and assessment of prognosis and therapy after STE AMI

Rest LV function I I

Rest RV function after suspected RV infarction IIa IIa

Presence of stress-induced ischemia and myocardium at risk IIb III

Detection of infarct size and residual viable myocardium III III

Predicting improvement in regional and global LV function after revascularization IIb IIb

Diagnosis, prognosis and assessment of therapy in patients with unstable angina/NSTEMI

Measurement of LV function I I

Identification of ischemia in the distribution of the culprit lesion or in remote areas IIb III

Identification of severity and extent of disease in stabilized patients on medical therapy IIb III

Identification of severity/extent of disease with ongoing ischemia and nondiagnostic

electrocardiogram

IIb III

Diagnosis of myocardial ischemia when history and ECG changes are unreliable IIb III

Diagnosis of chronic CAD

Assessment of ventricular performance (rest/exercise) I/I I/III

Diagnosis of symptomatic and selected asymptomatic patients with myocardial ischemia IIb III

Planning PTCA—identifying lesions causing ischemia, if not otherwise known III III

Risk stratification before noncardiac surgery in selected patients IIb III

Screening of asymptomatic patients with low likelihood of disease III III

V. GUIDELINES FOR CLINICAL USE OF
RADIONUCLIDE ANGIOCARDIOGRAPHY

The American College of Cardiology, American

Heart Association, and American Society of Nuclear

Cardiology have developed guidelines for the use of

radionuclide imaging of the heart. Table 10 has been

adapted from these guidelines. Note that items may be

categorized as class III if not enough data are pres-

ently available to substantiate routine clinical

implementation.84,85
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