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In vivo functional imaging with SPECT and PET

By H. Herzog
Institute of Medicine, Forschungszentrum Jilich GmbH, D-52425 Jiilich, Germany

(Received December 10, 1999; accepted in revised form August 14, 2000)

Sngle photon emission computed tomography / variety of possible applications, examples of SPECT and
Positron emission tomography / Functional imaging / PET procedures utilised in research as well as in clinical
Radiopharmaceuticals / Gamma camera practice are presented.

Summary. Nuclear medicine methods permit the visualisa- Historical development of SPECT and PET

tion of a variety of metabolic and physiological processes all - . )
over the body. Although planar scintigraphy has been foundThe original suggestions towards SPECT and PET were al

useful for many questions, detailed spatial information abou eady madg in the early 1960s by Kuhl and Edvyards (4] _and
the diseased organ can only be obtained with tomographi®y Rankowitz and co-workers [2]. A successful introduction
methods. Dependent on the radionuclide involved, two dif-Of these approaches was, however, hindered by insufficient
ferent tomographic procedures are available: single photorieconstruction algorithms available at that time. Satisfying
emission computed tomography (SPECT) and positron emisalgorithms became available with the invention and early
sion tomography (PET). The first part of this paper describesdevelopment of CT by Cormack [3] and Hounsfield [4].
shortly the historical development of these methods as wellThe first commercial SPECT systems were developed in the
tahs t:‘e'r techr_ufal ?”d m?glho‘jO'O?'Ci! basics. To e'_UC'dathate 1970s, when conventional gamma cameras used for pla-
e large variety or possible applications, an OVeIVIew Of nar seintigraphy were put on a special stand allowing the
SPECT and PET procedures utilised in research as well as i tation of the gamma camera around a supine patient. Es-
clinical practice are presented. Furthermore, both methods are” . L .
compared and their individual advantages are pointed out. pecially fqr cerebra] applications, fing Qetector systems be-
came available. To improve the sensitivity of SPECT present
commercial systems use two, three or even four gamma
Introduction cameras. Besides the improved sensitivity the systems have

. . , become more and more mechanically stable so that they are
During the last three decades new powerful imaging pro-jjised in clinical routine with measurement times down to
cedures have been developed in medicine to improve thq minutes.

diagnosis of diseases. The methods differ in their underlying  pgraliel to the development of SPECT, PET devices were
physical basics, the achievable image and time resolutiof,ioquced — first mainly in research environments where

and in the kind of information they produce. Whereas thenecessary cyclotrons for the production of the short-lived

strengths of computed tomography (CT), magnetic reson,qgiiron emitters were often available. Most of those sys-

ance tomography (MRT) and ultrasound (US) lie in the diS-y g ysed ring or ring-like assemblies of sodium iodide
play of structural information, the attractive characterlstlcs(Na|) detectors surrounding the patient. There has been

of nuclear medicine methods are their ability to visualise 5 steady improvement in PET systems with respect to sen-

a variety of metabolic and physiological processes all over;iyity and image resolution by using BGO crystals instead

the body. For this purpose, substrates which take part iny Ng| crystals, by introducing block detector schemes and
the metabolic and physiological processes are labelled with_jimensional acquisition techniques.

radioactive nuclides. The measurement of the radiation emit-
ted by these nuclides produces different kinds of information
needed for the diagnosis. In order to observe the temporal &8hysical and technical basics of SPECT and PET
well as the spatial dimension of the information tomographic
methods have to be applied. Dependent on the radionuclid
involved, two different tomographic procedures are avail-The primary element of each nuclear medicine detector sys-
able in nuclear medicine: single photon emission computedem is the scintillation detector. Fig. 1a shows such a detector
tomography (SPECT) and positron emission tomographywhich consists of a scintillation crystal and a photomultiplier
(PET). The purpose of this review is to describe shortlyat least. The scintillation crystal is sensitive to the energy
the historical development of these methods as well as theipf y-radiation that is emitted by radionuclides used in nu-
technical and methodological basics. To elucidate the largelear medicine, no matter whether they are single photon or
R positron emitters. The-radiation excites the scintillator ma-

* E-mail: h.herzog@fz-juelich.de terial so that it emits light photons, a part of which hits the

Zhe detector system
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ject to be investigated or in the scintillation crystal. In order
to separate the truye-radiation from that which has changed
its direction by Compton scattering, discrimination electron-
ics is used to distinguish between photopeak and Compton
distribution. The discriminator circuit defines a lower and
upper energy level so that the energy window within these
levels includes the photopeak. The measurement of the radi-
ation event by the scintillation detector must be completed
by the information about the direction of the radiation, if an
image of the activity distribution within the body is to be
constructed. In the case of single photon emitters this infor-
mation is obtained with the help of lead or tungsten colli-
mators which allow only that radiation to reach the detec-
tor which comes from a direction specified by the collimator
holes (Fig. 1). Data about uptake and outwash of activity into
a) b) and out of this organ, i.e. counts as a function of time, can

Fig. 1. A scintillation detector (left) consists of a scintillation crystal (), P€ Obtained already with single scintillation detectors which
a photomultiplier (b), and a collimator (c) which restricts the direction are positioned over an organ of interest. In order to get two-
of the detected radiation. The gamma camera (right) consists of an adimensional image information an assembly of single scintil-
ray of ghgtggl‘”“rgiftgerr(SC()b)Am;’:twg?kO:f ?:é?gﬁg?é;sg”lfgﬁi?g ‘;\rIBe’iStﬁ't lation detectors has to be used such as is available in agamma
t(r?c)a ?)leses of the diﬁerént photomultipliers in order to localise (x) ?he camera (Fig. _:Lb)' Agamma camera CO_nS,'StS _Of one large Nal-
viewed radiation. crystal on which an array of photomultipliers is mounted [5].

The light photons produced byyaray within the Nal-crystal

are seen by several neighbouring photomultipliers. In order
photocathode of the photomultiplier where they cause a phaoto localise the entry of the-ray the signals produced by the
toeffect producing electrons. These electrons are amplifiegphotomultipliers are weighted by an appropriate resistor net-
within the photomultiplier tube resulting in a voltage pulse work. Furthermore, a collimator in front of the Nal-crystal
which is proportional to the number of light photons pro- excludes nearly all radiation not coming from a direction per-
duced within the scintillation crystal and in this way propor- pendicular to the gamma camera surface. There are many
tional to the energy of the incomingradiation. Fig. 2 shows different kinds of collimators, e.qg. to look in an oblique direc-
the energy spectrum of the single photon emitt&fc. The  tion. They will, however, not be discussed here.
energy spectrum of this emitter with only one singlenergy Whereas the existence of a mechanical collimator is
consists of two parts. The photopeak has its maximum at thessential for measuring single photon emitters by planar
y-energy of the radionuclide. The Compton spectrum rep-scintigraphy or SPECT, they are not necessary for PET
resents the energy distribution of thosghotons that have which utilises a so-called electronic collimation. Fig. 3
lost part of their energy by Compton scattering within the ob-shows the physical basis of PET. Here, a positron is the
primary result of the radioactive decay. Depending on its
energy, which is specific for the individual radionuclide, it
travels a short distance between less than 1 mm and several
Compton distribution Photopeak mm after which it is nearly at rest so that it is able to interact
with an electron of the surrounding material. As a result both
particles annihilate and produce a pair of photons which
are emitted in opposite directions and have an energy of
511 keV, each corresponding to the rest energy of one elec-
tron. In PET, scintillation detectors are mostly assembled as
a ring. If the two photons of a photon pair hit two detec-
tors of a ring within a very short time window (e.g. 12 ns)
Encray it is assumed that these photons belong to the same annihila-
> fwindow < tion process (coincidence measurement, Fig. 3). Therefore,
the location of the radioactive atom is regarded to be on
1 the connecting line between the two detecterselectronic
! collimation). In this way information about the direction of
‘;(\ \ the y-radiation is obtained without any mechanical colli-
Lo mation. Until some years ago there was still a collimation
LEL 140 UEL between neighbouring detector rings so thatjth@diation
was guided within one plane, thus allowing for a two-
dimensional (2D) acquisition mode only. Modern PET to-
Fig. 2. Energy spectrum of the gamma emitt¥®fTc consisting of pho- mographs offer a three-dimensional (3D) acquisition mode

topeak and Compton spectrum. The energy window of the gamma ca . . . . .
erawith its lower energy level (LEL) and #sper energy level (UEL) is "or which detectors of neighbouring rings are also combined

centred at the maximum of the photopeak. There is an overlap betweeh}/ .the Coincide!’lce electronics [6, 7] Such 3D systems ex-
the Compton distribution and the photopeak. hibit a 3-5 fold increase of sensitivity over a 2D system.

Gamma energy (keV)
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data recorded from different viewsare continuously pro-
jected back into thex, y plane. The superposition of all
backprojected data, however, yields only a blurred image of
the actual activity distribution. Therefore, this data must be
sharpened by using an appropriate filter, i.e. a ramp filter
which amplifies high rather than low frequency components
(Fig. 4). The resulting image represents the desired activity
concentrationA(x, y). In many applications filtered back-
Coincidence projection is the reconstruction method of choice, i.e. in
electronics all studies where sufficient photons are recorded by the ra-
diation detectors and where the activity contrast between
nearby structures of interest is not high. If these two pre-
requisites are not fulfilled, streak artifacts become visible.
kv i Such artifacts can be avoided with an alternative reconstruc-
<" 511 keV tion method that calculates the activity image iteratively in
an algebraic way. This method can be derived from a sta-
tistical and a numerical point of view, the latter of which is
shortly described here. In this approach eq. (1) is rewritten
as a product of matrices

18F

511 keV p"

Fig. 3. Principle of coincidence measurement using a ring of scintil-

lation detectors with opposing detectors connected by a coincidence Pn = Znn@nm - (2
electronics. The zoomed part scheme indicates the positron emission of

the radionuclidé®F and the emission of two photons of 511 keV after wherep, is a matrix comprising all projection elements and

the positron meets an electron. an represents the activity data at the image pixejs.e. the
unknown activity distribution. The members of the matrix
I mage reconstr uction Z.n describe in which way the coincidence events emitted

. _ . . from image pixelm contribute to a single projectiomp,.
Whereas planar imaging, such as conventional radiology oCommonly, this equation cannot be solved for the unknown

planar scintigraphy, reduces the 3D distribution within the matrix an. Instead, it is solved in an iterative way; for in-
body to projected 2D information, tomographic proceduresstance, by using an algorithm such as:

yield a fully 3D display. For this purpose projection data
must be acquired from many views around the body which g1 _ 0 $° Z— P 3)
can be achieved by using a ring of detectors or by one or > Zin@,

more gamma cameras rotating around the patient [8]. Th
basic relation which combines the projection data measureg
outside the body and the activity concentration within the
body is given by:

his equation represents the maximum likelihood (ML)

xpectation-maximisation (EM) method for iterative recon-

struction [11]. The use of the iterative reconstruction is ad-

vised especially in the case of low counts and high contrast

1) images. An earlier disadvantage of this method was the very
long computation time — a problem which has been solved

L) by fast computers and the introduction of acceleration pa-

This kind of equation was first presented by the Germarrameters [12] as well as the ordered subset method [13]. The

mathematician Radon and is therefore called Radon trangguantitative accuracy assured for the original ML-EM pro-

form [9]. It relates the 2D activity distributiod\(x, y) de-  cedure may not be guaranteed for other solutions. Looking at

scribed in cartisian coordinates and the line integkits «) the literature many different suggestions for iterative recon-

defined with polar coordinates. The line integral is the sum

of all photons measured by a detector looking at the body

with a specific anglex. The exact view of the detector is Backprojection Reconstructed

defined by the polar coordinatesand o (see also Fig. 7). object

Eqg. (1) does not take into account the photons emitted b

P
the radioactivity, but absorbed and scattered within the body (r’a)y

P(r, o) = / A, ydi(r, o).

The amount of absorption and scattering is dependent o

the density and shape off the body tissue and on the phys
ical characteristics of the radionuclide. There are consider:-\\‘ FIt—Th A
Htering wi

able differences in handling these effects with SPECT anc ramp function (xy)
PET. Provided these effects can be neglected or are sati

factorily corrected the task to conclude from the recorded

projection dataP(r, «) to the unknown activity concentra- D

tion A(x, y), i.e. the solution of (1) with respect t&(x, y)

s . _Fig.4. Principle of filtered backprojection. The different projection
is identical for SPECT and PET. The mostly used recon data are backprojected into the imaging space and superimposed, re-

struction method for obtaining\(x, y) is the filtered back-  sulting in a blurred object from which the desired reconstructed object
projection [10]. According to the term backprojection the is obtained after using ramp filtering.



206 H. Herzog

struction for both SPECT and PET applications have beerseveral approaches for the 3D-FBP are successfully utilised
published in recent years [14]. with commercial PET systems. In the meantime their quan-
As already explained above, the ramp (high pass) filtettitative accuracy has been proven to be satisfactory. Further-
is an integral part of the filtered backprojection and coun-more, it is possible to rebin the 3D data in 2D sinograms
terbalances the low pass characteristics of the mere baclso that they can be reconstructed as is known from the 2D
projection. A severe disadvantage of high pass filtering isacquisition mode. In the case of single slice rebinning the
the amplification of statistical noise present in the meas-oblique projections are assembled into a 2D sinogram be-
ured counts. Therefore, the ramp filter is limited to low longing to the plane in which they cross the central axis.
frequencies anbr multiplied with an appropriate window The method of multislice rebinning distributes the oblique
function to weaken the high pass characteristics of the ramprojections into the sinograms of those planes which are
filter. Such window functions are the Hann, Shepp-Logan,crossed by the oblique projection [18]. The Fourier rebin-
Hamming, Parzen, or the Butterworth window. Although ning method (FORE) applies a weighted distribution of the
the reduction of the high frequency statistical noise is wel-2D sinograms so that the relationship between the direct
come, one has to consider that the image resolution becomemsd the oblique plains are considered in a theoretically ex-
worse compared to the use of the original ramp filter. Theact way [19]. The 2D sinograms resulting from the different
decreased image resolution results in worse delineation afebinning methods can be reconstructed by the conventional
small details and a reduction of the image maxima. The2D filter backprojection or by an iterative reconstruction
decreased image resolution due to the use of a frequencynethod.
limiting window has a similar consequence as the use of
a detector system with low intrinsic resolution. In both CasesCorrection rocedures
the partial volume effect increases. This effect causes an un- P
derestimation of the observed activity nearby low activitiesThe information available in reconstructed SPECT or PET
and an overestimation nearby high activity concentrationdmages should be linear to the underlying activity, i.e.
and is especially relevant for small structures. To reducea twofold activity concentration in a certain tissue must be
such errors in combination with a satisfying suppression ofrepresented by a twofold pixel value in the reconstructed
noise, the window functions and their upper frequency limitimage. On the other hand, the radiation emitted by the
have to be selected carefully. activity is distorted in several ways before it reaches the
Although iterative reconstruction does not involve a fil- scintillation detectors and the acquisition electronics. On
ter problem as just discussed, some other characteristiaheir way through the body tissue therays may be scat-
must be taken into account. Generally, iterative reconstructered and/or absorbed (Fig. 5). Furthermore, the dead time
tion allows an image resolution near to the optimum scanneof the detectors might lead to erroneous results. In PET ran-
resolution. In practice, however, the final image resolutiondom coincidences have to be considered (Fig. 5b). In order
is dependent on the individual reconstruction algorithm ando guarantee the linearity of radiation measurement these
on its specific implementation. Therefore, the resolutioneffects must be corrected [20].
performance of the individual program should be checked.
A general rule is that the resolution becomes better with theAttenuation correction

number of iterations. Some iterative reconstruction proced-, . . . . L
ures such as the ML-EM method exhibit, however, high fre_As indicated by the following equations one of the major dif-

; . . ferences between SPECT and PET concerns the correction
guency noise at many iterations, although the CONVETIENCE ! those photons which have been absorbed within the body
of the method is guaranteed. Furthermore, the increase

Fig. 5).

noise is dependept on the_ gpeqflc program |mplemerjtat|on. The projection equation for SPECT reads
To avoid such noise, modifications of the reconstruction al-

gorithms angdor a post processing filtering have been pro-
posed. In both cases the image resolution becomes worse so P, o) = / A%, Y)

that the partial volume effect is augmented and the quantita- L(re)
tive accuracy of PET may be reduced [15].
Inorder to reconstruct data acquired with 3D mode, appro- xexp| — / wx, yd'(r, e | dir, ),
priate algorithms of 3D-FBP have been developed [16, 17]. ol
Although eq. (1) cannot exactly be solved for the case of 3D, ’ 4)
R
e Fig.5. Valid (t =true) and erroneous
“x-;::‘;” radiation seen by a gamma camera
e L and/or a coincidence detector pair:
il scattered radiation (s) and random
: Gamma_ coincidences (r). A part of the radia-
Tonrienity Detector Detector tion is absorbed within the body (a).
e e The gamma camera accepts only
S that information (t) which coincides
e with the direction of the collimator
. holes, whereas other photons are re-
a) b) jected (0).
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whereas the following equation describes the projectiondig. 6). If it is possible to define the line of response in
valid for PET another way, e.g. by tracking the path of the transmission
source, positron emitters are no longer needed. Instead sin-
P(r, ) = / A, y)di(r, @) gle photon emitters with a similar photon energy, but a much
longer half-life can be utilised such as the single photon
emitter'¥’Cs with a photon energy of 662 keV [21, 22]. Due
to the higher photon energy, the measured attenuation data
Xexpl — / ux y)dir, @) (3)  differ from that valid for the 511 keV, although the trans-
L(ra) mission image is practically identical. One way to correct
this difference is to adjust the measured attenuation fac-
AF = exp| — / w(x, y)di(r, ) (6) tors to the photon energy of 511 keV. Another way is to
segment the reconstructed transmission image and to insert
the standard attenuation coefficients for the different tissues.
P(r, ) = P(r, o)/ AF = / A, ydi(r, a). @) The last mentioned way results in noise-free attenuation fac-
tors AF. Using this approach the transmission time may be
decreased to only 10 minutes for five bed positions. Fur-
The relationships of (5)—(7) are illustrated in Fig. 6. The thermore, distortions between the different body parts are
decisive advantage of PET is that the integral over the acavoided.
tivity distribution A(x, y) and the exponential expression In contrast to PET, a transmission scan done in SPECT
containingu(x, y) are two factors of a product and can be does not directly enable an accurate attenuation correction,
determined in two steps, one after the other. In order to corbecause the integration pathr, «) reaching from the point
rect the photon attenuation, the attenuation faétbr(6) is  of emission to the body surface remains unknown. There-
usually determined by a transmission measurement of, fofore, the projection equation for SPECT (4) cannot be solved
example, 10 min mostly prior to the tracer injection. Be- analytically, e.g. by filtered backprojection. In some applica-
cause of this correction an equation (7) of the Radon forntions the attenuation term is just neglected assumiagO,
(1) is obtained and can be solved as described above. Thee. the attenuation coefficient of air. In spite of this simpli-
attenuation correction is essential, if the PET measuremerfication SPECT without attenuation correction proved to be
is to be quantitative. If this correction is not done, e.g. tovery useful in many clinical applications, especially heart
shorten the acquisition time in whole-body studies, the PETstudies (see below). Looking at the brain or abdomen it may
results can only be judged qualitatively. Furthermore, with-be justified to assume a constant namely that of water
out attenuation correction the reconstructed images showith a value of 0154 cnv?. To allow a pre-reconstruction
severe distortions. Activity concentrations being the samettenuation correction the projection data are acquired com-
in the interior and at the border of the body, are imagedpletely around the patient, then opposite views are geometri-
totally differently with an overestimation of the activity at cally averaged (Fig. 7). Because of this combination and by
the border. The PET image without attenuation correctionassuming a constapt for the tomographic section to be re-
is not linear. A new approach which aims at a very shortconstructed the following factoAF for the co-called first
transmission scan without loss of the signal to noise ratio iorder attenuation correction can be derived [23]:
the use of single photon emitters instead of positron emit-
ters for the transmission source. In this case more counts
can be measured in a much shorter time. If the transmis- AF = (1—exp(—u) /ul, (8)
sion measurement is done with positron emitters only, one
photon is needed for the transmission information and the
other photon is just used to define the line of response (see

L(r,a)

L(r,a)

L(r,a)

Detector ring

Transmission Emission

Fig. 6. In PET a transmission measurement yields attenuation factors tu
correct for the absorption on the same lines along which the emissioffrig. 7. Principle of measuring opposite projections to enable a first
scan records the coincidence events. order attenuation correction of SPECT data.
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so that the projection equation for this approach reads: offer the 3D-acquisition mode, where septa that prevent
scatter are retracted so that 50% of the measured coinci-
PY(r, &) = PY(r, )/ AF = / Ax, ydir,a). (9) dences may be scattered. One correction method utilises the
Klein-Nishina model of scatter and requires the additional
transmission measurement to get knowledge about the scat-

Here similar to PET, the filtered backprojection sums pro-ter material [29]. An easier procedure has been suggested by
jections just over one half-circle. Based on this approach>t€ams [30]. For the 2D-measurement mode a point- source
a second order attenuation correction for SPECT data ha$ measured in air and in water, so that a scatter function can
been deveioped, introducing one or more (iterative) postbe mOdelled and aC0nVO|Uti0n-Suth‘aCtiOn-based COI‘reCtiOI’l
processing steps to increase the accuracy of the corregnodel is applied [31]. In spite of the corrections there may
tion [24]. be a residual scatter fraction of 5 to 10%. A specific problem
for 3D-PET is scattered radiation coming from outside the

) field of view. Here the ideal method would be the dual en-
Scatter correction ergy approach applied to each detector element which needs,
As shown in Fig. 5 a photon may change its direction within however, a considerable increase in cost for electronics.
the body because of Compton scatter. Such photons cause
a Iow—freque_ncy background and_decrease the image COMead time correction
trast. The primary means to eliminate them is energy dis- o o ) ]
crimination. The Compton scatter results in a loss of energ)A” scintillation detectors exhibit a dead time effect if the
so that these photons contribute to the Compton distribuMeasured count rate is high. The dead time is dependent
tion shown in Fig. 2. The electronic energy discrimination On &ll (non-scattered and scattered) photons seen by the de-
defines an energy window around the photopeak where thEctors. To correct the dead time a calibration measurement
lower threshold is to separate between scattered and nof Performed which relates the counts originating from an
scattered photons. As indicated in Fig. 2. there is alwaycClivity source with the photons actually measured by the in-
a small overlap. On the other hand the lower energy threshdividual detector modules. In regard to PET the dead time
old must be set not too high in order not to lose too much undS NOt just dependent on the rate of coincidences, but on all
changed photons — and sensitivity. The width of the energ}’homr‘?’ Whlch'also mqlude photons originating from activ-
window expressed as percentage of the mean photopeak et outside the field of view.
ergy is dependent on the light output of the scintillation crys-
tal material. In this respect, Nal, which is used for SPECT,Correction for random coincidences

is more favourable than BGO. In spite of its wider energy .o+ f correction i ific for PET. A random coin
window BGO is found in most PET-scanners, because its . IS type of correction IS Specific 1o - A random coin-
idence occurs if two single photons belonging to two dif-

density is more adequate for the 511 keV energy of the PE erent positron emissions are registered by two opposing de-

photons than that of Nal. tectors within the coincidence time window and are falsel
Since it is not possible to exclude all scattered photons y

by energy discrimination additional procedures for correc—.regard(':‘d as a coincidence event (Fig. 5b). The random co-

tion have to be implemented. A lot of different methods havelncidences cause a low frequent bac.kgr.ound. There are o
been suggested. The simplest procedure is to modify th rocedures to correct the random coincidences. A hardware

first order attenuation correction by usingeaf 0.12 cnm? ased method uses a delayed coincidence time window hav-

instead of 154 cm. By weakening the attenuation correc- 14 %008 OO RS T A0 (SNSRI
tion the scatter correction is included in some way. A major 9

approach is the dual-energy window technique. Here dat eing random and directly subtracted from the measured
are recorded in the photopeak window as well as in a win- prompt) coincidences. The second method performs a cal-

dow covering the Compton distribution. It is assumed thatCUIateq cqr_rectlon [32]. In this case the single count r$e§
the scattered photorS*™e» measured within the Compton of the individual detectors are measured as well. Knowing

window and within the photopeak have a fixed r&ti®o that \t/i/]iizec})v(\:/otlkigtrfri?izr?lngomgiggriigzghe coincidence time
a correction can be done according

L(r,a)

peor — pPP _ k. PCompton’ (10) R= ZTS S ’ (11)

é/vhich are subtracted from the measured coincidences as

where PP? are all — nonscattered and scattered — event :
a prereconstruction step.

registered within the photo-peak [25]. A basic problem
is that k is very object-dependent. In addition to this
simple method more sophisticated correction method A
have been developed [26-28] so that the quantitative aé—S PECT applications
curacy of SPECT has improved considerably for manyRelevant clinical applications of SPECT imaging can be
applications. found for practically all organs of the body from brain over
Although being basically the same the scatter problemung, heart, liver down to the legs. Looking at the literature
in PET differs in some aspects from that found in SPECT.most publications refer to cardiological and neurological
Due to the higher photon energy the amount of scatteredjuestions. A specific characteristic of SPECT is that the ac-
photons is less. On the other hand modern PET scanneruisition time of SPECT with its detectors slowly rotating
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around the patient is longer than that of the PET ring de
tector systems. An essential prerequisite of SPECT is thg
the distribution of the radiopharmaceutical injected into the
patient remains practically stationary during the detector ro
tation around the patient. Therefore, SPECT radiopharma
ceuticals must be tailored so that after their uptake into al
organ they show a slow outwash. Furthermore, the half-lifg
of the radionuclide must be sufficiently long. For dynamic
acquisitions a rotation time of 2 min may be appropriate to
record a single time frame with a triple-head SPECT sys{REIEbER L=} 99mTc-HMPAO-SPECT
tem, which yields high quality static image in 15 min, for -
example.
The success of nuclear medicine in general, but als(
of SPECT is strongly coupled to an artificial radionuclide,
namely®"Tc. It emits a monoenergetic single photon radi-
ation of 140 keV (see Fig. 2). Furthermdf®Tc has a con-
venient half-life of about 6 hours (not too short for purpose
of storage and imaging and not too long for purpose of
dosimetry), and is available with a generator system delivFig.8. In comparison to a normal subject there is less radioactivity in
ered weekly to the customer [33]. Therefore in contrast tothe occipito-parietal cortex of a patient with Alzheimer's disease (ar-
PET, SPECT does not depend on a nearby cyclotron. Ove "(‘;isgétTi;“SJ;”gg‘a@JSgaé‘f té?oﬁ'jﬁﬁfgsbﬁrggS‘éﬁﬁpgé:%'?m;ﬁgt
the years the. radiopha_rmaceutical industry has develope; ga Corrgespondmg decrease of glucose metabolism).
many kits which contain dry precursor compounds to be
labelled with®*"Tc. In addition, there are other photon emit-
ters used, such d&1 or 2°'T| with a half-life of 132 h and  Most of these compounds are labelled witl. The size
3d, respectively. of this atom is appropriate to substitute a methyl group
A specific advantage of SPECT is the possibility of mul- during the radiochemical labelling. In contrast to PET,
titracer studies where different radiopharmaceuticals, eaclwhere a labelling with*C does not change the biochem-
with another radionuclide (and a separgtenergy), are in- ical behaviour of a pharmaceutical, an altered behaviour
jected at the same time or in combination. Practically allmust be taken into account when usit3g. The long half-
gamma-cameras allow multiple window studies with differ- life of 2%l may be an advantage over PET because the
ent energy windows so that a separation of the radionuclideSPECT scan can be done many hours after the injection
is possible. which might be favourable for some applications. A re-
cent example i$%-B-CIT, which is a tracer of the cerebral
; dopamine transport. It shows an optimum image quality one
Neurological SPECT day after injection®|--CIT vyields similar results as the
The majority of SPECT imaging of the brain usésrc la- PET tracer'®F-L-Dopa by showing a decreased uptake in
belled HMPAO [34] or ECD [35] (sometimes still the striatum of patients with Morbus Parkinson [39]. Other
123-IMP [36] — especially in Japan) to trace the regional *?*|-labelled tracers are the dopamineeceptors ligands
cerebral blood flow (rCBF). Mostly, decreases of rCBF are!Z|-IBZM [40] or '?%-IBF [41] and the central benzodi-
looked for, as they occur in a variety of brain disorders.azepine receptor ligantl-iomazenil [42]. These tracers
Fig. 8 shows a typical example related to the diagnosis ohave been tested in various neurological and psychiatric
Morbus Alzheimer. In Alzheimer’s dementia a typical pat- disorders [43]. Many othet?®l-labelled neurotransmitter
tern of low perfusion in the region of the occipito-parietal tracers have been suggested during the last years, which
cortex is found and can help in the differential diagnosiscannot be detailed here.
among other kinds of dementia. Also, in epilepsy, rCBF- !2IMT, a radiolabelled amino acid, has proved to be very
SPECT has shown its value [37]. If the rCBF-SPECT isuseful in the delineation of brain tumours [44] giving similar
done between epileptic seizures (inter-ictal), a localised deresults as the PET tracBC-methionine (Fig. 9) [45]. Com-
crease of tracer uptake is regarded as being concordant wigrared to FDG (see below) complementary information about
the epileptic focus. If, however, the study is done during orthe tumour extension may be obtained.
immediately after an epileptic seizure (ictal and peri-ictal,
respectively), the epileptic focus is delineated by increase . .
bIocF))d flow.yl)t has bgenpshown that the subtractign of inter—% ardiological SPECT
ictal images from ictal images yields an even better diag-In daily clinical routine most SPECT studies deal with
nostic sensitivity [38]. Immediately after brain infarction, the heart. Here, radiotracers such #8Tc-MIBI [46],
rCBF-SPECT is able to show perfusion changes, in spite of*Tc-tetrofosmin [47], or stil?°*TI [48] are used to study
a still normal CT. At a later stage areas, which show a deimyocardial perfusion, especially if there are signs of coro-
creased rCBF, indicate functional deficits caused by lackingnary artery disease, such as angina pectoris. The common
input (afferences) from the infarcted region. protocol is to combine a rest study with a stress study so
Although originally a domain of PET, more and more that badly perfused areas are delineated by decreased tracer
neurotransmitter studies are found in the SPECT literatureuptake during the stress study with its increased energy de-
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clear findings and in specifying the tumour type by utilising

its specific ability of metabolic, receptor, and antigen imag-

o o -2 ing. Examples are iodine storing metastases of a thyroid
malignancy and phosphate-sensitive bone metastases caused
by many carcinoma. In many cases planar imaging is suf-
ficient, whereas SPECT may be necessary to improve the
spatial delineation. Unlike PET, which offet¥-FDG to

123]-o-Methyl-Tyrosine SPECT

' . [ visualise a lot of different tumour types, SPECT must se-
lect that tracer which is appropriate for the tumour type
11C-Methionine PET to be investigated as indicated by the following examples.

1Yn-octreotide is appropriate for the visualisation of so-
th:ﬁq' :. Irgéeﬁsseﬁomt%ke é); a é?dijosliari%?l”edmiﬂn?tagg"i‘g an fjvsglocy‘matostatin receptor expressing tumours [3#)-MIBG is
-0- = . .

as bngET using the ¥1atura| amino acid meth%on%ne which remainsalso used for the diagnosis of pheochrompcytoma and neu-

biochemically unchanged by the labelling wiiC. roblastoma [55].Ga has been applied in the follow-up
of lymphoma treatment [56] and lung cancer [57]. Further-
more, the immunoscintigraphy of tumours is based on many

mand. The stress is induced by exercising or dobutaminglifferent monoclonal antibodies labelled witfiTc, *23, or

injection. Myocardial perfusion tracers may also be used td*'In [58].

follow up the results after bypass surgery or percutaneous

transluminal coronary angioplasty (PTCA). The advantages o

of ¥ Tc-labelled perfusion tracers compared to the formerOther SPECT applications

standard imaging agefft'T| are the better imaging quality SpPECT has also been used to study liver diseases using

and the availability of the generator prodttTc. 9 Tc-sulphur-colloids [59] anéf"Tc-GSA [60]. Cavernous

_ '¥l-labelled fatty acids have been designed to examemangioma in the liver and other vascular abnormalities

ine myocardial energy metabolism which is based on thep the abdomen have been visualised WithTc-labelled

oxidation of fatty acids by about 60%4-HDA [49],  plood cells [61, 62]. SPECT studies of the kidneys have been

4-BMIPP [50] and™3-pPPA [51] and have been applied performed with®™Tc-DSMA as an indicator of the tubu-

as a tool to investigate patients with cardiomyopathy [S2]. |r renal function [63]5°Ga has been applied in different

Disorders of the autonomous myocardial innervationgyestions, e.g. in lung cancer [57], in lymphoma after treat-

which are found, e.g., with dilative cardiomyopathy, heartment [56], and in different infections [64]. SPECT has pro-

transplantation, and diabetes have been examined withiged important diagnostic and prognostic information for

4-MIGB [53] (Fig. 10). orthopaedic problems related to the lower extremities [65].

Oncological SPECT L
g PET applications

Although the diagnosis and the follow up of malignant tu- , ) o
mours is primarily the task of planar radiology, CT, MRT, Often PET is regarded just as a research tool which is too

or ultrasound, nuclear medicine can help in the case of un€xPensive to become of general importance for clinical rou-
tine. The change of this situation becomes obvious by the

rapid world-wide increase of PET scanners from several
dozens in 1990 to more than 300 in 2000. The short half-
life of the mostly used positron emitters ranging from 2 min
for 0, 10 min for®*N, 20 min for *!C to 109 min for'éF
and the necessity of a nearby cyclotron to produce these
radionuclides is one of the reasons for the relatively slow
expansion of PET. On the other halif-labelled deoxyglu-
cose (FDG) has proved to be very valuable for many clinical
applications and can be shipped from a cyclotron to PET
? \ sites within a radius of several hundred kilometres. Since
123-MIBG 1979 FDG, which originated from Sokoloff's work with
14C-labelled deoxyglucose [66] for the study of cerebral glu-
cose metabolism, has been successfully used in neurology,
cardiology, and more recently especially in oncology.

Oncological PET

In many different tumours FDG-PET is able to visualise
Fig. 10. Decreased uptake 8F1-MIBG in the posterior myocardium recurrent malignant tumours, their metastases and in some
indicating a disorder of the autonomous cardiac innervation in a di-Cases_lfnknown primary tumours better than other imaging
abetic patient. The perfusion mark¥'Tc-MIBI displays a normal mOda_“t'es SUC_h as CT or MRT [67]-_ Furthermore, FDG-
perfusion. PET is useful in the follow-up of radio- or chemotherapy

99mTc-MIBI
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7’ FDG-PET

Fig. 12. Decrease of FDG in the area of the right temporal lobe de-
lineating the suspected epileptic focus of a patient suffering from
seizures. The image of magneto-resonance tomography (MCI) shows
no disorder.

take of FDG. In the last years, such investigations have
utilised **O-water or*®O-butanol so that a sequence of
different stimulations can be measured due to the rapid
: decay of the short-lived radionuclid®O (e.g. 1. rest,
.'. : 2. slow thumb movements, 3. faster thumb movements,
4. very fast thumb movements). After intravenous injec-
‘ tion these tracers are distributed within the brain in cor-
relation to rCBF. Hundreds of such studies have been
performed by neuroscientists so that many details of the

motor and sensory systems as well as of higher cogni-
tive processes could be delineated. An example of such

a study which involves learning and memory [72] is given
Fig.11. The whole-body PET examination after the injection of FDG .

delineates three metastases (arrows) from prostate cancer not reveal'&nl Fig. 13. In addition to many questions related to basic
by other imaging procedures. research, neuroactivation studies can be advantageous for

the single patient. For example, it is possible to delineate

important language or motor control areas in the vicin-
when blood tumour markers indicate the existence of a reity of a malignant brain tumour before it is removed by
current or of metastases which cannot be delineated by C$urgery.
or MRT. These advantages are the main reason for the re- There are hundreds of other positron-emitting radio-
cent world-wide increase of PET. Fig. 11 shows an examplgharmaceuticals, especially neurotransmitter ligands and
of the delineation of metastases not being seen by othemmino acids which have been suggested for studies of
methods. the brain. Amino acids such asC-methionine (Fig. 9)
are especially appropriate to help in the differential di-
: agnosis of malignant brain tumours and in follow up
Neurological PET studies [73]. Radiopharmaceuticals with an affinity to the
The primary use of FDG was in research and clinical stud-neurotransmitter system have been applied in neurologi-
ies of the brain [68, 69]. Since the brain receives 90% ofcal and psychiatric research, e.g. in Parkinson’s disease
its energy by the oxidation of glucose, the glucose ana-
logue FDG is able to indicate hypo- or hyperfunctions.
Diminished uptake of FDG indicating cerebral hypofunc-
tion is found in epilepsy (Fig. 12), infarction, or demen-
tia [70]. Because of the close coupling of cerebral blood flo
and cerebral glucose consumption in normal tissue [71]
but also in many diseases, the aim of FDG-PET is simi
lar to that of perfusion studies with SPECT. Although many
of these studies are done with SPECT nowadays, there
still a demand for PET if the specific question requires the
still superior image resolution of PET. This may be the
case when looking for a small epileptic hypometabolic fo- Fig. 13. During the learningd) of uncorrelated word pairs (e.g. house-
cus [37]. river, piano-street) there is a maximum of increased blood flow in the

. . left frontal cortex (arrow). During the retrievab) of one part of the
If parts of the brain become very active compared toword pairs there is an additional activation in the right frontal cor-

others because of an external or mental stimulation, thesgy (arrows). Only maxima of increased blood flow are displayed on
areas of hyperfunction can be delineated by increased up surface view of a standard MRI-image.
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and other motor disorders, in depression and schizophreSPECT vs. PET
nia [74-77]. Whereas first knowledge about the neuro-

. - : : Although specific characteristics of SPECT and PET have
transmitter system is usually acquired by animal research

. : o -~ already been compared above, some of the most import-

or post-mortem studies, PET can verify these findings in . . )
the human being in vivo. The radioactive labelling is of- ant relationships and differences between these two tomo-
ten done with thge positro'n emittéiC (half-life — 20 ?nin) graphic modalities of nuclear medicine are to be summarised
so that the biochemical characteristics of the labelled transhere' ngayse Qf the electronic collimation PET offers a bet-
: . .ter sensitivity with a factor up to 100 over SPECT. The pos-
mitter molecules are unchanged [78]. The tracer kinetic_;, .. o
analvsis of the PET data leads to the determination of thesmlhty to do an accurate transmission measurement and an
bind%g potential, the density of neuroreceptors, and theexact attenuation correction is the main reason for PET to be
binding affinity bétvveen receptor and drugs. Only,few neu_quantltatlve. In contrast SPECT is regarded as more qualita-

) . - tive yielding count rates rather than being calibrated with the
rotransmitter ligands have reached clinical relevance suchh sical entity of activity per volume. Nevertheless. there
as '®F-L-Dopa which is of help in the differential diag- pny y yp . '

nosis of Parkinson’s disease and in the follow up of the.has been acqns!derable progress in the last years in improv

) . . ing the quantitative capabilities of SPECT. Because of the

treatment [79]. A very interesting research area with pos- o ! ;

. T . e better sensitivity PET is able to record shorter time frames
sible implications to clinical routine is the study of the

; : . -.in dynamic studies. The radiolabelling of metabolically ac-
interaction between psychopharmaceuticals and specmgve molecules by the positron emittéf€, N, or °0 does
PET compounds such as the dopamine receptor Iigand toe

11C_raclopride [80] or the serotonergic receptor ligaie- not change the biochemical behaviour of the_radiolabelled
altanserin [81] molecule so that the development of new radiopharmaceu-
' ticals can be based on prior biomedical knowledge. SPECT
radiopharmaceuticals are considered being “unnatural” so
Cardiological PET that their introduction often needs more time, involving ba-
. - ) . sic investigations and sometimes many vain trials. In spite of
'g‘i:):]c')gjydggﬁé fﬁfo‘évr}lec:; IiDnlfjiTcggsrsbesirc]:hs L;cgc\les Sf[%lz']s Car'!ts guantitative and .radiochemi(_:al_advantages thg availabil-
150-wa£er [83], or®Rb [84] cardiac flow stu diias ha’lve ity of PET has remained rather limited due to _the hlgher cost
X 'IOf the scanners and for the cyclotron and radiochemistry. As

been performed analogously to those done with SPEC . ) ) :
(Fig 12) [85] Althougr? PE¥ yields a better resolution mentioned above, the progression of SPECT radiochemistry
’ ) in the last years gave the possibility to transfer original ex-

and is very favourable to combine a rest and an exercise

study by using short-lived isotopes, just these isotopes havBe”.?nt(;le maéie by'PEIT res%artl:.h to ;[he clheaper, morr]e W'C:EIV
hindered the wide-spread use of this method due to the n dvailable and routinely used clinical tool SPECT. The only

; . PET radiopharmaceutical for which SPECT does not of-
cessity of a nearby cyclotron or an expensive generator (foFer an analogue is FDG, the working horse of PET. Here
%Rb). An even more important indication of cardiac PET _~, - ’ '
. ) ) : ) . : a bridge between PET and SPECT has been constructed by
is to define viable tissue in the neighbourhood of an mfarc-the introduction of dual-head coincidence gamma cameras
tion [86]. _Slnce badly perfL_Jsed myocardlal tissue near .tOIn addition to the normal SPECT mode, these double—headed
an |_nfarct|on shows a relatlv_ely high uptak_e OT FDG.’ th'S.ISPECT systems offer the retraction o’f the mechanical col-
Cir;i(:)llr;:g s%a?h:teitu\?vﬁld t?of?tef(; Ic?ni \évr;ﬁ;hrzr éﬁlt?cgls ?#tzrllses_tlllimators together with the combination of the electronics of
tion such as b asspsur erv or PTCApr the m ocardialthe two gamma camera detectors by coincidence circuitry.
. . yP gery. L Y In this way the SPECT instrument can also be used for PET
tissue is not viable, such an intervention is not necessary, _ :
Imaging. Although the overall performance of such systems
inferior to dedicated PET systems they allow the use of
DG which has become especially important in oncology
applications if the more cost-intensive PET instruments are
not available.

As already seen in SPECT, fatty acids are used to study the
myocardial energy metabolism. Here the natural amino aci
palmitate is labelled with'C to study cardiomyopathy, for
instance [87].
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