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Abstract The continuous development of SPECT over

the past 50 years has led to remarkably improved image

quality and increased diagnostic confidence. The most

influential developments include the realization of hybrid

SPECT/CT devices, as well as the implementation of

attenuation correction and iterative reconstruction tech-

niques. These developments have led to a preference for

SPECT/CT devices over SPECT-only systems and to the

widespread adoption of the former, strengthening the role of

SPECT/CT as the workhorse of nuclear medicine imaging.

New trends in the ongoing development of SPECT/CT are

quite diverse. For example, whole-body SPECT/CT images,

consisting of acquisitions from multiple consecutive bed

positions in the manner of PET/CT, are increasingly per-

formed. Another recent advance has been the incorporation

of additional information obtained from the CT images into

the SPECT reconstruction, thereby allowing CT data to be

used for more than just attenuation correction and image

fusion. Additionally, in recent years, some interesting

approaches in detector technology have found their way

into commercial products. For example, some SPECT

cameras dedicated to specific organs employ semiconductor

detectors made of cadmium telluride or cadmium zinc tel-

luride, which have been shown to increase the obtainable

image quality by offering a higher sensitivity and energy

resolution. Most important, the recent advent of quantitative

SPECT/CT which, like PET, can quantify the amount of

tracer in terms of Bq/mL or as a standardized uptake value,

is a major innovation that will lead to increased diagnostic

accuracy and confidence, especially in longitudinal studies

and in the monitoring of treatment response. This article

describes some of the physical and technical fundamentals

of SPECT/CT and reviews established as well as experi-

mental technical developments. It also introduces the

aforementioned recent trends in the field of nuclear medi-

cine imaging, such as specialized collimators, SPECT

cameras for anatomical imaging (e.g. cerebral/cardiac

imaging) and new detector technologies.
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Introduction

The steady increase in the number of SPECT/CT devices in

European clinics [1], since their commercial introduction

in 1999, together with a decrease in the number of SPECT-

only devices, are two trends indicative of the considerable

confidence that physicians derive from SPECT/CT in

clinical practice. The rationale behind this is that the

integration of SPECT and CT, through the utilization of

techniques like hardware co-registration, attenuation cor-

rection and scatter correction, offers numerous diagnostic

possibilities.

The individual components of SPECT/CT have a long

history. The evolution of SPECT as we know it today

involved a multitude of development steps. These include,

for example, the invention of the gamma camera [2] in the

late 1950s, early attempts at tomographic imaging involv-

ing the use of fixed detectors and rotating chairs [3], the

advent of focal plane emission tomography [4] in the
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1960s, and finally the introduction of a system that used

rotating gamma cameras [5] in the 1970s. Similarly, the

development of the first clinical X-ray CT scanner by Sir

G. Hounsfield [6, 7] was necessarily preceded by a number

of important achievements, such as the discovery of X-rays

by Roentgen in 1895, the mathematical research of Radon

[8], and the development of basic CT principles by Old-

endorf [9] in the 1960s. A detailed history of SPECT and

SPECT/CT can be found in an excellent recent article by

Hutton [10].

This article aims to describe some of the physical and

technical fundamentals of the field of SPECT/CT and to

review established, as well as experimental, technical

advances.

In addition, it introduces other recent trends in the field

of nuclear medicine imaging, such as specialized collima-

tors, SPECT cameras for anatomical imaging (e.g. cerebral/

cardiac imaging) and new detector technologies.

Technical principle

The most common SPECT cameras reflect a ‘‘one size fits

all’’ approach that aims to address a large range of diag-

nostic questions relating to various organs of interest and/

or using different radionuclides. The motivation behind this

is to ensure that SPECT/CT cameras can be used for as

many diagnostic tasks as possible, thus maximizing their

cost efficiency.

Most often, this multi-purpose design is achieved by

mounting two gamma camera heads on a movable gantry

(see Fig. 1). The X-ray transmission device (CT or flat-

panel detector) is usually integrated in the same gantry but

can often be operated independently. The SPECT and CT

acquisitions are, with most devices, carried out sequen-

tially. The SPECT is acquired first, followed by the CT or

vice versa. With some systems, the patient needs to be

transferred from the SPECT position to the CT position by

an axial table movement. However, other systems allow

SPECT and CT acquisitions to be performed without the

need for table movements [11]. A broad range of trans-

mission devices is available, but, in general, two trends can

be identified. The first includes systems featuring fully

diagnostic CT devices with fast-rotation (0.5 s per 360�)

detectors that simultaneously acquire data from 16 slices

and X-ray tubes with high voltage (up to 140 kVp), high

current (up to 500 mA), and automatic exposure control.

Often, these systems also support advanced CT capabilities

like cardiac gating, calcium scoring and iterative recon-

struction. Some research and prototype systems with even

higher slice counts (e.g. 64 slices) are available [12]. At the

other end of the spectrum there are systems that focus on

optimal integration with SPECT by employing co-planar

transmission imaging, adapted rotation times (e.g. 12 s per

360�) and dose-optimized acquisition modes with lower

tube voltages and currents. SPECT/CT systems with lower

CT slice counts (e.g. one or two slices) and decreased

temporal resolution are also available. These systems often

do not provide the full range of advanced CT features, but

still offer cost-efficient attenuation correction and image

co-registration.

The gamma cameras themselves usually follow the

design of the original Anger camera [2, 13]. First, a pro-

jection of the radioactivity distribution is formed via an

absorptive collimator mounted on the detectors. A sodium

iodide (NaI) scintillator crystal then converts the high

energy of the gamma photons into lower energy ultra-violet

photons. These are transformed into an electrical signal by

photomultipliers. The energy and position of the detected

photons is calculated by pulse height spectrometry and by

analyzing differences in signals recorded by the photo-

multipliers, respectively. In recent years, alternatives to the

Anger camera have been introduced into clinical practice.

Semiconductive materials like cadmium telluride

(CdTe) and cadmium zinc telluride (CZT) convert the

gamma photons directly into electrical signals and thus

offer better performance when converting gamma photons

to electrons; this allows increased energy resolution (*5

vs. *10 % at 140 keV) as compared to the Anger tech-

nique [14]. Additionally, the linear attenuation coefficient

of CZT is slightly higher than that of NaI (*3 vs.

*2 cm-1 at 140 keV), which could potentially lead to an

increased sensitivity [15], although this benefit is often

foregone when it is decided, for economic reasons, to limit

the thickness of the semiconductors. In fact, the consider-

able advantages in terms of the photon sensitivity (regu-

larly reported to be 4–8 times higher) and resolution [16] of

these cameras are achieved through changes to features

other than just the detector material, e.g. through special

geometries, adapted collimation and pixelated detectors

[17]. For example, for cardiac examination, these advan-

tages allow shorter acquisition times (e.g. 6 vs. 16 min

[16]) or considerably diminished patient dose at improved

signal-to-noise ratio and image quality (1.15 vs. 2.39 mSv

[18]). Unfortunately, the CZT technique is expensive

compared to NaI and photomultipliers, and this restricts its

usage to smaller systems that are designed for special

applications like cardiac or preclinical imaging [19]. Some

prototype systems are also available for imaging of the

human brain [20]. With their excellent resolution and

sensitivity, CZT systems are particularly suited for scinti-

mammography. In this setting, even lesions with diameters

as small as 5 mm can be reliably detected [21, 22] at sig-

nificantly reduced patient doses [23].

As regards the movement of the SPECT detectors,

modern systems are not limited only to standard 180�

446 Clin Transl Imaging (2014) 2:445–457

123



detector configurations (where the detectors are opposite

each other), but also allow other geometries such as 90� or

76� for cardiac imaging. Some systems even permit more

exotic geometries, where the center of rotation of the

detectors can be adjusted individually for each patient. This

approach is beneficial if focusing collimators are used since

the organ of interest (e.g. the heart) can be kept at the focal

point of the acquisition [24]. With this approach, a fourfold

increase in sensitivity over parallel-hole collimation is

reported, and otherwise unchanged diagnostic information

is provided [25]. Another emerging technology in the field

of collimators is the application of the (multi-)pinhole

principle. Even though such designs offer high spatial

resolution compared to parallel-hole collimation, they are

rarely used in clinical routine due to their complex imaging

characteristics and low sensitivity. However, (multi-)pin-

hole collimators are regularly applied in small animal

imaging [26], where they are able to achieve sub-milli-

meter spatial resolutions [27].

Prior to the introduction of hybrid SPECT/CT devices,

radionuclide transmission measurements (e.g. with Gd-153,

Tc-99 m, Ba-133) were commonly employed for the pur-

pose of attenuation correction. However, this method had

severe limitations [28], the most important being the rela-

tively poor image quality and high noise at clinically

acceptable but still long (5–20 min) measurement times.

These limitations, along with the favorable experiences

with hybrid PET/CT, led to widespread adoption of

SPECT/CT following its introduction in 1999.

SPECT/CT technologies

Image co-registration

An important aspect driving the preference for SPECT/CT

is the possibility of having co-registered anatomical and

functional images, displayed simultaneously in the same

image frame. Since SPECT and CT are acquired at the

same position or with a known movement of the patient

table, the associations of the voxels in the SPECT images

with their counterparts in the CT images are generally well

defined (hardware registration). This ensures proper global

co-registration even when highly organ-specific tracers are

used (Fig. 2), although the accuracy of this hardware reg-

istration naturally varies for different applications and

Fig. 1 Examples of SPECT/CT systems. Upper left Siemens Intevo,

two gamma camera heads combined with a CT system. Upper right

Philips BrightView XCT, two gamma camera heads with a flat-panel

detector. Lower image GE Discovery NM/CT 670, two gamma

camera heads here configured at 90� combined with a CT system

(color figure online)
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anatomies. In general it can be considered to be accurate to

within a few millimeters, e.g. 1–2 mm for stationary organs

[29] and 5–7 mm for organs that are affected by respiratory

motion [30]. One problem that influences the quality of the

co-registration is that of the varying time frames over

which transmission and emission images are acquired. The

acquisition times for emission images are typically in the

range of 10–60 min, whereas times of below one min are

normal for CT images. This can lead to misalignments, as

the SPECT image is the result of data averaged over sev-

eral breathing and heartbeat cycles, whereas the CT image

is almost movement free. Some techniques can be used to

reduce artifacts caused by this discrepancy, such as

acquiring the CT data in a partial expiratory state [31] or

acquiring the SPECT images in gated fashion. Further-

more, any patient movement occurring between the

acquisition of SPECT and CT could naturally also lead to

artifacts. In this case, manual post registration may help to

reduce the extent of any misregistration [32].

Nevertheless, despite possible artifacts, it has been

clinically established that the multimodal information from

co-registered SPECT and CT provides physicians with

useful additional diagnostic information [33, 34].

Attenuation correction with CT

Another advantage of SPECT/CT is its ability to correct the

SPECT images for photon attenuation in a fast and accurate

manner. This is the most important correction, as it allows

quantitatively accurate SPECT/CT, in other words recon-

structed images with quantification in terms of absolute

units of Bq/mL or some equivalent [35].

Photon attenuation occurs when a photon emitted in the

direction of a detector does not reach the detector due to

interaction with matter. The predominant type of interac-

tion at clinically relevant photon energies is called the

Compton effect. This term refers to the scattering of pho-

tons upon collision with quasi-free electrons and the phe-

nomenon is heavily dependent on the electron density of

the material being traversed. A CT device provides a direct

measurement of the attenuating properties of the specimen

of interest. In practice, however, the CT images are usually

reconstructed in Hounsfield units which subsequently need

to be converted into linear attenuation coefficients (units of

1/cm) at the respective photon energy of the radionuclide.

The attenuating properties at location x for photons of a

certain energy E are given by the linear attenuation

Fig. 2 Labeling of a sentinel

lymph node (SLN) using Tc-

99m Nanocoll. Fused SPECT/

CT (bottom) allows for proper

anatomical localization of the

SLN, which is beyond the

capability of stand-alone

SPECT (upper right) and CT

(upper left) (color figure online)
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coefficient l(E, x). In most cases, a bi-linear transformation

(Fig. 3) is applied. The parameters of the transformation

(slope and intercept) are defined by the linear attenuation

coefficients (l-values) for air, bone and water at the

respective photon energies. Additionally, the transforma-

tion depends on the effective energy ECT of the CT and

hence is specific to the selected acceleration voltage.

Interestingly, due to this transformation and due to the

fact that the CT images are often down-sampled to lower

resolutions for attenuation correction, even visually very

noisy (low-dose, 110 kVp ? 12 mAs) CT acquisitions

cause negligible (\3 %) inaccuracies in the reconstructed

SPECT images [36].

However, despite this reliability, the bilinear transfor-

mation method can lead to errors in terms of quantitative

accuracy. This may occur, for example, if assumptions

about either the energy of the radionuclide or the effective

energy of the CT scanner are incorrect, or if CT beam-

hardening artifacts are not corrected.

An additional source of errors is the presence of dense

material in the field of view of the CT device. For example,

metallic implants like pacemakers or prostheses can cause

artifacts and lead to bias in the attenuation map [37].

Consequently, these artifacts are transferred into the

attenuation-corrected SPECT images and result in errone-

ous radioactivity concentrations. Similar degrading effects

are reported with the use of CT contrast agents [38] in

SPECT/CT acquisitions. For this reason, studies that rely

on exact quantification should avoid the use of contrast-

enhanced CT images for attenuation correction. Further-

more, for organs which are affected by motion, a mismatch

between the emission and the transmission scan will likely

introduce errors into the attenuation-corrected SPECT

scan. This is very frequently the case in organs like the

heart, the lung, and the abdominal organs [39]. Often, the

bias can be reduced by performing a re-registration before

the reconstruction of the attenuation-corrected images [40].

Results from the literature indicate that acquiring the CT in

a certain respiratory phase or calculating CT images that

are averaged over several respiratory phases will also

diminish the potential bias [41]. Other options include

various approaches to respiratory gating [42] or motion

correction of SPECT data [43, 44].

Scatter correction

Scatter, which is related to attenuation, is an important

factor which degrades the quality of SPECT images,

although its correction is somewhat less important [45]

than the corrections for the point spread function (to be

introduced in the section Image reconstruction) or for

photon attenuation. However, since very accurate technical

solutions for these latter problems are already available in

clinical practice, scatter remains a major limiting factor of

the image quality and quantitative accuracy of current

SPECT systems, particularly when using isotopes with

complex emission spectra. There exist numerous tech-

niques for scatter correction; describing them all is beyond

the scope of this article, but an extensive review can be

found in [46].

As mentioned above, the Compton effect is the domi-

nant process for scattering of photons in the patient and in

the collimators at clinically relevant energies. Coherent

scattering, an interaction between the photons and atoms or

molecules, which is another phenomenon capable of

deflecting photons from their original direction, is impor-

tant only for energies below 50 keV. With Compton scat-

tering, the photon transfers part of its energy to an electron

and should be detected at lower energies in an ideal

detector with perfect energy resolution. In a real detector,

the uncertainty of energy determination limits the

Fig. 3 Bilinear conversion of

Hounsfield units into linear

attenuation coefficients for

different photon energies. The

attenuation coefficients are

smaller with increasing photon

energies
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detectable energy loss. In general, the amount of energy

loss depends on the scatter angle. The result of this rela-

tionship is that scattered photons are often detected at

locations unrelated to their initial trajectories, leading to a

loss of information about the activity distribution being

imaged. The proportion of scattered photons in a particular

acquisition is object dependent but can be rather high. One

study reports that the ratio of scattered to unscattered

photons in myocardial Tc-99 m imaging is typically 0.34

[47]. The amount of Compton scatter originating in the

collimators is most likely negligible for 140 keV Tc-99 m

imaging but increases with increasing energy and thus is

considerably higher for I-131 at 364 keV [48]. In order to

minimize the amount of scatter and to exclude photons that

do not originate from the decay of the respective radio-

nuclide, energy windows around the photopeak of interest

are applied. Nevertheless, due to the limited energy reso-

lution of SPECT detectors and the typical width of the

photopeak windows, a considerable amount of scattered

photons is still recorded, as seen as in Fig. 4.

Figure 4 depicts the dependence of the energy of scat-

tered photons (black line) on the scatter angle. The shaded

area indicates the uncertainty of the energy measurement of

the SPECT detectors, which is typically around 10 % for

NaI. The dashed lines indicate a 20 % energy window

around the 140 keV Tc-99 m photopeak. We find that even

photons that were scattered by 80 degrees are still regularly

included in the SPECT photopeak projections.

This underlines the fact that additional techniques are

necessary to account and correct for scatter. First, the

amount of scattered photons in the photopeak window

needs to be estimated. Here, two paradigms are possible:

estimates based on directly measured data or estimates

based on modeling. The most common approach, i.e. that

of measuring the counts in multiple additional energy

windows [49, 50] adjacent to the photopeak window,

belongs to the former paradigm. For the triple energy

window (TEW) technique, the scattered photons in the

photopeak can be calculated according to Eq. 1 for every

pixel. Here, ns are the counts of the pixel that were scat-

tered and nl, nu are the measured counts in the lower and

upper scatter windows. The widths of the photopeak, the

lower scatter, and upper scatter window are denoted by wp,

wl, and wu.

ns ¼
nl

wl

þ nu

wu

� �
� 1

2
wp ð1Þ

The calculated amount of scattered photons is then

incorporated into the image reconstruction. This can be

achieved in multiple ways. The simplest approach is to

subtract the counts from the photopeak window. However,

it was found [51] that incorporating the amount of scatter

directly into the forward projector in the maximum likeli-

hood expectation maximization (MLEM) algorithm is a

superior approach in terms of image quality and quantita-

tive accuracy. This is to a large extent explained by the

high amount of noise in the scatter window data which is

due to the generally low count number in these windows.

As an extension of the TEW method, so-called spectral

models can be applied. Such methods try to improve the

Fig. 4 Energy of Tc-99m photons after undergoing Compton

scattering at a certain angle. The dashed lines represent the typical

20 % photopeak window that is applied for acquiring data. The

shaded area represents the uncertainty in the determination of the

energy of the photons which is assumed to be 10 %, similar to NaI

detectors. Even relatively large scatter angles of 60–80 degrees still

are likely to be detected in the photopeak window (color figure

online)
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accuracy and the noise properties of the scatter estimates

via a finer sampling of the energy distribution of the pho-

tons that reach each detector pixel. Ideally, one would

record the energy of each photon individually (list-mode

acquisition). With this information, models that predict the

amount of scatter in the photopeak window could be esti-

mated with good confidence and low noise [52]. Despite

the high accuracy of these methods, to the best of our

knowledge, no scientific studies in this field have been

published in recent years. However, we assume that such

approaches might attract renewed interest if list-mode

acquisitions become routinely available on commercial

SPECT systems.

Scatter estimation and correction with the help of full

Monte Carlo (MC) simulations has been a trend in research

in recent years. These simulations are supported by the

availability of faster computational hardware and the

development of accelerated versions of the MC algorithms

[53]. Two important prerequisites for these simulations are

the estimates of the spatial distributions of the radioactive

source and of the probability that scatter occurs. For this

reason, MC simulations are usually carried out in each step

of the iterative SPECT reconstruction, since the source

distribution is not known a priori, and is therefore updated

at each iteration [54]. The probability that scatter occurs

can be estimated using transmission scans of the object,

which are readily available with SPECT/CT systems.

Drawbacks of these methods are the still comparatively

long calculation times and the inability to account for

photons that originate from outside the camera’s field of

view. A faster method that relies on partial MC simulations

and approximated scatter patterns is called effective source

scatter estimation [55].

However, despite the availability of very sophisticated

scatter correction methods, the estimation of scatter by

either TEW or DEW (the dual energy window approach

that neglects upper scatter) and its correction in the MLEM

or in the ordered subset expectation maximization (OSEM)

algorithm is still the standard approach in clinical SPECT.

Multimodal image reconstruction and resolution

recovery

Image reconstruction is the technique used to transform the

measured 2-D projection data into a 3-D activity distribu-

tion. In contrast to CT, which often employs analytic

techniques like back projection, iterative reconstruction

techniques prevail in SPECT. For a review of the different

algorithms, see [56]. For an overview of the reconstructed

resolution according to the NEMA NU-2007 standard

calculated using filtered back projection (FBP), see

Table 1.

Most iterative techniques rely on mathematical models

which assume a linear dependency of the image f (vector

with elements fj representing the voxels of the activity

distribution) and the projection data p (vector with ele-

ments pi representing detector pixels) via the system matrix

A. Each element Aij describes the probability that a photon

originating from voxel j is detected at pixel i. The pro-

jection data thus can be expressed as a multiplication of the

system matrix A by f (Eq. 2):

Af = p ð2Þ

The most common iterative techniques are the MLEM

algorithm and its accelerated version, OSEM. MLEM was

first applied to SPECT in 1984 [57, 58]. Its relatively high

computational requirements (compared with filtered back

projection) delayed its widespread use until the late 1990s.

It is based on the fact that the image f consists of Poisson-

distributed random variables and it seeks to maximize the

likelihood of the observed data given the source f. The

well-known update rule of the iterative ML-EM algorithm

is given in Eq. 3.

f new
j ¼

f old
jP

l

alj

X
i

aij

piP
k

aikf old
k

ð3Þ

Besides explicit Poisson-noise modeling, an important

additional advantage of MLEM is its capacity to implement

the crucial attenuation and scatter corrections and to model

the collimator-detector response (CDR) directly into the

reconstruction. While the attenuation and scatter correc-

tions model the interaction of the photons with the imaged

object, the latter represents their interaction with the

detection system (collimator, crystal and electronics). The

most important components of the CDR are: (a) the

intrinsic response that is caused by scatter occurring in the

Table 1 Typical values for the reconstructed SPECT spatial resolu-

tion and volume sensitivity, as reported by the manufacturers and if

available to the authors

System (all

with LEHR)

Siemens

Symbia

Intevo

Philips

BrightView

XCT

GE Discovery

NM/CT 670

Reconstructed resolution

Central

transaxial

B10.2 mm B10.3 mm B9.9 mm

Peripheral

radial

B9.8 mm B10.5 mm B9.9 mm

Peripheral

tangential

B8.4 mm B9.0 mm B7.5 mm

Volume sensitivity

UFOV, per

axial cm

12,000 (cts/sec)/

(MBq/cm2)

10,000 (cts/sec)/

(MBq/cm2)

n.a.

LEHR low-energy high-resolution collimator, UFOV useful field of

view
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crystal itself and the uncertainty of the position estimation

of the detected photon, (b) the geometric response which

represents a distance-dependent spatial resolution caused

by the finite bore length and width of the collimator,

(c) scatter in the collimator itself, and (d) septal penetration

when photons are detected after passing through the walls

of the collimator holes. (a–c) can be seen in the bright

central region of Fig. 5, which shows point sources taken at

different source-to-collimator distances. Upon closer

examination, faint star-shaped structures become visible.

The geometry of these structures depends on the shape of

the holes (hexagonal in this example). With increasing

source-to-collimator distances, the counts are distributed

over wider areas and the stars appear to be dilated. In order

to obtain quantitatively correct images, these effects need

to be taken into account as accurately as possible. The

CDR is commonly assumed to be Gaussian and modeled as

such in the reconstruction. In general, it is reported that this

leads to significantly improved image quality [59–61]. The

importance of CDR compensation was shown in a large

multi-center study [62] that compared a variety of

advanced SPECT/CT reconstruction algorithms for cardiac

phantoms and found considerable improvements in image

quality. The study used the full width at half maximum

(FWHM) of the wall thickness of the left ventricle as a

measure of the spatial resolution and reported a significant

reduction relative to FBP (on average 22.0 mm FWHM)

for OSEM without CDR modeling (20.6 mm FWHM) and

with CDR modeling and corrections for scatter (16.2 mm

FWHM). Similar trends in favor of the advanced recon-

struction techniques are reported for other image quality

metrics like contrast and background homogeneity. Addi-

tionally, several studies found that with iterative recon-

struction techniques, the acquisition time or patient dose

could be reduced by a factor of up to two, for example in

cardiac [63, 64] and skeletal examinations [65].

Still, it is clear that the Gaussian modeling approach has

only limited precision since significant differences between

the model and the real CDR can be found, especially in

regions on the edge of the geometric response. There, the

Gaussian model systematically underestimates the number

of detected counts (see bottom of Fig. 5). Additionally, a

rotationally invariant function like the Gaussian cannot

express the contours found in real CDRs which mimic the

shape of the collimator bore. Multiple solutions have been

proposed for further improving the modeling: MC

Fig. 5 Top row images of Tc-99m point sources measured at

different typical source-to-collimator distances. Bottom row line

profiles through the center of the point sources. The extent of the line

profiles is indicated in the upper left image. Gaussian functions were

fitted to the line profiles. The full widths at half maximum (FWHM)

values of the Gaussians are provided as well. The FWHM increases

with increasing source-to-collimator distance. Additionally, it is

found that the center of the point sources is sufficiently approximated

by the Gaussian. However, data taken at greater distance are heavily

underestimated by the model. Please note that the images of the point

sources and the line profiles are displayed in logarithmic units for

better visualization

452 Clin Transl Imaging (2014) 2:445–457

123



simulations can be used to calculate the CDR during

reconstruction [66] or prior to reconstruction [67]. In later

approaches, a set of distance-dependent CDRs is calcu-

lated, stored and then used in the iterative reconstruction.

Other approaches rely on more sophisticated mathematical

models and fit their free parameters to a set of point source

measurements [68]. Nevertheless, Gaussian modeling is the

method that is applied in most clinically available tools.

In addition to OSEM, other reconstruction methods like

the weighted least squares conjugate gradient (WLS-CG)

may be used. Traditional methods may also be extended by

the addition of extra information meant to, for example,

improve resolution or reduce noise. One embodiment of

such approaches is the family of maximum a posteriori

methods (see Eq. 4), where a penalty function U containing

prior information may be added to the MLEM formulation.

This is a useful extension, as the traditional SPECT

reconstruction often suffers from low resolution and high

image noise, particularly at high iteration numbers. In the

penalty function, prior knowledge derived from anatomical

images (CT or MRI) can be implemented [69].

f new
j ¼

f old
jP
l alj

X
i

aij

piP
k aikf old

k þ b oU
of new

j

ð4Þ

Similarly, a new reconstruction method (xSPECT Bone,

Siemens Healthcare) expands upon WLS-CG and inte-

grates information from CT for much more than simple

attenuation correction [70]. Here, the use of CT data aims

to improve the spatial resolution of reconstructed SPECT

images and to obtain higher quantitative accuracy (Fig. 6).

This is achieved by segmenting the CT image into different

tissue classes and by assuming that the relative amount of

Tc-99 m diphosphonate uptake is similar within each class.

Effectively, the CT image is used to aid in the delineation

of certain boundaries of the activity distribution. To the

best of our knowledge, only a pilot study has been per-

formed to systematically evaluate the amount of image

quality improvement obtained with this method [71].

However, more work in this area is expected to be

forthcoming.

Quantitative SPECT/CT imaging

Absolute quantification in terms of image units in Bq/mL

or SUV is the standard in PET imaging. Although some

reports suggested that SPECT is not a quantitative modality

[72, 73], technological advances have led to an increase in

the number of papers reporting high quantitative accuracy

with SPECT, mainly evaluated in phantom or simulation

studies.

For example, Shcherbinin et al. [74] reported errors of

between 3 % and 5 % in a study on a torso phantom using

the isotopes Tc-99 m, I-123, I-131 and In-111. Du et al.

[75] achieved a 2 % error for I-123 in a brain phantom.

Vandervoort et al. [76] performed simulation studies on the

Mathematical Cardiac Torso phantom and on a Tc-99 m-

filled torso phantom and reported 8 % error for the simu-

lation and within 4 % error for the phantom study. Da Silva

et al. [77] reported 8 % error in an anthropomorphic

phantom with cardiac insert, for the isotope Tc-99 m. For

the in vivo quantification of Tc-99 m in 16 patients, Zeintl

et al. [78] applying corrections for point spread function,

attenuation and scatter, found average deviations of 6.8 %

between the activity concentration obtained on SPECT and

a well counter measurement of the activity concentration in

the bladder. Using the same methods, Cachovan et al. [79]

reported uptake of Tc-99 m-bisphosponate in the lumbar

spine in 50 patients.

The quantification of diagnostic tracers is of great

interest if one’s aim is to evaluate the course of a disease.

Another potential application in this field is the quantifi-

cation of therapeutic radionuclides for dosimetric purposes.

In this regard, Sherbinin et al. [80] reported a 14.2 %

Fig. 6 Sagittal slices, 63-year-

old female patient, 454 MBq

Tc-99 m-bisphosphonate,

suspected arthritis. Left Siemens

xSPECT Bone reconstruction.

Information from CT is used in

order to improve the SPECT

reconstruction. Center OSEM

3D reconstruction. Right FBP

reconstruction of the low-dose

CT (color figure online)
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overestimation of the activity concentration of a 70 mL

container filled with Lu-177. Similarly, Beauregard et al.

[81] obtained a deviation of 7–9 % for Lu-177 in a phan-

tom with cylindrical compartments, applying corrections

for PSF, attenuation, scatter and dead-time. For the in vivo

quantification, they reported an average error of 3.1 % for

six patients. Unfortunately larger studies that evaluate the

quantitative accuracy of today’s SPECT systems for ther-

apeutic tracers are still lacking. Nevertheless, some man-

ufacturers have recently started offering SPECT systems

that generate quantitative images for a limited number of

isotopes.

Concluding discussion

The continuous development of SPECT and SPECT/CT

over the past 50 years has led to remarkable improvements

in image quality and diagnostic confidence. The most

influential developments include, to name but a few, the

realization of hybrid SPECT/CT devices, the implementa-

tion of attenuation correction, and iterative reconstruction

techniques.

In recent years, some interesting approaches in detector

technology have found their way into commercial products.

For example, some SPECT cameras dedicated to specific

organs use semiconductive materials like CZT as detector

material. It has been shown that this could help to further

increase the obtainable image quality.

New trends in the ongoing development of SPECT/CT

are quite diverse. For example, whole-body SPECT/CT

images consisting of acquisitions from multiple consecu-

tive bed positions, similar to PET/CT, have begun to

increase. Yet the relatively long SPECT acquisition times

(typically 15 min per bed position and 30–45 min for the

trunk), together with the increased radiation dose from the

extended CT field of view, are likely to hamper the routine

application of these acquisitions in clinical practice. Even

though new reconstruction techniques already allow for

acquisition time reduction, in the future, new collimator

and detector designs with higher photon sensitivity could

further support this development. Additionally, this trend

could be facilitated by the incorporation of low-dose con-

cepts applicable to CT like, for example, the use of itera-

tive CT reconstruction in SPECT/CT.

As with PET, the availability of SPECT list-mode data

could allow an enormous gain of information. This infor-

mation could be used to improve estimation and correction

of confounding factors like patient motion [42] and scat-

tered radiation [82]. Unfortunately, to the best of our

knowledge, such techniques are so far available only for

research and not for clinical use.

Another recent development has been the incorporation

of additional information obtained from the CT images into

the SPECT reconstruction, in other words the use of CT

data for more than just attenuation correction and image

fusion. This development could lead to improved spatial

resolution and reduced partial volume effects. This tech-

nique has been commercially introduced for Tc-99 m bone

scans only. However, it could be extremely useful with

other tracers as well.

Another important aspect of SPECT/CT is the fact that

the technique, like PET, allows quantification of the

amount of tracer in terms of Bq/mL or as a SUV.

Numerous publications have shown that absolute quantifi-

cation is feasible [78, 79, 83, 84]. This can be expected to

further boost diagnostic confidence, e.g. for judging the

efficacy of a treatment through follow-up acquisitions from

the same patient or for improving dosimetry for radionu-

clide therapy [81].

The ever-increasing number of publications on SPECT/

CT show that this modality is of great clinical interest. New

technical developments will strengthen this trend and

ensure that SPECT/CT remains the workhorse of nuclear

medicine, even when compared to other strong contenders

like PET/CT or PET/MRI.
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