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Prospects for advancing nuclear cardiology by
means of new detector designs

Kenneth J. Nichols, PhD,a Andrew Van Tosh, MD,b

and Christopher J. Palestro, MDa

In the March/April issue of the Journal, there is a

fascinating article by Slomka et al1 reporting advances

in SPECT detector design and image reconstruction

techniques. In this essay we shall outline briefly the

physical principles that have made these innovations

possible and explore ways in which diagnosing cardiac

disease may be advanced with this new technology.

First, it is useful to understand how it has become

possible to improve Nuclear Cardiology image quality.

Usually, for any given technology, such as Anger cam-

era tomograms reconstructed by filtered backprojection,

improving one property of an image causes degradation

of other image properties; for instance, improving sig-

nal-to-noise ratio by applying a stronger spatial filter

decreases image contrast and spatial resolution.2 In

order to achieve a genuine improvement in image

quality it is necessary to replace an older technology

with a newer one. One way to accomplish this is to

replace filtered backprojection reconstruction approa-

ches with more sophisticated iterative reconstruction

algorithms; another approach is to replace the Anger

cameras with superior data collecting devices.

Ultimately, the reliability of scintigrams is insepa-

rably connected to the amount of information associated

with each detected gamma ray. Anger cameras consist of

a single large NaI(Tl) crystal with a bank of many

photomultiplier tubes and a collimator. Some of the

recent improvements in image quality have come about

by replacing the NaI(Tl) crystal with a solid state device,

such as CZT and CSI(Tl) crystals, which provide con-

siderably more information for each detected gamma

ray. For instance, every time a 140 keV gamma ray

scintillates in a NaI(Tl) crystal, it produces 5,600 light

photons, which are converted to 700 photoelectrons,

which then must be amplified in a photomultiplier tube

to produce an electronic signal suitable for information

processing.3 The greatest factor contributing to Anger

camera dead time arises from the need to compute the

location of the scintillation within a large NaI(Tl) crystal

from the pattern of currents flowing through many

photomultiplier tubes. In contrast, if a 140 keV gamma

ray encounters a CZT detector, its energy is converted

directly to 30,000 electron-hole pairs, so that much more

information is generated per detection, and the signal is

immediately available for information processing. This

translates into considerably better energy resolution, the

implications of which are described below.

The small size of solid state detectors (only a few

millimeters thick) has made possible innovative detector

designs, including few or no moving parts (other than

allowing detectors to be positioned as closely to the

patient as possible), that are arranged to provide three-

dimensional image formation. Imaging with some of the

newer detector designs is similar to PET imaging, which

also uses stationary detectors and which acquires data

three-dimensionally. A stationary detector system has

the practical advantage of having fewer breakdowns and

reduced detector down time.

Conventional filtered backprojection applied to

multiple planar projections processes information from

only one plane at a time. Filtered backprojection recon-

structs information in a plane as if there is no relation

between that information and information in contiguous

planes, whereas the information contained in contiguous

transaxial planes is highly correlated. Newer solid state

detector designs lend themselves well to true three-

dimensional acquisition of SPECT data. The formation of

tomograms by combining information from many dif-

ferent small detectors is implemented through the use of

newer, sophisticated, maximum likelihood expectation

maximization (MLEM) algorithms,4 and ordered subset

expectation maximization (OSEM) algorithms.5 MLEM

and OSEM algorithms not only generate the tomogram,

but also make it possible to correct for estimated amounts

of scattered radiation, by using information in multiple

energy windows.6,7 At the same time, these algorithms

enable the incorporation of detailed knowledge about the
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manner in which detector response varies with the dis-

tance away from each detector,8 and attenuation

correction information, such as from a CT scan.

Anger cameras typically have count sensitivities in

clinical studies of 0.5-0.7 kcps and energy resolution of

9-10%, with tomographic spatial resolution on the order

of 9-11 mm. In contrast, CZT SPECT cameras have

sensitivities in clinical studies of 2.2-4.7 kcps, energy

resolution of 5.7%, and tomographic spatial resolution

ranging from 4.3 to 4.9 mm.9,10 This amounts to simul-

taneously acquiring 3-5 times more gamma rays, or even

10 times more counts,11 with 1.65 times more precisely

defined gamma ray energy, and with 1.7-2.5 times better

spatial resolution than the Anger camera.9 What are the

likely advantages of these improvements in SPECT

image characteristics for diagnosing cardiac disease?

IMPROVED ENERGY RESOLUTION

Overall image quality is related to energy resolu-

tion. There always is a limit to the precision with which

the energy of detected gamma rays can be measured,

regardless of the detector used. Consequently, some

gamma rays reported as having 140 keV of energy are

actually lower or higher energy scattered gamma rays

that did not actually originate from the direction com-

puted by the detector’s spatial logic circuitry. Rather,

these are scattered gamma rays emitted at other loca-

tions within the patient’s body. Including them in

reconstructed tomograms causes the tomograms to

appear to have concentrations of radionuclides in areas

where there are no isotopes. Yet, it is necessary to set a

sufficiently wide energy window in deciding which

detected gamma ray events to process, because even true

140 keV primary energy gamma rays can be reported to

have energies lower or higher than 140 keV. Failing to

set a sufficiently wide energy window will result in

needlessly discarding true primary gamma rays. Usually

the energy window is set sufficiently wide to include

95% of likely computed energies that the detector is

expected to report as a result of detecting primary

gamma rays. The advantage of using technology with

5-6% energy resolution, as opposed to 9-10% energy

resolution, is that the reconstructed tomogram will

contain fewer scattered gamma rays. As a result, to-

mograms acquired with better energy resolution will

have higher image contrast and an improved ability to

discriminate areas with isotope uptake versus those

without tracer uptake. Areas of relatively less myocar-

dial uptake contiguous to areas of normal perfusion

should be seen more easily because of higher image

contrast, and be more accurately localized.

Improved energy resolution should facilitate the

implementation of dual isotope imaging protocols. One

example is rest Tl-201 collected simultaneously with

stress Tc-99m-sestamibi count distributions, both

acquired under resting conditions. While there have

been attempts to implement this protocol using Anger

camera technology,12 it has been challenging to

accomplish due to considerable overlap of Tc-99m

gamma rays scattered down into the Tl-201 69-81 keV

energy window. Solid state detectors with improved

energy resolution and higher sensitivity should facilitate

acquisition of Tl-201 images with a larger number of

167 keV Tl-201 gamma rays, and improve the likeli-

hood of separating Tc-99m images from Tl-201 images.

It would be advantageous to be able to image the resting

perfusion distribution with Tl-201, with its favorable

resting tracer kinetics,13 registered to the same locations

as the sestamibi stress distribution. This would obviate

possible misregistration problems inherent in acquiring

data during two separate imaging sessions, as well as

reduce the possible complication of left ventricular

(LV) shape differences for stress versus rest studies that

can occur in transient ischemic dilatation following

stress testing.14 Another potential application is simul-

taneous performance of Tl-201 and I-123-MIBG

imaging, which could aid in assessing adrenergic

activity and myocardial perfusion simultaneously in

patients with CHF.15

INCREASED COUNT SENSITIVITY

Recently, newer reconstruction algorithms, such as

the MLEM and OSEM approaches mentioned above,

have been applied to Nuclear Cardiology applications

that enable Anger camera tomograms in half the time

with the same image quality as had previously been

achieved with conventional filtered backprojection.16-19

Yet, in assessing the quality of those tomograms,

observers find that in a small percent of scans the

problem continues to be inadequate counts, producing

images that readers judge as being of poor quality. This

can happen if patients are unusually obese, or if myo-

cardial uptake is unusually reduced. In triple vessel

disease, all coronary arteries are partially blocked, so

that radiotracer uptake is reduced in a balanced fashion

that is difficult to detect.20,21 Coronary vasospasm and

previous ischemia also can result in reduced tracer

uptake.22 Although increasing the amount of radioac-

tivity injected can compensate for this, it is not desirable

to do so.

In order to use an Anger camera it must be equipped

with a collimator (usually parallel-hole), which enables

defining the direction of travel of the gamma rays at the

expense of low sensitivity, admitting only 1 out of every

10,000 gamma rays emitted by the patient.3 Newer solid

state detector designs incorporate collimators too, but
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their more efficient energy conversion processes provide

higher count rates. The prospect of acquiring 3-5 times

more counts in the same amount of time should translate

into improved image quality.

Initial reports indicate that myocardial perfusion

image quality achieved with the newer solid state cam-

eras in 5-6 minutes is comparable or better than what is

obtained with a conventional Anger camera in 14-15

minutes.23,24 Since newer detectors acquire 3-5 times

more data than conventional SPECT, acquisition times

of 2 minutes, or less, might be feasible. This should

reduce the frequency of patient motion artifacts and

improve laboratory efficiency. In clinical trials involving

large sample sizes, the newer detectors provide images

that are at least comparable to those obtained with

conventional SPECT cameras,11,25,26 so the newer

designs could well provide both improved laboratory

efficiency and improved diagnostic image quality. The

possibility of acquiring clinically useful SPECT data in

only 2 minutes could permit protocols in which the heart

is imaged during stress, to capture abnormal functional

as well as abnormal perfusion information, to be com-

pared to resting function and perfusion in a separate

acquisition.

In the same way that improvements in reconstruc-

tion algorithms of data collected by conventional

SPECT cameras have made it feasible to collect gated

SPECT myocardial perfusion data at frame rates of 24

cine frames/R-R interval,27 thereby likely resulting in

more precise diastolic and systolic functional parame-

ters, higher cinematic frame rates should be feasible

with the newer solid-state detectors owing to their

greater count sensitivity. The prospect of routinely

acquiring more reliable peak ejection rate and peak

filling rate parametric data through higher sampling

rates for LV volume versus time curves should add a

further dimension to the quantification of cardiac

disease.

Another potential benefit of increased sensitivity is

decreased radiation dose to the patient. There is partic-

ular concern regarding limiting radiation dose in

conjunction with 64-slice CT scanning in pediatric

studies,28 and in studies involving younger women.29

This is especially worth noting for laboratories that

intend to perform cardiac SPECT studies in conjunction

with 64-slide CT scans, for which surface doses can be

high.30 So, while interest has been focused on reducing

scan times using SPECT detector technology, an addi-

tional benefit could be the ability to tailor protocols to

deliver a substantially smaller amount of injected activity

to younger patients and maintain the same amount of

time (10-14 minutes) to perform a SPECT scan.

Another means by which the newer detectors could

impact laboratory operations is to make it feasible to

acquire the same number of cardiac counts for each

patient, thereby providing a measure of consistency

from one patient to the next. Rotating Anger cameras

can be used this way now, by first ascertaining count

rates using an initial 1-minute scan and adjusting the

acquisition time per projection,31,32 but this procedure is

not widely implemented. Because the newer devices

acquire data three-dimensionally, acquisition computers

could easily be set to collect a predetermined amount of

counts without first acquiring a 1-minute calibration

study. The advantageous imaging properties of the

newer detector designs should provide considerably

more flexibility in designing diverse imaging protocols,

and tailoring them to particular patient groups.

Along with the accumulation of more counts and

higher count rates should come the ability to determine

absolute uptake in units of kBq/lg.33,34 This always has

been desirable, but has not been implemented for

SPECT, in part due to inadequate count statistics. In

positron imaging, the PET camera is calibrated using a

well counter, and the syringe used to deliver the tracer is

measured before and after injections to enable absolute

quantitation. There will be no reason not to do this for

the newer SPECT cameras.

First pass transit studies, a staple of Nuclear Car-

diology in the 1970s, could become relevant again

because of the potential for measuring coronary flow

reserve (CFR). Rb-82 PET imaging has the capability to

provide absolute measurement of myocardial blood flow

(MBF),35,36 and CFR,37 routinely. Now it may be pos-

sible for SPECT to do that too. CFR measurement

requires reliable count rate data for both the bolus

injection phase and for the subsequent equilibrium blood

pool phases of tracer injection, during stress and at rest.

Many conventional Anger cameras are incapable of

providing sufficiently high quality data because their

sensitivity decreases drastically when presented with too

high a count rate during the injection phase. However,

solid state detectors have much shorter dead time, so that

acquiring such data may well be feasible.

IMPROVED SPATIAL RESOLUTION

It can be quite difficult to distinguish between

myocardial perfusion defects caused by disease of the

right coronary from those caused by disease of the distal

left anterior descending artery, not only for SPECT but

also for PET,38 and to determine if one or more arteries

are involved. The ability to resolve smaller structures

with the new technologies should provide higher sensi-

tivity to detect smaller, more subtle lesions, and to

distinguish multi-vessel from single vessel disease.

Being able to see suggestions of papillary muscles and

atria should provide a higher degree of confidence in
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localizing perfusion and functional abnormalities. The

more anatomic clues that are available from the SPECT

data, the higher the degree of confidence in matching

SPECT to CT images to verify, or correct, the regis-

tration between SPECT and CT scans.

It is possible that more accurate estimates of LV

mass may become available from SPECT data. Until

now, tests for detecting unusually thick myocardium in

conventionally acquired gated SPECT data have found

no convincing evidence that patients’ myocardium ever

exceeds the partial volume limit,39 even in individuals

with LVH.40 The normal myocardial thickness is on the

order of 1 cm thick at end diastole, which is about twice

the spatial resolution of the newer cameras. So, it may

become possible to detect instances in which the count

profile across the myocardium is not simply the detec-

tor’s line spread function, but which would actually

constitute evidence of unusually thick myocardium.

Clearly, echocardiography is excellent for quantifying

myocardial mass, and it is unlikely SPECT would be

performed solely for this purpose. Rather, as LVH is

associated with potentially serious health implications,

an incidental finding of unusually thick myocardium

seen on gated SPECT studies would trigger further

investigations.

Depicting at least some of the right ventricular (RV)

myocardium a greater percent of the time for a greater

percent of the RV also may become feasible. This could

constitute a new realm for diagnosis of cardiac disease

by SPECT. Currently a finding of reduced apical per-

fusion is not sufficient to identify a problem with the LV

or RV. The ability to recognize RV infarction, specifi-

cally, should promote a better understanding of the

disease state of an individual. Currently gated blood

pool SPECT imaging is the only Nuclear Cardiology

method available for recognizing regional RV motion

and phase abnormalities.41,42 If similar information can

be obtained from gated myocardial perfusion studies, it

could shed light on a number of cardiac and pulmonary

disease processes associated with RV disease, poten-

tially providing better patient management.

Improved spatial resolution will likely reduce the

tendency of functional quantitative algorithms to

underestimate smaller ventricular volumes and overes-

timate high ejection fraction (EF). High EFs are not

given as much credence when derived from myocardial

perfusion SPECT imaging, due to the reliance of the

calculations on quantified volumes. When myocardial

walls in smaller hearts contract, counts from one wall

spill over into the LV cavity at systole, causing arti-

factually increased contraction. Improved spatial

resolution likely will reduce this phenomenon and, in

conjunction with the acquisition of more counts, should

provide more accurate EFs.

CHALLENGES

Verification that imaging with newer solid-state

detectors provides image quality equal to or superior to

that obtained with conventional Anger camera SPECT is

essential, of course, but validations of perfusion and

function parameters versus independent reference stan-

dards, such as CT, cardiac MRI, or x-ray contrast

arteriography, are also needed. Some reports have found

that LV EF and volume values are systematically lower

when conventional Anger cameras use MLEM and

OSEM reconstruction algorithms.18,19 Newer solid state

detectors form reconstructions using OSEM algorithms,

and consequently, verification of LV myocardial perfu-

sion and function quantification versus independent

reference standards is important. Data need to be col-

lected in actual clinical settings to obtain a realistic idea

of quantifiable improvements in accuracy of perfusion

defect size, location, and severity, as well as functional

parameters. This is particularly relevant considering that

imaging with solid-state detectors is likely to produce

images of better quality than Anger camera SPECT, so

only comparing against conventional SPECT will not

provide a complete picture of improvements in accu-

racy. Considering that diagnosis of cardiac disease is

already highly successful with conventional Anger

cameras, and that the newer detectors undoubtedly will

be more expensive than conventional systems, it will be

necessary to prove definitively that they provide sig-

nificantly better sensitivity, specificity, and accuracy in

order for these new systems to gain acceptance.

While improvement in spatial resolution is highly

desirable, the ability to image smaller structures may

well require adjustments to existing Nuclear Cardiology

algorithms. Gated SPECT data sets of improved spatial

resolution may present challenges to assumptions about

relationships between percent wall thickening and sys-

tolic count increases,43 because the LV myocardium at

end diastole now may have a thickness of about twice

the spatial resolution of some of the new devices. The

commercially available Nuclear Cardiology algorithms

that compute LV volumes and EFs incorporate

assumptions about wall thickening by way of systolic

count increases,44,45 so it may be necessary to make

appropriate adjustments to these algorithms or even to

develop entirely new algorithms.

Shorter acquisition times made possible by the

newer detector designs should reduce the frequency of

motion artifacts, but it will not eliminate them. Detectors

that acquire information three-dimensionally still will be

blurred by ‘‘upward creep’’ of the heart as the dia-

phragm relaxes.46 The washout of Tl-201, which can

cause the appearance of the abrupt jump of projection

data acquired by two-detector data, will not appear, yet
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will still alter count rate information regionally during

the course of data acquisition. These types of artifacts

possibly could be post-corrected if data are collected in

gated list mode, but new, as yet unanticipated, artifacts

may appear with this new technology. It will be neces-

sary to be on the alert for new kinds of artifacts.

SUMMARY

In summary, the newer detector designs offer the

possibility of improved Nuclear Cardiology image quality

and suggest a wide range of new, innovative imaging

protocols. They may enable obtaining more accurate and

more varied quantified perfusion and functional

parameters.
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