
Review 

Keywords 
Radiation therapy planning, PET/CT, FDG 

Summary 
This work addresses the clinical adoption of 
FDG-PET/CT for image-guided radiation ther-
apy planning (RTP). As such, important tech-
nical and methodological aspects of PET/CT-
based RTP are reviewed and practical recom-
mendations are given for routine patient 
management and clinical studies. First, recent 
developments in PET/CT hardware that are 
relevant to RTP are reviewed in the context of 
quality control and system calibration pro-
cedures that are mandatory for a reproducible 
adoption of PET/CT in RTP. Second, recom-
mendations are provided on image acquisi-
tion and reconstruction to support the stan-
dardization of imaging protocols. A major pre-
requisite for routine RTP is a complete and se-
cure data transfer to the actual planning sys-
tem. Third, state-of-the-art tools for image 
fusion and co-registration are discussed 
briefly in the context of PET/CT imaging pre- 
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and post-RTP. This includes a brief review of 
state-of-the-art image contouring algorithms 
relevant to PET/CT-guided RTP. Finally, practical 
aspects of clinical workflow and patient man-
agement, such as patient setup and require-
ments for staff training are emphasized. PET/
CT-guided RTP mandates attention to logistical 
aspects, patient set-up and acquisition param-
eters as well as an in-depth appreciation of 
quality control and protocol standardization. 
Conclusion: Upon fulfilling the requirements to 
perform PET/CT for RTP, a new dimension of 
molecular imaging can be added to traditional 
morphological imaging. As a consequence, 
PET/CT imaging will support improved RTP and 
better patient care. This document serves as a 
guidance on practical  and clinically validated 
instructions that are deemed useful to the staff 
involved in PET/CT-guided RTP. 
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Zusammenfassung 
Diese Arbeit geht auf die klinische Verwen-
dung von FDG-PET/CT in der bildgestützten 
Radiotherapieplanung (RTP) ein. Wichtige 
technische und methodische Aspekte der 
FDG-PET/CT-basierten RTP werden erläutert, 
und praktische Empfehlungen für das Ma-
nagement von Patienten in der klinischen 
Routine sowie in klinischen Studien gegeben. 
Zunächst werden neueste Hardware-Entwick-
lungen der PET/CT-Bildgebung beschrieben, 
die für die RTP relevant sind. Die Einführung 
entsprechender Qualitätskontrollen und Pro-
tokolle zur Kalibrierung bildgebender Syste-
me ist unerlässlich für eine reproduzierbare 
Einbeziehung der PET/CT in die RTP. Anschlie-
ßend werden Empfehlungen hinsichtlich Da-
tenakquisition und Rekonstruktionsparame-
tern gegeben mit dem Ziel der Standardisie-
rung der Bildgebungsprotokolle. Eine Haupt -
anforderung der RTP in der klinischen Routine 
ist der zuverlässige Datentransfer an das Pla-
nungssystem. In einem weiteren Abschnitt 
dieser Arbeit werden aktuelle Methoden der 
Bildfusion und -registrierung diskutiert. Ab-
schließend wird auf praktische Aspekte be-
züglich klinischer Arbeitsabläufe und Patien-
tenmanagement (z. B. Patientenlagerung und 
Anforderungen an die Personalschulung) ein-
gegangen. Besonders wichtig für eine zuver-
lässige PET/CT-basierte RTP sind logistische 
Aspekte, aber auch eine reproduzierbare 
Lagerung  der Patienten und standardisierte 
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Positron emission tomography (PET) and 
computed tomography (CT) imaging have 
been used independently for decades in 
diagnostic imaging to provide metabolic 
and anatomical image information, re-
spectively. Unlike other imaging methods, 
PET and CT can be operated in close physi-
cal proximity without significant cross-talk 
effects and without the need to modify 
either component in view of conjoined 
operation.  Thus, integrated PET/CT 
imaging  based on the intrinsic com-
bination of PET and CT within a single, 
combined gantry results in the acquisition 
of complementary image information 
within a single examination protocol with-
out the need to reposition the patient (82). 
 
  With the clinical adoption of combined 

PET/CT  systems almost 15 years ago, 
staging  and restaging of cancer patients 
has been improved significantly over  
CT- and PET-only (21).  

 
Simultaneously, highly sophisticated 
radiotherapy (RT) techniques like the 3-
 dimensional, conformal RT (3-D-CRT), 
stereotactic RT (SRT) and radiosurgery, in-
tensity modulated RT (IMRT), heavy 
particles  RT etc. were developed in order to 
focus and escalate the irradiation dose on 
the tumour area with high precision and to 
spare the normal tissue (46).  

Anatomical imaging forms the basis for 
radiation treatment planning (RTP) (23). 
However, conventional imaging has signifi-
cant limitations for target volume delin-
eation for RT (61). PET/CT imaging has 
been shown to have a significant clinical 
impact on the diagnosis and treatment 
selection  of a variety of cancers (43). While 
18F-fluoro-desoxyglucose (FDG) reveals 

increased glucose metabolism (31), other 
compounds can be used for more specific 
information, for example to visualize and 
quantify hypoxia (e. g. 18F-fluoro-misoni-
dazole, FMISO), cell proliferation 
(18F-3'-fluoro-3'-deoxy-L-thymidine, FLT) 
and other characteristics important for 
RTP (61).  

Employing high-precision radiotherapy 
based upon inaccurate tumour mass delin-
eation on morphological image volumes 
creates a paradox situation whereby the 
effort  to focus the dose on an exactly de -
lineated target is not justified. This conflict 
is the reason for the increasing use of 
molecular  imaging methods for RTP (28).  

 
   The ultimate goal of metabolic imaging for 

RTP is to add complementary information to 
anatomical imaging, which may be inad-
equate for the differentiation of necrotic 
from active tumour volume, for example.  

 
FDG-PET and FDG-PET/CT can aid the 
delineation of metabolically active target 
volumes, or the gross tumour volume 
(GTV) (60). Several authors have shown 
the benefit of the addition of the molecular 
imaging information provided by PET into 
the RT treatment planning process in 
virtually  all fields of radiation oncology 
(18, 30, 49, 61). 

This review aims at providing a practical 
summary of state-of-the-art procedural 
and technical knowledge in terms of a “how 
to” guide for the up to date use of PET/CT 
in RT-planning in daily routine patient 
service  and clinical studies. 

PET/CT hardware 
Combined PET/CT 

A hardware combination of PET and CT 
was suggested as early as 1998 (81). Trig-
gered by early clinical proof, PET/CT was 
soon commercially available and combined 
PET/CT system technology has advanced 
rapidly since then. Today, PET/CT systems 
for clinical use combine a whole-body, full-
ring PET and a multi-slice CT within a 
single gantry (48).  

In brief, state-of-the-art PET com-
ponents are based on lutetium oxyortho-

silicate(LSO)- and lutetium yttrium oxy-
orthosilicate(LYSO)-based scintillation de-
tectors, and provide a transverse and axial 
field-of-view of 60 cm and 18–22 cm, re-
spectively with measured isotropic image 
resolution of around 4.5 mm. It is impor-
tant to recognize that lesion detectability in 
PET is not only defined by the spatial resol-
ution of the system but also by lesion 
contrast. Thus, lesions that are smaller than 
the image resolution can still be detected in 
PET if the contrast between lesion and sur-
rounding tissue is sufficiently high.  

The CT components of combined PET/
CT are typically multi-slice CT systems 
with up to 128 slices being acquired simul-
taneously and a maximum axial coverage of 
8 cm per rotation (!Tab. 1). Extended co-
axial imaging fields are acquired by sequen-
tial acquisitions of a spiral CT scan fol-
lowed by a multi-step emission scan with 
slightly overlapping (20–40%) bed posi-
tions. Note, an axial overlap of the PET 
acquisitions  is required in order to ensure a 
uniform sensitivity profile across the axial 
imaging range (5). PET imaging times for a 
single axial bed position (15–22 cm) are on 
the order of 1–4 min, bringing the total 
emission imaging time for a torso onco -
logy exam to anywhere between 10 min and 
25 min.  

Recently, several PET/CT design con-
cepts have been presented by different ven-
dors, all aiming at reducing footprint and 
bringing the PET and CT components as 
close together as possible (48). Despite 
early efforts no fully-integrated, single-de-
tector PET/CT exists today. Thus, the 
centres of the fields-of-view of the CT and 
the PET are axially displaced by up to 110 
cm. Using a joint, dedicated patient posi-
tioning system that is installed at the front 
of the PET/CT gantry, patients can be posi-
tioned accurately and reproducibly for co-
axial imaging ranges of up to 200 cm. Dur-
ing the time elapsing between the acquisi-
tion of the CT and the PET data, physio-
logically determined alterations of the 
anatomy, e. g. of bladder, stomach and 
bowel may occur. However, combined 
PET/CT still offers the best possible intra-
patient co-registration of complementary 
anatomical and functional images. 

D. Thorwarth et al.: FDG-PET/CT for RTP 

Akquisitionsprotokolle sowie spezielle Qua-
litätskontrollen. Schlussfolgerung: Durch 
Umsetzung der genannten Anforderungen 
der RTP an die PET/CT, kann die Integration 
molekularer Bilddaten zusätzlich zur mor-
phologischen Bildgebung erreicht werden. 
Die PET/CT unterstützt eine präzisere RTP 
und ein verbessertes Patientenmanagement. 
Diese Arbeit kann als praktische Empfehlung 
zur klinischen  Verwendung von PET/CT-Bild-
daten in der RTP genutzt werden. 
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PET/CT hardware and RTP 

Recognizing the potential of PET/CT-
guided treatment planning, a number of 
hardware and software innovations were 
adopted in commercially available PET/CT 
systems to meet the requirements for RTP. 
These included 
l  a flat table top attached (placed on top 

and secured, and with validated stabil-
ity) to the PET/CT patient handling sys-
tem (!Fig. 1) to help replicate patient 
positoning during RT treatment, 

l positioning aids and additional patient 
registration devices fixated to the flat RT 
table top (!Fig. 1). These registration 
devices support adequate repositioning 
of patients during the imaging exam, 
simulation process and therapy. 

l  Increased gantry tunnel diameters to fit 
patients who are positioned with RT 
positioning  aids into the field-of-view of 
the imaging system (!Tab. 1).  

l RT laser bridges or mobile RT laser in-
stalled in a reproducible manner with 
respect to the isocentre of the PET/CT 
(!Fig. 1). These lasers cover a wider 
field-of-view and are more accurate that 
gantry-internal laser for general posi-
tioning of the patient.  

 
Recently, major advances in PET/CT 
system  architecture have been realized, 
which have a number of implications for 
the clinical use of PET/CT in image-guided 

RTP. Note, in particular, the commercial 
introduction  of a PET/CT dedicated to 
RTP. In addition to hardware modifications 
this PET/CT links directly to the RT laser 
system, such that the isocentre can be 
adjusted  and stored automatically. 

Recommendations 
  1. Combined PET/CT systems and certified 

RTP hardware accessories should be 
used for RTP purposes.  

 2. A PET/CT-guided RT workflow should be 
defined and managed in close collabor-
ation with the responsible radiation 
oncology  team. 

Quality control, calibration 
Quality control (QC) and system cali-
bration of the PET/CT system are pre-
requisites for accurate and reproducible 
image-guided RTP. They are performed as 
part of the acceptance tests by the manufac-
turer during the installation of a new 
imaging  system, after maintenance service 
and when recommended on a regular basis 
(15). Control and calibration tasks involve 
measurements on the individual imaging 
components of the PET/CT as well as 
procedures  dedicated to the dual-modality 
concept of the integrated hardware. 

When employing PET/CT in radiation 
therapy planning, the available QC-guide-
lines for diagnostic PET/CT acquisition 

should be followed (15, 16), which will be 
briefly outlined here. Furthermore, QC and 
calibration of the RT-dedicated parts of the 
system, such as tabletop and laser position-
ing systems are required. 

CT system 

The quality control procedures for the CT 
system of a PET/CT follow the relevant 
European standards (37, 38). Quality 
control  measurements include 
l  noise levels in uniform areas (air, water), 
l  mean CT numbers (in Hounsfield units, 

HU),  
l uniformity,  
l slice thickness,  
l  spatial resolution (modulation transfer 

function), and  
l  accuracy of the table positioning.  
 
Measurements are performed on a daily, 
monthly or quarterly basis, as detailed in 
(37, 38). All CT vendors require a daily 
checkup of the system by means of air 
measurements with varying X-ray beam 
parameters. CT and PET/CT systems are 
provided with necessary quality control 
and calibration phantoms for routine 
quality control measurements. When 
doing 4D PET/CT, additional quality assur-
ance (QA) procedures for 4D-CT scan 
techniques are useful (36). Post-maintain-
ance acceptance testing may require 

Fig.  1 PET/CT adaptations specific to radiation oncology applications  
A) RT laser bridge installation in front of the combined gantry  
B) patient support system with flat, carbon-fibre RT-pallet attached 
C) as in B) with additional thermoplastic head restraint, vacuum lock bag and breast board (from left to right)  
D) dedicated, big bore PET/CT with an 85 cm gantry opening (Philips Healthcare Systems). 
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phantoms  that are available to service staff 
only. An overview of routine quality 
control  procedures for the X-ray unit of a 
PET/CT system is given in (16). 

PET components 

Quality control of the PET components 
consists of three procedures:  
l Check of coincidence sensitivity and 

detector  normalization, which yields 
evidence whether the sensitivity for the 
coincidence detection of all com-
binations of detectors is acceptable. 

l  Normalization calibration, which yields 
the conversion factor for the activity 
concentration as determined by the 
emission measurements, and  

l certification of imaging properties that 
describes the results of mandatory data 
correction (e. g., randoms, attenuation, 
scatter).  

 

In summary, applying quality assurance 
and control procedures to PET system cali-
bration reduces measurement variability 
(26, 47). In addition, the periodic measure-
ments of the transaxial resolution, imaging 
scale and documentation unit are recom-
mended (27). An overview of all routine 
quality control measurements for the PET 
is given in (16). 

PET/CT alignment  

The physical alignment of the CT and PET 
component, frequently referred to as “off-
set”, must be known to automatically 
reference  PET and CT data within the same 
spatial coordinates. This offset must be 
measured for the first time following the 
installation of the PET/CT; this is part of 
the acceptance procedure (15). The offset 
may change after the system was serviced, 
whereby the CT and PET components were 
physically set apart for access to the interior 

gantry; the alignment measurement must 
then be performed again prior to clinical 
routine. Obviously, the absolute offset 
values vary with the PET/CT and instal-
lation and must be determined individually 
(15, 16).  

RT specific aspects 

A number of quality control steps need to 
be performed on top of QC of the PET/CT 
when using the available image informa-
tion for RTP. As there is no standard yet 
regarding  this QC procedure, a minimum 
number of QC steps of PET/CT-related 
ancillary  devices in RT should be followed. 

The positioning and movement of the 
tabletop must be precisely controlled under 
constant load. Inaccuracies in the tabletop 
geometry will translate into poor patient 
position reproducibility on the treatment 
machine. Inaccurate table indexing can 
cause image spatial distortions and vertical 

manufacturer 
brand, type 

Mediso SIEMENS PHILIPS GE 

Anyscan Biograph mCT Ingenuity TF Discovery 
690 

Elite/VCT 

PET  
detector 

max. axial FOV [cm] 15.1  21.6  18 15.7 

material (scintillator) LYSO LSO LYSO LYSO 

crystal element size [mm]  3.9 ! 3.9 ! 20   4 ! 4 ! 20   4 ! 4 ! 22  4.2 ! 6.3 ! 25 

resolution [mm] FWHM  
NEMA @ 1 cm] 

 4.1 ! 4.2   4.4    4.7 ! 4.7 ! 4.7  4.9 ! 4.6 

MSCT detector lines 
coverage [mm] 

16 rows 
20 

 20/32/64 
 12/19.2/38.4 

 64-chanel  
 40 

16 / 64 
20 / 40  

max. tube power [kW] 60 100 eff. 105 Elite: 53 85/100 (optional)  

s/rotation (360°)  0.5   0.30   0.4 Elite: 0.5 0.35 

transversal CT-FOV [cm]  
measured- /display FOV [cm] 

50  50/78  50/70 50 (measured)/70 (displayed) 

hard- 
ware 

patient port, bore size [cm] 70  78  70 71 

axial displacement of PET  
and CT in gantry [cm] 

56  75 110 68 

patient handling system bed support in tunnel bed on rails bed support in tunnel dual-position bed 

flat carbon pallet (yes/no/size) optional yes / 51.7 cm yes / 53cm yes / 48.5 cm 

respiratory gating (retro-/ 
prospective,  CT and/or PET) 
supported gating device 

PET (WIP) prospective CT, 
retrospective PET 
l bellow belts 
l Varian RPM 

retrospective / prospective  
PET and CT 
l bellow belts 
l Varian RPM 

retrospective / prospective  
PET and CT 
l bellow belts 
l Varian RPM 

Gemini TF  
Big Bore 

16-chanel 
24 

60 

60/70 

85 

Tab. 1 Basic parameters of current PET/CT systems  of major manufacturers
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and longitudinal movement errors can 
cause inaccuracies when marking the 
patient  skin relative to the calculated 
treatment  isocentre. 

A sample QA procedure for scanner 
table and rationale for the above listed tests 
is detailed in (51). Testing frequencies and 
tolerances may vary. The flat tabletop 
should not contain any objectionable arti-
fact producing objects (screws). 

When immobilisation devices are used 
in radiotherapy their exact position relative 
to the table top is registered for reproduci-
bility, e. g. by using landmarks or lateral 
notches on the dedicated RT pallet. 
Detailed  instructions for storage and inser-
tion of the couch top and registration of 
immobilisation devices should be prepared 
for the PET/CT staff (19, 70). 

An alignment tool or a phantom is 
needed to assess laser geometry and 
accuracy.  There are several designs for 
scanner laser QA devices. A simple laser QA 
process is detailed in (51). Parts of this 
process  should be performed daily and the 
full procedure should be performed 
monthly or more frequently depending on 
laser stability.  

The accuracy of the lasers directly affects 
the ability to localize treatment volumes 
relative to patient skin marks and the 
reproducibly  of patient positioning from 
the CT to the RT treatment machine. 
Accuracy  and spatial orientation of the RT 
lasers must be comparable to treatment 
machine laser accuracy. Laser accuracy tol-
erances depend on the goals of radiation 
therapy and required accuracy of treatment 
procedures.  

Recommendations 
  1. Regular QC and calibration of PET/CT 

hardware is required for PET/CT-guided 
RTP. Existing guidelines and recommen-
dations should be followed. 

 2. In view of a lack of standard QC pro-
cedures for ancillary RT devices it is ad-
vised to agree on a set of QC measures 
among expert staff from nuclear medi-
cine, radiology and radiation oncology. 

 3. The full range of system operations must 
be verified following service access of 
the PET/CT hardware. 

 

Data acquisition and 
reconstruction  

A PET/CT study can be requested for pur-
poses of staging, response assessment, or 
target volume definition (21). Depending 
on the clinical and diagnostic question, a 
PET/CT study may cover different co-axial 
imaging ranges (!Fig. 2). A torso scan is 
typically performed for staging and re-
sponse assessment covering a co-axial im-
aging range from mid-thigh to the base of 
the skull (44). If a PET/CT study is per-
formed for the sole purpose of target vol-
ume definition, then a limited co-axial im-
aging range is acceptable. In this case par-
ticular attention must be given to patient 
positioning since the patient should be im-
aged and treated in exactly the same posi-
tion . The same acquisition protocol (e. g., 
positioning, imaging range, acquisition pa-
rameters and image reconstruction) 
should be enforced for pre- and post-ther-
apy examinations in order to facilitate a 
therapy response assessment based on 
standardized image data. 

In general, a standard PET/CT examin-
ation employing FDG for whole-body stag-
ing consists of a topogram, or scout scan, a 
low-dose CT acquired specifically for the 
puropose of attenuation correction fol-
lowed by a multi-step PET emission scan 
and a contrast-enhanced, multi-phase CT 
examination (!Fig. 2A). Note, contrast-
enhanced CT images can also be used for 
attenuation correction (7). 

Residual, local misregistration in areas 
of high respiratory mobility have been re-
ported, but these occur less frequently in 
patients examined in quiet respiration on a 
PET/CT employing multi-slice CT tech-
nology with six or more CT detector rows 
(8). Nonetheless, respiration-induced mis-
alignments may cause severe attenuation 
correction artifacts, especially near the dia-
phragm. This can be a problem in RTP of 
tumours of the thorax and upper ab-
domen. In order to minimize these artifacts 
several strategies have been proposed: tidal 
breathing, breathhold techniques and 
gated image acquisition. 

Tidal breathing (!Fig. 2B): Patients are 
instructed to breathe shallowly during the 
CT and PET acquisitions. Thus, the fre-

quency and magnitude of artifacts due to 
misalignment between CT and PET can be 
minimized (8). This technique is feasible 
for the use in RT-planning, if no detailed 
depiction of the breathing movement and/
or amplitude of tumour motion is 
required. Alternatively, CT data can be ac-
quired over several breathing cycles (slow 
CT imaging) (!Fig. 2B), with a CT pitch 
value of less than 1 (65). As a result, both, 
the CT and emission data are motion-
blurred. Using this strategy, attenuation 
correction based on the CT will be more ac-
curate, but both PET and CT suffer from 
image resolution loss due to patient mo-
tion. This acquisition mode is suited 
neither for diagnostic nor for RTP pur-
poses and is solely suitable for attenuation 
correction. 

Breathhold techniques (!Fig. 2B): 
Patients  may be asked to hold their breath 
in mid-expiration during the entire low-
dose CT, or at least for the time it takes the 
CT to scan the lower thorax and upper ab-
domen. Breath hold at end-expiration may 
not be feasible for severely ill patients. Al-
ternatively, recent PET/CT technology ad-
vances (48) allow for limited axial-field-of-
view acquisitions of PET/CT data in full-
inspiration (53). In diagnostic use, this may 
help reduce motion-induced misalignment 
and increase the quality of the CT data of 
the thorax. Breathhold-techniques are of 
use for RTP and delivery only if the treat-
ment can be performed under the same 
breathing conditions, which is e.g. the case 
for gated delivery (realised and controlled 
by the same devices as used for scanning).  

Respiratory gating (!Fig. 2C): During 
the acquisition of both PET and CT data 
the respiratory signal is monitored and 
used to categorize, or bin the data over the 
various phases of the respiratory cycle 
(typically into 8–16 bins). Thus, emission 
and transmission data can be matched for 
repeated phases (aka bins) of the respir-
atory cycle (6). Subsequently, attenuation 
correction and reconstruction of the 
emission data can be performed using the 
corresponding CT phase images for each 
respiratory bin. These so-called 4D PET/
CT acquisitions can provide information 
on the midposition of the tumour but, 
more importantly, about the magnitude of 
tumour movement and total target volume 
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(63, 75). The latter information can directly 
be used to define the extent of the radiation 
beam such that it would always include the 
tumour despite its movement. Here, the 
PET-data ideally complement the 4D-CT 
data.  

The use of 4D PET data is not only help-
ful for gated but also for ungated RT-de-
livery, e. g. in approaches like individual in-
ternal target volume (ITV)-delineation and 
mid-ventilation amplitude calculations 

(4). Unfortunately, at present the imple-
mentation of 4D PET/CT is still relatively 
cumbersome and requires considerable ef-
forts, quality control and optimization of 
work-flow processes. Furthermore, the ac-
quisition of 4D-CT data requires increased 
raw data sampling due to the increased 
number of reconstructed CTs, and, there-
fore, is inherent with an increased patient 
exposure.  

PET image reconstruction 

PET/CT image reconstruction directly 
affects  the detection and delineation of any 
metabolic lesion. Different diagnostic ob-
jectives may require different strategies for 
image quality and quantification (49, 58, 
61). Furthermore, image characteristics de-
pend strongly on the way PET/CT exami-
nations are performed, such as patient 
preparation, administered amount of FDG 

Fig.  2 
A) Standard whole-body PET/CT examination protocol: a topogram followed by a spiral CT and a multi-step emission acquisition. Following image re -
construction a separate contrast-enhanced (ce) CT can be acquired.  
B) CT and PET emission data can be acquired during tidal breathing, or alternatively, the CT can be acquired at a lower pitch over several breathing cycles 
(slow CT). This ensures a better match for the purpose of attenuation correction.  
C) CT data can be acquired with limited breathhold techniques whereby patients is asked to hold their breath in normal expiration to best match the average  
position of the diaphragm during tidal breathing during the emission acquisition. Novel PET/CT systems are fast enough to allow for the acquisition of a 
limited  axial field-of-view in full-inspiration breathold for both CT and PET.  
D) Respiratory gating is available and can be applied to individual bed positions for either CT-only or PET and CT. 
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in relation to scan duration and system sen-
sitivity, reconstruction method and set-
tings, etc. (11, 13). Clearly, consistent and 
standardized procedures are a pre-requisite 
for the expanded use of PET/CT (12).  

Today, iterative reconstruction algo-
rithms have become the standard on all 
PET/CT systems and are the preferred re-
construction methods because of their su-
perior image quality when compared to fil-
tered back projection ( (!Fig. 3). Iter-
atively reconstructed images are character-
ized by the number of iterations and sub-
sets, relaxation factor, matrix size, voxel 
size, image zoom, image smoothing and 
smoothing filter size or kernel (full width 
half maximum, FWHM). In general, iter-
ative reconstruction methods employing a 
sufficient number of iterations and subsets 
(product larger than 40) to ensure suffi-
cient amount of convergence are preferred, 
whereby reconstruction shall be fully 3D 
without Fourier rebinning. PET images 
should be reconstructed with and without 
attenuation correction to allow inspection 
and assessment of attenuation correction 
artifacts due to contrast agents, metal im-
plants and patient motion (10, 77, 78). In 
order to ensure correct interpretation of at-
tenuation artefacts in the use of PET/CT in 
RT-planning, the diagnostic information 
derived from non-attenuation corrected 
datasets should be communicated to the 
radiation oncologist. In case of quantitative 
use all corrections needed for quantifi-
cation must be applied such as e.g. dead 
time, correction for detector sensitivities 
(normalization), decay correction, scatter 
correction, attenuation correction etc. In 
the case of combined PET/CT, a correct co-
registration is particularly important as the 
CT data are used for attenuation correction 
of the PET data (41) and erroneous co-reg-
istration can lead to artifacts in the attenu-
ation corrected PET data. 

When using FDG PET/CT for staging, 
image acquisition and reconstruction 
should be performed in such a way that 
lesion detectability is enhanced while 
avoiding increase of false positive findings. 
Although clinical evidence is not yet fully 
available, use of time-of-flight (TOF) (48) 
and resolution recovery during reconstruc-
tion will enhance image quality and, there-
fore, is likely to improve the diagnostic 

quality of the PET images (34, 69). 
However,  PET/CT users and readers need 
to get familiar with the higher resolution 
images that this new reconstruction 
method provides. At this stage, until 
further clinical evidence is available, image 
resolution recovery is not yet recom-
mended for RTP purposes. 

When using FDG PET for quantifi-
cation and/or quantitative response assess-
ment it is recommended to follow the 
guidelines of the German Society for Nu-
clar Medicine (DGN) (44) and/or the 
European Association for Nuclear Medi-
cine (EANM) for quantitative PET/CT 
studies (13). Here, specifications for stan-
dardized uptake value (SUV) recovery co-
efficients, measured under specific con-
ditions and with a specific phantom are 
given in order to achieve harmonized 
image quantification.  

The accuracy and precision of FDG PET 
based (automated) target definition is a 
function of both image quality and the seg-
mentation method used (22, 61, 71, 78, 80, 
89). Low noise levels in combination with a 
high spatial resolution are frequently con-
sidered optimal for tumour segmentation, 
while some users prefer substantial filtering 
applied during image reconstruction.  

Despite the rigorous protocol harmon-
ization efforts by the EANM (12), some re-
sidual differences in image characteristics 
between various PET/CT systems remain, 

which may have an impact on volume defi-
nition and precision rather than on quan-
tification (24). Therefore, optimal recon-
struction methods and settings for a spe-
cific task followed by a calibration of the 
segmentation method for a specific situ-
ation are preferred (85).  

Recommendations 
  1. Image reconstruction should be stan-

dardised for PET/CTs used for RT-plan-
ning on an institutional or study level. 

 2. Hardware and software updates must be 
reported to the cooperating RT-respon-
sibles, as they may affect volume delin-
eation.  

 3. Retrospective image resolution recovery 
through deconvolution is non-standard 
and currently being evaluated. It cannot 
be recommended at this point in the 
context of PET/CT-guided RTP. 

 4. For standard planning purposes, 3D 
(non-respiratory gated) PET/CT imaging 
following limited breathhold or tidal 
breathing protocols is sufficient. 4D-PET/
CT acquisitions may be useful to comple-
ment 4D-CT information on the magni-
tude of tumour motion, which may be 
used for optimized treatment planning 
purposes.  

 5. Users should be aware of potential arti-
facts in the attenuation-corrected PET 
due to CT truncation, the presence of CT 
contrast agents and metal implants as 

Fig.  3  
Improvement of 
PET/CT  image quality 
over time as a result 
of new technology 
development. Co-
ronal image planes 
of a whole-body 
18F-FDG PET study 
performed on a state 
of the art PET/CT sys-
tem, reconstructed 
using regular iter-
ative reconstruction 
(a) and TOF + PSF 
iterative  reconstruc-
tion (b). Courtesy of 
M. Lambrechts and 
S. Stroobants, UZA, 
Antwerp, Belgium. 
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   well as intra-scan patient motion. 
Relevant  artifacts should be reported by 
the nuclear medicine specialist in order 
to avoid false contouring.  

Data transfer/TPS 
Image interpretation, diagnosis and image-
guided treatment planning are typically 
performed on dedicated workstations 
separate  from the PET/CT console, so as to 
not to interfere with the routine acquisition 
workflow. In order to assure adequate 
image processing (incl. diagnosis, quantifi-
cation and target volume (TV) delin-
eation) certain standards of image data 
handling, storage and transfer need to be 
adhered to. 

Today, any image data transfer in clinical 
environments  is based on Digital Imaging  
and Communication in Medicine 
(DICOM) standards. Data sets of 
anatomical  and biological image informa-
tion are typically stored as DICOM objects. 
DICOM standards and object definitions 
exist for most imaging modalities 
including  the data (54, 56) of 
l CT,  
l PET,  
l single photon emission computed 

tomo graphy (SPECT),  
l ultrasound (US) and  
l magnetic resonance imaging (MRI). 
 
DICOM-conformance statements of the 
manufacturers of imaging and treatment 
systems provide detail information on the 
send and receive options of the DICOM 
nodes involved; this relates to the imaging 
side as well as to the treatment planning 
system. Data can be transferred between 
nodes and workstations on physical media 
(e. g. CD-ROM, DVD) or via internet 
protocol (IP) network (55, 57). In case of a 
direct network transfer the systems must be 
configured with the transmission control 
protocol/internet protocol (TCP/IP)-host-
name (address), application entity title 
(AET) and the TCP/IP-port number of 
each other to allow for data to be sent or re-
ceived respectively. For security of the data 
and data transfer, all data should be com-
municated only within a restricted, fire-
wall-protected local area network (LAN). If 

data need to be communicated across fire-
walls, virtual private network (VPN) tun-
nels or dedicated IP-ports and an appropri-
ate data encryption/decryption should be 
used. The protection of patient specific 
data is subject to regulatory issues that can 
vary significantly from country to country. 

Treatment planning systems (TPS) are 
used to define a treatment plan based on a 
preassigned target volume or following the 
delineation of the TV on the TPS. Alter-
natively, a state-of-the-art nuclear medi-
cine image processing workstation can be 
used to define a PET-based proposal for the 
GTV-delineation. The tumour volume may 
be represented differently depending on 
the choice of the radiopharmaceutical for 
PET/CT imaging (61).  

The proposed GTV is stored as an RT-
DICOM structure describing the target as a 
volume-of-interest (VOI). RT structures 
are stored together with the original images 
in DICOM format, which were used to de-
fine the GTV. DICOM RT structures are de-
scribed in Supplement 11 to Part 3 of the 
DICOM-Standard (57). Similar to the 
image DICOM data, the RT structure set 
can be transferred via a network connec-
tion or on physical media (55).  

The data transfer between the nuclear 
medicine imaging and RTP modalities can 
also be facilitated through a Picture Archi-
ving and Communication System (PACS). 
However, PACS systems are designed for 
diagnostic use and frequently do not sup-
port DICOM RT-IODs. In addition, RT 
and nuclear medicine departments fre-
quently operate on separate image or data 
archives that typically are not PACS-sys-
tems. 

If the RTP is used as a substitute of the 
NM viewing station, then basic display and 
quantification features need to be verified 
and standardized. This includes the correct 
calculation of the SUV from the available 
DICOM header information. Fur-
thermore, the orientation of the image vol-
umes as well as the accurate spatial align-
ment and extent need to be verified on the 
TPS. However, no standards exist for this 
procedure. Therefore, in clinical routine, a 
visual assessment of correct file transfer is 
required for all data, i. e., a check for correct 
orientation as well as for a complete 
number of images being transferred. Most 

of the TPS report an error in case of mal-
functioning data transfer; however, the 
total numbers of image planes sent and re-
ceived needs to be verified by the user. 

In addition to the actual image data 
transfer, communication of the relevant 
diagnostic information to the experts in-
volved in RTP must also be ensured. It is 
recommended that all diagnostic findings 
from the PET/CT are communicated 
amongst the nuclear medicine, radiology 
and radiation oncology specialists prior to 
defining the treatment plan based on the 
PET/CT data and complementary diag-
nostic information. Since most radiation 
oncologists are no PET/CT experts diag-
nostic information on faintly accumulating 
pathologic structures, such as lymph nodes 
as well as expert advice on any misleading 
image artifact should be clearly communi-
cated (3). 

Recommendations 
  1. Set-up and verify DICOM path between 

image acquisition console and RTP 
workstation with the help of a certified 
IT or system administrator. 

 2. Verify the alignment of PET/CT data prior 
to using them for RTP. 

 3. Implement routine to visually (manually) 
check number of image planes/slices 
when transferring data from PET/CT to 
the RTP system. 

 4. Establish routine workflow for com-
munication of diagnostic findings and 
pre-defined tumour volumes between 
PET/CT and radiation oncology depart-
ments. Foster co-operation between 
radiologists,  nuclear medicine special-
ists and radiation oncologists during 
diagnosis  and TV delineation. 

Image fusion/registration 
Image co-registration is an essential part of 
image-guided RTP. It helps properly align 
and display anatomical and metabolic 
image information for identification of ac-
tive tumour volume, target volumes and 
other surrounding structures. Co-regis-
tration, by itself, describes a process of data 
alignment by calculating the trans-
formation that maps or transforms voxels 
of one image set (e. g., test, moving or float-
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ing image) to the voxels of another image 
(e. g., reference image). The position of the 
associated voxel from the test image is as-
signed to the reference image (33). In the 
context of RTP the CT is typically the refer-
ence image and the PET is the image to be 
co-registered. Following accurate co-regis-
tration image fusion describes the process 
or results of applying the above trans-
formation in order to view both images in 
the same frame of reference. Image fusion 
mandates pre-aligned data sets in order to 
be clinically useful. 

Software fusion in RTP 

In addition to accurate attenuation correc-
tion, new approaches of biologically 
adapted RTP necessite a highly accurate 
spatial correlation of molecular and mor-
phological information regarding tumour 
activity and size for detailed assessment of 
early treatment response. In addition, such 
correlated image information can help as-
sess potential treatment failure matching to 
prior radiation dose distribution. There-
fore, reproducible and validated image co-
registration is essential for biologically 
adapted radiotherapy concepts (79). How-
ever, co-registration is only given at single 
time points by combined CT; integration of 
longitudinal image information (e. g., 
multiple examinations before, during and 
after RT) necessities additional software-
based registration approaches. Moreover, 
in most RT departments, RTP is not per-
formed on the CT data acquired with PET/
CT but on a dedicated “planning CT” data. 
Hence, to employ the additional PET infor-
mation for treatment planning, software-
based fusion to the planning CT is 
required. 

Prior to using PET image data for RTP 
they may have to be co-registered to the 
planning CT that is used for dosimetry 
planning purposes (2), unless the com-
bined PET/CT study is acquired in such a 
way that it replaces separate CT and PET 
studies. Since CT images have a higher spa-
tial resolution than PET, the CT image 
planes are used as the reference frame, 
which the PET images are aligned to (1). 
This helps to maintain resolution and 
contrast of the CT data, which form the ref-

erence image and are used as a basis for RT 
dose calculation. 

Co-registration algorithms and 
considerations for software fusion 

In general, software-based image co-regis-
tration may be either linear (rigid) or non-
linear (non-rigid, non-affine) (68). With 
rigid transformations the spatial relation-
ship between anatomical structures and 
landmarks remains completely unchanged. 
Since, however, the reference and moving 
data sets usually have different pixel sizes, 
image matrices and number of images and 
slice-to-slice distance, the transformation 
does include an interpolation step, which 
assures that structures can be compared at 
the same scale, sampling density and pixel 
size. Unfortunately, this leads to a loss of 
contrast unless computationally more de-
manding algorithms, such as cubic inter-
polation methods are applied. Linear co-
registration algorithms are widely used in 
brain imaging, as the brain inside the skull 
can be safely regarded as a rigid body.  

In whole-body PET/CT, the assumption 
of a rigid body transformation cannot al-
ways be justified anymore. The CT acquisi-
tion takes about a minute, while the PET 
emission data are acquired for up to 30 
minutes, depending on the actual imaging 
protocol. During the acquisition respir-
atory motion, muscle relaxation and 
physiological intraabdominal movements 
are unavoidable. Here, non-rigid, non-af-
fine co-registration techniques may be of 
help, with a number of different ap-
proaches developed for diverse appli-
cations. However, due to the risk of spatial 
distortion, deviation of the shape and size 
of tumours that are not visible on CT, and 
change of uptake intensity due to spreading 
of voxel data (61), to date, no method of 
non-rigid registration can safely be recom-
mended for the use in RT-planning outside 
of clinical studies today (29). 

Currently only the use of linear co-regis-
tration algorithms can be recommended 
for image-guided RTP, since these algo-
rithms maintain geometrical relationships 
between the structures, which are trans-
formed. Nonetheless, feature- and volume-
based algorithms can also be used for PET/

CT-guided RTP. These algorithms aim at 
aligning corresponding anatomic land-
marks, organ surfaces or other features, fre-
quently with help of a-priori fiducial 
markers (74). 

Volume-based image co-registration al-
gorithms maximize measures of similarity 
(e. g., cost function) between images (74). 
Especially, methods implementing mutual 
information (MI) have been proven robust, 
stable and successful in different clinical 
scenarios and should be used in RTP 
(30,73). While improvement of image 
alignment with the use of non-rigid algo-
rithms is possible, limited clinical vali-
dation restricts their use for RTP for now. It 
is conceivable, that the deformation of 
image data caused by co-registration using 
non-rigid algorithms may result in spatial 
distortion of PET images or deviation of 
tumour shape, especially in cases, where CT 
does not unequivocally depict the tumours. 
In addition, in patients with lung lesions 
this type of co-egistration may change the 
metabolic tumour volume if full inspira-
tory thoracic CT volumes are co-registered 
to quiet breathing PET data, and thus may 
change the GTV. Therefore, non-rigid co-
registration algorithms cannot be recom-
mended at this stage for RTP purposes 
(61).  

Regardless of the imaging data used 
(i. e., separate PET or PET/CT) correct co-
registration of the PET data with the CT 
data used for RT planning must be verified. 
Critical evaluation of the alignment quality 
is important in RTP, since the difference in 
spatial localization of tumour may lead to 
false estimation of GTV, and, subsequently, 
to incorrect treatment.  

Despite the potential problems associ-
ated with expert identification of land-
marks the evaluation of quality of align-
ment is best done by visual comparison of 
anatomical landmarks, which are clearly 
depicted by both imaging modalities (ref-
erence and moving image). In thoracic 
areas these are (apart from tumour): carina 
of the trachea, top of the lungs, spine, ster-
num and the thoracic wall. In the head and 
neck region thorough patient positioning 
and use of masks for PET and CT examin-
ation are mandatory to enable a better 
quality of alignment (8). In the abdomen, 
bony structures may be of use, whereas, 
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intra abdominal structures cannot be re-
garded safe reference points because of the 
changes in the physiological filling during 
the course of the examination.  

Currently, operator independent, 
robust  and accurate standard of reference 
and measures of alignment are an area of 
active research (90). However, depending 
on the imaging modalities utilized quali-
tative assessment of the accuracy of co-reg-
istration using imaging overlay can be per-
formed. A straightforward method to vis-
ually validate the accuracy  of co-regis-
tration is to use linked cross hair cursors.  

Recommendations 
  1. Image fusion for RTP demands 

accurately  aligned image volumes. 
 2. For the purpose of RTP based on PET or 

PET/CT and CT images only linear 
co-registration  algorithms should be 
employed. 

 3. The accuracy of co-registration must be 
checked prior to proceeding with the 
treatment or planning process on the 
aligned data sets. 

Image contouring 
When employing PET image information 
for tumour volume delineation, the choice 
of the optimum delineation method is a 
challenge (45). Nonetheless, tumour delin-
eation is never performed exclusively on 
PET alone. It is always a comprehensive 
interpretation  of history, physical examin-
ation, endoscopy, and morphological 
imaging  modalities, such as CT and MRI. 

Automatic methods for PET-based target 
delineation were shown to add important 
information for a reliable GTV definition, 
thus, significantly reducing the inter-
 observer- variability of GTV-contouring 
(17, 83). 

From a technical perspective, PET-
based tumour volume delineation is essen-
tially an image segmentation issue whereby 
the image must be decomposed into non-
overlapping meaningful regions or, mathe -
matically,  the voxels of the image must be 
grouped into a set of distinct classes. Image 
segmentation can be seen as a classification 
problem where each pixel is given a label. In 
the case of PET images, for example, two 
possible classes or regions can be defined as 
tumour and surrounding healthy tissues. 
More complex problems can be consider-
ed, involving sub-regions within the tu-
mour (e. g., necrotic or hypoxic regions) 
and the healthy tissues (e. g., muscle, air 
cavity). Numerous segmentation algo-
rithms, each with their own underlying 
model or assumptions exist today (67).  

The compatibility of these assumptions 
with the properties of the images to be seg-
mented is a key concern. For example, PET 
images are characterized by relatively low 
spatial resolution and signal-to-noise ratio 
(SNR). The SNR accounts for the statistical 
uncertainty of the perceived uptake in each 
image voxel whereas the spatial resolution 
accounts for the correlations between 
neighboring voxels. Visually, a low spatial 
resolution distorts the geometry of the im-
aged objects and leads to blurred images, 
with a pronounced partial volume effect 
(PVE) for small structures (76). The low 

spatial resolution of PET images and, to a 
lesser extent, their low SNR are considered 
major impediments towards accurate re-
producible delineation, thus, intrinsically 
limiting the accuracy of many segmen-
tation methods (45). Most studies today 
have investigated the use of segmentation 
methods that are simple to implement, 
such as manual delineation as well as 
threshold-based automatic or semi-auto-
matic contouring. 

However, geometrical distortions make 
manual delineation of target volumes 
difficult.  Blurred gradients at the boundary 
of two regions mislead the human observer 
and may cause significant over- or under -
estimation of the true target volume. Co-
 registered images, such as those from PET/
CT systems, may help (17, 83), but can also 
bias the delineation, due to patient-
 induced  local and global misalignments, or 
disagreements between the two modalities 
regarding the extent of the tumour  tissue.  

Threshold-based segmentation aims at 
separating a region with high uptake from a 
background with a lower uptake. Because it 
is both intuitive to understand as well as 
easy to implement, threshold-based delin-
eation is very popular (22, 35, 52, 59, 60, 66, 
71). Nevertheless, the application of differ-
ent thresholding methods may lead to large 
differences in delineated PET-volumes (59) 
as demonstrated in !Figure 4.  

Technically, thresholding relies on the 
implicit assumption that the uptake of each 
voxel is a good indicator of its class or 
region.  Such an assumption ignores the 
inter-voxel correlations that stem from the 
low resolution. Taking resolution into ac-
count proves to be difficult (40, 42, 76) and 
significantly  complicates the delineation 
process. This approach shows that the 
optimal  threshold should be iteratively de-
termined after background subtraction 
(84), and that thresholding is affected 
significantly  by the spatial resolution (22, 
84). Segmentation  algorithms beyond 
simple thresholding  exist as well; they are 
based on gradient information (25), on 
partial volume  effect correction or deblur-
ring (25), on statistical or fuzzy clustering 
(32), or on a combination of all the above 
approaches. These algorithms are, however, 
frequently more complex and, thus, more 
difficult to implement (25, 32).  

Fig.  4 Example of differences between PET-based TV delineated by different thresholding methods in 
a patient with lung tumour: red: relative thresholding (40% of maximum uptake; delineated volume = 
47 ml); blue: absolute thresholding (2.5 SUV; delineated volume = 105 ml); yellow: adaptive 
thresholding  according to (71) (delineated volume = 77 ml)  
a) coronal slice; b) transversal slice 

a b 
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The routine implementation of a seg-
mentation method mandates prior vali-
dation with phantom data at least. For ob-
vious logistical reasons, delineation meth-
ods are often validated with a limited 
amount of data. Most studies in the litera-
ture are indeed motivated by specific needs 
in a given situation (80). This means that 
the re-implementation of the same method 
under different conditions, such as in an-
other centre, using another PET system, or 
another radiotracer necessitates a recali-
bration and a new validation.  

Today, the scientific community is just 
starting to become aware that accurate delin-
eation with intrinsically blurred PET images 
is a particularly challenging problem (40, 42, 
45, 76). The large diversity of methods de-
scribed in the literature and the absence of 
consensus further reflects this difficulty. The 
next step will obviously aim at a standard-
ization of acquisition and reconstruction 
protocols across PET systems and PET 
centres (12, 52). Given the complexity of the 
issues at hand, it is likely that one single ap-
proach may not be able to reliably delineate 
all tumour lesions, and that an optimal strat-
egy may require input from both automatic 
algorithms and human intelligence.  

Recommendations 
  1. Any segmentation algorithm chosen for 

RTP in the institutional setting or in the 
context of a clinical study should provide 
algorithmic robustness and should be 
parameterized to the spatial resolution 
of the PET system in use.  

 2. An in-situ validation of the delineation 
method with phantom data should be 
performed. Any use of a particular delin-
eation method (e. g., with a different 
tracer, a different tumour type or lo-
cation) requires appropriate validation. 

 3. In clinical routine, a delineation method 
 needs to be selected and agreed upon 
among the imaging experts and radi-
ation oncologists. This is to limit inter-
observer variability within the same in-
stitution.  

 4. Contouring should be performed jointly 
by two experts from radiotherapy and 
nuclear medicine. This team of experts 
needs to be aligned on the same contour-
ing method. The same experts should 
contour all data from a given patient.  

Patient setup, staff training 
Adequately trained PET/CT operating staff 
is essential for logistical efficiency, quality 
assurance, and safety of the procedures. 
This requires expertise and efforts from 
imaging and radiation oncology personnel. 
Any PET/CT-based RTP should involve 
technical and medical staff from the im-
aging department as well as from the radi-
ation oncology department. All staff need 
to be aware of the combined requirements 
for patient set-up, tomography and im-
aging protocols in order to avoid errors and 
conflicts. Standard PET/CT patient 
preparation  (e. g. hydration, fasting) 
remains  unchanged compared to PET/CT 
imaging for staging purposes. However, the 
availability of standardised or personalised 
positioning  aids (e. g. thermoplastic masks) 
needs to be ensured upon patient referral. 
In addition, a well-instructed and prepared 
patient is mandatory for efficient PET/CT-
guided RTP.  

Patient set-up 

Adequate patient positioning is required in 
diagnostic imaging, therapy planning and 
therapy delivery alike. This applies to posi-
tioning of body parts inside the field-of-
view, as well as outside the field-of-view to 
ensure reproducibility. Careful and com-
prehensive patient instructions prior to the 
examination and the use of external patient 
positioning aids are needed to help mini-
mize patient motion during the imaging 
session. Intra-exam patient motion in PET/
CT is known to affect the co-registration 
accuracy of functional and anatomical in-
formation, which, in turn, may lead to a 
false lesion definition, and may bias the 
metabolic uptake as measured on attenu-
ation-corrected PET (10, 87).  

Various patient positioning aids have 
been discussed for clinical PET/CT im-
aging (9, 14). In contrast, for external beam 
radiotherapy, the optimal patient position 
is dictated by treatment delivery require-
ments. The applied support structures 
must be of low physical density so as to add 
little, if any, attenuation of the CT trans-
mission and PET emission signals. It is 
known that additional, dedicated patient 

fixation materials improve anato-meta-
bolic image alignment and overall diag-
nostic quality significantly over examina-
tions with patients being positioned on 
head pillow and/or blankets only (9, 14). 

The central body may be stabilised with 
sufficient accuracy for radiotherapy using a 
vacuum mattress, typically made of a soft 
plastic cushion filled with very small Styro-
foam beads (62), and can be applied for 
diagnostic PET imaging as well (14). Here, 
patients are positioned head first and su-
pine and with their arms elevated. By 
extracting the air from the cushion and 
holding the mattress tight, the entire pa-
tient, or a specific anatomical region of in-
terest (e. g., head/neck, pelvis) is fixed and 
supported comfortably. The extensions of 
the vacuum device can be elevated at the 
level of the trunk to prevent lateral move-
ment of the patient. 

Vacuum mattresses have a very low 
physical density of around –950 HU, and 
do not deteriorate PET image quality fol-
lowing CT-based attenuation correction. 
Care should be taken, however, when using 
even low-attenuating positioning devices 
that extent beyond the measured transverse 
field-of-view of the CT since unaccounted 
attenuation may bias the attenuation-cor-
rected emission activity distribution (50). 
Alternative patient positioning devices in 
RT include standardised arm and knee sup-
port systems (!Fig. 1). Similarly to the 
mattress, these must be accounted for dur-
ing the CT transmission scan in PET/CT. 

The head and neck area can be immobi-
lised for radiotherapy using personalised 
thermoplastic masks, with a day-to-day re-
positioning error of just a few millimeters 
(86). It has been shown that these immobili-
sation systems can also be applied on PET 
and PET/CT systems, and that resulting 
fused image sets have a registration error < 3 
mm and are suitable for multimodality PET/
CT radiation treatment planning (88). The 
adoption of dedicated patient positioning 
devices requires experienced operators to 
achieve accurate repositioning results. !Fi-
gure 5 shows that untrained PET/CT oper-
ating staff do not achieve the same accuracy 
in patient positioning for radiotherapy plan-
ning purposes. Therefore, supervision or 
collaboration with radiation oncology staff 
is mandatory. 
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Radiation exposure 

Seierstad et al. estimate that 40% of the 
exposure  to the staff engaged in clinical 
PET/CT routine originates from exposure 
during patient set-up procedures (72). This 
fraction increases with the complexity of 
the patient set-up, for example by spending 
more time at the patient when using more 
complex positioning aids (39). Pakbiers et 
al. have shown that patient positioning 
itself accounts for the largest relative 
contribution  to the effective dose of 
technologists  in the entire chain of activ-
ities of PET/CT patient management (64). 
Additional  contributions to staff exposure 
come from setting up patients with IV lines 
for CT contrast administration and for 
repositioning  patients during combined 
examinations  (7). 

It is important to note that relative con-
tributions to staff exposure and absolute 
staff exposure must not deter from com-
prehensive patient preparation but be 
monitored responsibly. Excessive staff ex-
posure can be avoided in high-throughput 
PET/CT imaging scenarios and set-up sce-
narios involving RT patients by several 
ways. For example, patient instructions 

should be given prior to the injection of the 
activity. Patient positioning aids should not 
be custom-built from the injected patient 
during the uptake period or following a nu-
clear medicine examination. RT trained 
staff should be involved during patient 
setup to shorten the time to position and 
fixate the patient either with a thermo-
plastic mask or with a vacuum mattress, 
thus minimizing the time needed in very 
close proximity to the injected patient. 
Using a motorized air pump to extract the 
air from the mattress reduces the time to 
fixate the patient. Additional dose reduc-
tion schemes are available with automated 
activity injectors (20) and new PET/CT 
technology that requires less activity to be 
injected thanks to higher sensitivity PET 
technology (48). PET operating personnel 
can play an important role in creating radi-
ation exposure awareness of engaged 
radiotherapy staff. 

 
 
 

Recommendation 

 1. Adequate staff training for patient posi-
tioning with the use of dedicated RT 
positioning  devices is essential for 
PET/CT- guided RTP. 

  2. Joint efforts by PET/CT imaging staff and 
RT technologists are required to yield 
optimum exam quality and to reduce 
staff exposure.  

 3. Relatively increased staff exposure rates 
should not deter from careful patient 
positioning.  

Conclusion 
State-of-the-art multimodality RTP using 
integrated PET/CT systems require exten-
sive and stringent logistics, preparation of 
patients and hardware, QC, QA and stan-
dardization. Most importantly intensive 
communication between specialists and 
technicians from all disciplines involved 
should be routine practice. Upon fulfilling 
the requirements to perform PET/CT for 
RTP, the new dimension of molecular im-
aging can be added to the traditional anat-
omy-based technology. This opens the 
window of opportunity for improved RTP, 
better clinical studies and ultimately en-
hanced patient care.  
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Fig.  5 Co-registration accuracy (mm) of PET and CT images during patient set-up depends on the ex-
perience of the personnel. Patient positioning by PET technologists alone shows a significant mis -
alignment (n). When nuclear medicine technologists were supervised by experienced radiotherapy staff 
co-registration  errors were reduced (n). Collaborative efforts in patient positioning provide the best 
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