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Three-dimensional patient 
setup errors at different 
treatment sites measured by the 
Tomotherapy megavoltage CT

Recent developments in radiation therapy 
have focused on highly conformal radia-
tion that can target a tumor, while avoid-
ing critical organs to reduce radiation tox-
icity [1, 2]. Benefits have been reported for 
head and neck (H&N) and prostate can-
cers [3, 4, 5, 6, 7]. In the last decade, im-
age-guided radiation therapies (IGRT) 
have allowed precise conformal radiation 
therapy for different diseases [8, 9, 10, 11, 
12, 13, 14, 15, 16, 17, 18, 19]. With such tar-
geted treatments, precision in delivery of 
the radiation is more critical than ever [20, 
21, 22, 23].

The Tomotherapy unit is an IGRT ma-
chine that delivers radiation helically and 
an onboard megavoltage CT (MVCT) de-
tector supports image guidance [24, 25, 
26, 27, 28, 29]. The conformal radiation 
treatment delivered by the Tomothera-
py unit has the potential to enhance the 
therapeutic ratio (dose to tumor/organs at 
risk (OARs)). This is achieved by reduc-
ing the radiation dose delivered to healthy 
tissues and OARs [30]. Due to variations 
in patient positioning and variation in or-
gan shape and volume, the delivered radi-
ation dose may differ from the highly con-
formal planned dose [26, 29, 31, 32, 33, 34, 
35]. In this study, our goal was to measure 
and compare setup error at different treat-
ment sites and setup variation with time 
treated with Tomotherapy.

Methods and materials

Using MVCT scans, we reviewed the day-
to-day variations in patient positioning 
during Tomotherapy treatment. Details 
of MVCT detector characteristics used in 
the Tomotherapy machine are published 
elsewhere [28]. In brief, a radiation source 
with an average energy of 1.36 MeV and 
xenon gas detector array operated at 
5 mm atm pressure are used to gener-
ate a MVCT image with a field of view of 
40 cm. MVCT acquisition modes of fine, 
normal, and course can be used to scan an 
object with slice thicknesses of 2, 4, and 
6 mm, respectively.

MVCT scans were performed before 
each treatment fraction for all patients 
treated using the Tomotherapy machine. 
An aquaplast mask was used for H&N im-
mobilization and VacLok (Med-Tec Inc., 
Orange City, IA, USA) was used for all 
other extra cranial immobilization (chest, 
abdomen, legs, prostate, total marrow ir-
radiation (TMI), etc.). This retrospective 
study was approved by the University of 
Minnesota Institutional Review Board. 
We analyzed the pretreatment megavolt-
age CT images for 259 patients treated 
from 2005–2008. In total 6,465 MVCT 
scans were done for patient localization 
with site-specific scans taken of the pel-
vis (n = 949), chest (735), H&N (1,567), 
legs (218), prostate (2,711), spine (143), and 
TMI (42). The H&N category includes all 

head and neck cancers, including brain 
tumors and nasopharyngeal tumors. The 
chest category includes lung, sternum, 
mediastinum, mantle, and esophageal tu-
mors. The pelvis category includes cancer 
treatment of the pelvis, cervix, and uterus. 
Prostate cancers, which account for one-
third of the data, were placed in a unique 
category. The legs category includes all 
cancers of the tissues and bone in the legs. 
Due to unique challenges in patient lo-
calization, the TMI data were placed in a 
unique category.

Pretreatment MVCT and planning 
kVCT images were fused using the “bone 
and soft tissue” fusion registration mode 
on the Tomotherapy user interface. Fusion 
between MVCT scan and kVCT images 
were based on rigid body registration in 
three translational and one rotational de-
gree of freedom as previously reported by 
Sara et al. [36]. Bony anatomy and other 
anatomical structures near the tumor lo-
cation were matched and verified by the 
staff physician. The displacement coordi-
nates required to match MVCT with pre-
treatment (baseline) kVCT images pro-
vide setup error along the translational 
directions (x, y, and z) for each sites. The 
three-dimensional (3D) average displace-
ment is then calculated from individu-
al displacement in x, y, and z directions 
using 

√
x2 + y2 + z2
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Patient-specific systematic error is de-
fined as the mean of 3D setup error for 
a patient for multiple treatment fractions 
and random error can be defined as the 
standard deviation. Global systematic er-
ror is defined as the mean of the system-
atic error distribution of the population 
treated at the specific site and standard 
deviation of the global systematic error is 
calculated from patient-to-patient varia-
tion in systematic errors.

For TMI treatments, patients were ini-
tially aligned using laser beams at the vir-
tual isocenter matched with tattoos locat-

ed on the head, chest, and abdomen, and 
MVCT image scans were performed in 
the H&N, chest, and abdominal regions to 
cover all critical organs [37, 38]. Image fu-
sion registration coordinates of the H&N 
MVCT scans were used for initial patient 
localization. Following this, chest MVCT 
scans were used to align the patient. Final-
ly, abdominal MVCT scans were used to 
align the lower portion of the patient. Ro-
tational coordinates were not used during 
fusion registration to avoid the complica-
tion of averaging rotational uncertainty.

Statistical methods

For each treatment fraction, the patient’s 
displacement in lateral (x), in and out of 
the tomotherapy gantry (y), and vertical 
(z) directions were recorded. Global sys-
tematic and random errors were calcu-
lated as previously explained. Box plots 
were employed to show the distribution 
of global systematic error in the x, y, z and 
R direction in a graphical manner [39]. 
The lower end of the box delineates the 
25th percentile of the data. The upper end 
of the box delineates the 75th percentile of 
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Fig. 1 9 Global systemat-
ic error is presented by box 
plot for all treatment re-
gions. Top Systematic er-
ror in x (left) and y (right), 
 middle systematic error in 
z (left) and 3D average of 
x, y, and z (right), bottom 
systematic error in the ro-
tational direction. Rota-
tion was not measured in 
total marrow irradiation 
(TMI) patients. H&N head 
and neck
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the data. The mid/dark line is the median. 
The whiskers extend to a maximum of 1.5 
times the interquartile range. The points 
outside the whiskers are considered out-
liers.

Statistical comparisons of the absolute 
displacement across site and time (i.e., 
number of fractions) were performed 
by using a general linear mixed model. 
This analysis takes into account the re-
peated measures within patients and the 
correlation that exists between these re-
peated measures versus the correlation 
across patients which are more indepen-
dent of each other [40]. Among the mod-
els in which a difference was detected, the 
Tukey–Kramer method identified which 
pair-wise comparisons resulted in statisti-
cally significant differences [41]. A p val-
ue ≤ 0.05 was considered significant. All 
analyses were performed using SAS V9 
software (SAS Institute, Cary, NC, USA).

Results

Global systematic error for all treatments 
sites are presented in the box plots in 
. Fig. 1. For each individual treatment 
region, the median systematic error was 
highest in the y direction and lowest in 
the z direction, except for the chest cate-
gory where displacement in x was greater 
than displacement in z. Details of global 
systematic and random variations in the x, 
y, and z direction for individual treatment 
sites are tabulated (. Tab. 1). The glob-
al systematic errors were measured to be 
less than 3 mm in each direction with in-
creasing order of errors for different sites: 
H&N, prostate, chest, pelvis, spine, legs, 
and TMI. Random component of all the 
sites were higher ranging from 2–6.33 mm 
except for TMI.

The differences in displacements be-
tween treatment sites in the lateral (x), 
craniocaudal (y), and vertical (z) direc-
tion were significant (p < 0.01) as shown in 
. Tab. 2. Rotational set-up error was not 
significant. In the lateral direction (x), the 
average displacements for the H&N cate-
gory were significantly less than for chest, 
abdomen, prostate, and leg categories. Av-
erage displacements in the prostate were 
significantly less than for leg sites. Aver-
age displacements in the chest, abdomen, 
prostate, and leg were not significantly 
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Abstract
Background and purpose. Reduction of in-
terfraction setup uncertainty is vital for assur-
ing the accuracy of conformal radiotherapy. 
We report a systematic study of setup error to 
assess patients’ three-dimensional (3D) local-
ization at various treatment sites.
Patients and methods. Tomotherapy mega-
voltage CT (MVCT) images were scanned dai-
ly in 259 patients from 2005–2008. We ana-
lyzed 6,465 MVCT images to measure setup 
error for head and neck (H&N), chest/thorax, 
abdomen, prostate, legs, and total marrow ir-
radiation (TMI). Statistical comparisons of the 
absolute displacements across sites and time 
were performed in rotation (R), lateral (x), cra-
niocaudal (y), and vertical (z) directions.
Results. The global systematic errors were 
measured to be less than 3 mm in each direc-
tion with increasing order of errors for differ-
ent sites: H&N, prostate, chest, pelvis, spine, 

legs, and TMI. The differences in displace-
ments in the x, y, and z directions, and 3D av-
erage displacement between treatment sites 
were significant (p < 0.01). Overall improve-
ment in patient localization with time (after 
3–4 treatment fractions) was observed. Large 
displacement (> 5 mm) was observed in 
the 75th percentile of the patient groups for 
chest, pelvis, legs, and spine in the x and y di-
rection in the second week of the treatment.
Conclusion. MVCT imaging is essential for 
determining 3D setup error and to reduce un-
certainty in localization at all anatomical loca-
tions. Setup error evaluation should be per-
formed daily for all treatment regions, prefer-
ably for all treatment fractions.

Keywords
Setup error · MVCT imaging · Tomotherapy · 
Patient localization · Radiotherapy

Dreidimensionale Patienten-Setup-Fehler an unterschiedlichen  
Bestrahlungslokalisationen gemessen mittels  
Tomotherapie-Megavolt-CT

Zusammenfassung
Hintergrund und Ziel. Die Reduktion der in-
terfraktionellen Setup-Ungenauigkeit ist von 
entscheidender Bedeutung, um die Genauig-
keit der konformalen Strahlentherapie sicher-
zustellen. Wir berichten über eine systemati-
sche Untersuchung des Setup-Fehlers zur Be-
wertung der dreidimensionalen (3-D) Lage-
rungsgenauigkeit von Patienten mit unter-
schiedlichen Bestrahlungsregionen.
Patienten und Methoden. Von 2005–2008 
wurden täglich Tomotherapie-Megavolt-CT-
(MVCT-)Bilder von 259 Patienten aufgenom-
men. Wir analysierten 6465 MVCT-Bilder, um 
Setup-Fehler bei der Bestrahlung von Kopf 
und Hals, Thorax, Abdomen, Prostata, Bei-
nen und des gesamten Knochenmarks (TMI) 
zu messen. Statistikvergleiche der absolu-
ten Verschiebungen hinsichtlich der Bestrah-
lungsregion und der Zeit wurden in Rotation 
(R), seitlicher (x), kraniokaudaler (y) und verti-
kaler (z) Richtung vorgenommen.
Ergebnisse. Als globale systematische Feh-
ler wurden in jeder Richtung Abweichungen 
von weniger als 3 mm in zunehmendem Maß 
bei den unterschiedlichen Bestrahlungsregi-
onen gemessen: Kopf und Hals (H&N), Prosta-
ta, Brust, Becken, Wirbelsäule, Beine und ge-

samtes Knochenmark (TMI). Die Unterschie-
de der Abweichungen in x-, y- und z-Rich-
tung und die durchschnittliche 3-D-Verschie-
bung waren bei den unterschiedlichen Be-
strahlungsregionen signifikant (p < 0,01). Ins-
gesamt wurde eine Verbesserung der Lage-
rungsgenauigkeit der Patienten im zeitlichen 
Verlauf (nach 3–4 Bestrahlungsfraktionen) 
beobachtet. Große Abweichungen (> 5 mm) 
in x- und y-Richtung wurden in der 75. Per-
zentile der Patientengruppe in der 2. Behand-
lungswoche bei Brust, Becken, Beinen und 
Wirbelsäule beobachtet.
Schlussfolgerung. MVCT-Imaging ist wich-
tig, um 3-D-Setup-Fehler festzustellen und 
Ungenauigkeiten der Lokalisierung in allen 
anatomischen Regionen zu reduzieren. Eine 
Setup-Fehlerermittlung sollte täglich für al-
le Bestrahlungsregionen und möglichst für 
alle Bestrahlungsfraktionen vorgenommen 
werden.

Schlüsselwörter
Setup-Fehler · MVCT-Imaging ·  
Tomotherapie · Patientenlagerung ·  
Strahlentherapie
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different from each other. In the cranio-
caudal (y), direction the H&N average 
displacements were significantly less than 
those for chest and abdomen, but were 
not significant compared to prostate and 
leg. Average displacements of the prostate 
were significantly less than in chest and 
leg sites. In the vertical direction (z), aver-
age displacements for H&N were signifi-
cantly less than for chest, abdomen, pros-
tate, and leg. Overall, the average H&N 
displacement was significantly less than 
for any other site, and prostate displace-
ment was significantly less than chest, ab-
domen, and leg. Rotation did not signifi-
cantly differ between any two groups.

Variations in displacement for each 
treatment site on different days are shown 
in . Fig. 2. Initial displacements in the z 
direction were higher in the first 3 days for 
almost all sites. This interfraction error 
improved after 3 days and remained sta-
ble afterwards. There was a significant im-
provement in the reduction of set-up error 

in the z direction over time (p < 0.01), with 
a reduction in error of 0.3 mm per mea-
surement episode. Overall displacements 
in the x (p = 0.34) and y (p ≠ 0.43) direc-
tions did not improve over time.

Discussion

There were large differences in patient set-
up uncertainty among treatment sites as 
shown in . Fig. 1 and . Tab. 1. The vari-
ation in daily patient localization comes 
from subtle changes in three-dimensional 
patient localization within the Tomother-
apy unit, as well as from volumetric and/
or shape changes in the organ containing 
tumor and organs-at-risk. Reduced un-
certainty in the H&N region is possibly 
due to use of a head mask. Large set up 
errors were observed in all TMI patients. 
In TMI treatments, patient localization is 
complicated due to a combination of fac-
tors, e.g., large field area, adjustment from 
multiple imaging of multiple areas, and 

the use of coarse imaging modalities for 
extra-cranial localization [42, 43]. Clearly, 
TMI patient localization will require fur-
ther development to reduce uncertainty.

Overall setup error was highest in the 
z direction and lowest in the x direction. 
Variation in image scan mode can influ-
ence changes in y displacement. The ma-
jority of our patients were scanned in the 
normal mode of MVCT imaging. Our 
data demonstrate greater variation in the 
vertical (z) direction as has been reported 
for brain, H&N, prostate, and lungs [44]. 
In our study, we included the additional 
treatment areas of legs, pelvis, and TMI. 
We did not find any differences in set-up 
error between the two centers for H&N, 
prostate, or chest.

To investigate statistical differences in 
interfraction displacement between any 
two treatment regions, pair-wise com-
parisons were made. Among treatment 
regions, H&N differed significantly in 
all three directions and had the small-
est overall localization uncertainty of any 
group. Prostate localization showed the 
next smallest displacement overall. Rota-
tion did not significantly differ between 
any two groups.

Previous studies of interfraction treat-
ment focused mostly on evaluating set-up 
error in individual treatment groups. Our 
large imaging database allowed us to per-
form a comparative study among various 
treatment sites and alignments with statis-
tical significance. A comparative knowl-
edge of setup variations at different sites 
will help develop strategies to reduce mo-
tion at different sites. It will provide
F  identification of sites/regions that re-

quire more attention to reduce mo-
tion to achieve comparable dose de-
livery as with those sites with better 
localization and

F  guidance to develop new treat-
ments such as total marrow irradia-
tion where the entire skeleton is being 
treated with highly targeted radiation 
[37, 38, 43].

Improvement in patient localization with 
time (after 3–4 treatment fractions) is an 
interesting phenomenon. We applied cor-
rection every day starting from the first 
treatment fractions and continued the 
same strategy for the entire treatment pe-

Tab. 1 Global systematic error of x, y, z, 3D average, and R dimension

Global systematic error

  Lateral (x)
(mm)

Longitudinal (y)
(mm)

Vertical (z)
(mm)

Average 
√(x2 + y2 + z2)

Roll
(°)

Site      

H&N −0.36 −2.59 0.42 5.11 0.26

Chest −0.40 −2.15 1.81 8.58 0.45

Pelvis −1.27 −2.70 0.72 9.05 0.81

Prostate −1.32 −2.55 0.62 7.51 0.84

Legs 0.60 −1.79 0.82 9.97 0.42

Spine −1.34 −2.11 1.51 9.03 0.53

TMI −0.52 1.12 −1.73 15.73  

Variation in systematic error

Site      

H&N 2.17 2.68 1.53 2.62 0.81

Chest 3.12 3.78 1.99 2.51 0.72

Pelvis 2.75 3.17 1.86 3.97 0.76

Prostate 2.54 2.74 1.59 2.87 0.77

Legs 4.45 4.19 2.10 2.47 1.32

Spine 2.01 5.21 2.93 2.69 0.45

TMI 4.41 4.76 1.67 4.87  

Magnitude of random error

Site      

H&N 2.01 3.11 2.50 6.81 0.93

Chest 3.99 5.51 4.71 10.47 1.13

Pelvis 4.13 3.75 4.31 12.44 1.00

Prostate 3.76 3.03 3.91 10.55 0.72

Legs 4.79 5.45 5.70 11.33 1.01

Spine 5.07 3.41 4.44 11.96 1.02
H&N head and neck, TMI total marrow irradiation.
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riod. Significant improvements in the z 
direction after 4–5 fractions (first week) 
are observed for almost all treatment 
sites. This interesting phenomenon did 
not translate to the two other coordinates. 
Various other patterns of displacement 
were observed in x and y directions. In the 
lateral (x) direction, daily setup error was 
stable over days in H&N, abdomen, and 
prostate. On the other hand, the thorac-
ic area and legs showed large variations in 
setup error on different days without any 
patterns. In the y direction, all treatment 
regions except legs had stable patterns of 
displacement.

Broggy et al. [45] recently showed 
reduced systematic error for prostate 
treatment for various correction strate-
gies. Correction applied only during first 
fraction may not be sufficient for over-
all treatment [46]. For short treatment 
schedules (hypofractionation), correc-
tion during each fraction may also be im-
portant. Globally, there is no further im-
provement observed after the first week. 
It has been suggested that 3D imaging 
scans be used over the first few days [44]. 
Should this be the guiding rule for clini-
cal practice, i.e., to use 3D images for pa-
tient localization only during the first 
week? We are concerned about this ap-
proach when individual accuracy be-
comes important. A time course analy-
sis of displacements (. Fig. 2) shows that 
there are large displacements (> 5 mm) in 
the 75th percentile of patients in the chest, 
pelvis, legs, and spine groups in the x and y 
directions, even for all treatment fraction 
in the second week of treatment. This may 
have important consequences for individ-

ual treatment delivery. It could be dan-
gerous to couple target margin reduction 
techniques such as those seen in image-
guided conformal radiotherapy (based on 
our knowledge of setup error in the pop-
ulation), if image-guided alignment is not 
used past the first week. The risk of relapse 
from underdosing may be high compared 
to benefit of reduced toxicity.

There are certain limitations to this 
study. Fusion registrations between 
MVCT and kVCT images were based on 
rigid body registration [36]. In the future, 
nonrigid fusion registration may be re-
quired to increase the accuracy of esti-
mated setup error. Deformation is a more 
complex problem; adequate understand-
ing of global and regional deformation of 
MVCT images and appropriate software 
development are required to account for 
deformation. Soft tissue image resolution 
with MVCT is poor compared to kVCT 
images. Enhancing MVCT resolution may 
help improve the accuracy of this tech-
nique and visual verification of anatom-
ical co-registration.

These results emphasize important 
features of image-guided radiotherapy 
(IGRT):
F  daily patient localization using 3D 

image guidance is essential to reduce 
uncertainty in localization,

F  setup error evaluation should be per-
formed daily for all treatment regions, 
preferably for all treatment fractions, 
and

F  systematic monitoring of setup error 
should be integrated into quality as-
surance practices for targeted thera-
pies. 

If such practices are implemented, scien-
tific decisions can be made as to wheth-
er consecutive follow-up imaging is re-
quired. Without proper and systematic 
assessment of limits of IGRT modalities, 
the precision of targeted therapy is ques-
tionable. The use of larger daily or total 
doses is also becoming more common and 
demands exquisite attention to detail and 
precision in the planning and delivery of 
radiation.

Conclusion

The present study emphasizes the impor-
tance of daily three dimensional imaging 
in all conformal and IGRT radiation ther-
apy. Daily MVCT imaging in Tomother-
apy and by extension in all IMRT IGRT 
treatments is essential to compare and as-
sess the accuracy of treatment delivery to 
different anatomical locations. This study 
also emphasizes the importance of mon-
itoring setup error for all treatment frac-
tions.
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Tab. 2 Mixed procedure taking repeated measurements of x, y, z, and rotation (R) dimension within patient into account

    Mean (standard error) in x, y, z, R, and average

  Patients (n) xa p value yb   zc   √(x2 + y2 + z2)d   Re  

Site   < 0.01  < 0.01  < 0.01  < 0.01  0.20

H&N 60 2.2 (0.2)  3.5 (0.2)  2.0 (0.2)  5.3 (0.3)  0.8 (0.1)  

Chest 33 3.9 (0.3)  5.9 (0.3)  4.4 (0.3)  10.0 (0.4)  0.9 (0.1)  

Pelvis 44 4.2 (0.3)  5.7 (0.3)  3.3 (0.2)  9.1 (0.3)  1.0 (0.1)  

Prostate 99 3.5 (0.2)  4.0 (0.2)  3.5 (0.1)  7.4 (0.2)  0.9 (0.1)  

Leg 10 5.5 (0.6)  5.8 (0.6)  4.0 (0.5)  10.6 (0.7)  1.3 (0.2)  

Spine 10 4.3 (0.6)  4.5 (0.6)  4.1 (0.5)  9.0 (0.7)  0.9 (0.2)  

Time  −0.009 0.71 −0.03 0.30 −0.27  < 0.01 −0.23  < 0.01 −0.27 0.21
ax: H&N is different from all others; prostate is different from pelvis and legby: H&N is different from chest, pelvis, and leg; prostate is different from pelvis and legcz: H&N is 
different from all others; chest is different from pelvis and prostatedAverage √(x2 + y2 + z2): H&N is different from all others; chest is different from pelvis; prostate is different 
from pelvis and legeR: H&N is different from leg; leg is different from spine.
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