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1. Background

Prostate cancer is the leading cause of cancer incidence
and the third cause of cancer mortality among Colombian
males.! The role of radiation treatment in prostate cancer has
increased in the last decade, since radiotherapy achieves a
similar tumor probability control with a better toxicity profile
when compared with radical prostatectomy.”? Nowadays, the
use of modern radiation techniques in prostate cancer treat-
ment is widely recognized as a gold standard.® IMRT enhances
conformity, which allows increasing doses administered to
the tumor while diminishing doses administered to organs at
risk.*

The higher grade of conformity achieved with IMRT can
increase the risk of geographical miss®; therefore, a protocol
of IGRT is recommended when using IMRT or other highly con-
formal techniques. It is well known that bony structures and
tumor target volumes may have significant displacements in
relation to the skin tattoos traditionally used for patient setup
in conventional treatments; therefore, highly conformal tech-
niques should be performed under new conditions such as
IGRT protocols. IGRT applied on daily treatments can trans-
late into a decrease in the margins required for PTV, which
will finally turn into a reduced radiation dose for organs at
risk and a consequent decreased toxicity.®

In traditional IGRT treatments, the patient can be daily
aligned with conventional radiographs. This strategy reduces
the geometric uncertainties, since it guarantees that bony
structures are located in the same position. However, the
tumor volume may have significant displacements in relation
to the bony structures; hence, daily IGRT based on bony struc-
tures is not the ideal solution.”® IGRT based on daily Cone
Beam CT (CBCT) warrants that daily tumor anatomy coin-
cides with the anatomy of the treatment plan; yet, it demands
longer acquisition times and expertise in image fusion and
co-registration. An intermediate alternative is to use fiducial
markers inserted on the prostate as a surrogate of the tumor
volume.® Fiducial markers have been traditionally considered
as valid surrogates of a tumor volume, considering that seed
migration after implantation is inferior to 1 mm.*® When using
fiducial markers, the image guidance can be performed based
both on CBCT or conventional X-rays.'!

2. Aim

The aim of this study is to describe daily displacements when
using three fiducial markers as surrogates for the target vol-
ume in patients with prostate cancer treated with IGRT, and to
determine the optimal margin required around the CTV based
on our own practice.

3. Materials and methods
3.1 Patients
Data of 128 patients with primary prostate cancer treated with

on-line IGRT and daily repositioning based on fiducial mark-
ers were included. Every patient with prostate cancer and an

implanted fiducial marker was included in the study regard-
less of risk classification, age, use of hormonal therapy, or
treatment technique (IMRT or 3D-conformal). Patients with
hip replacement or with increased risk of toxicity derived from
the implant (patients that had previously developed infec-
tions in prostate biopsies, under anticoagulation therapy, with
a prosthetic heart valve, previous infectious endocarditis, or
heart valve disease) were excluded from the study. Patients
with treatments that included pelvic lymph nodes were also
excluded from the study.

3.2.  Fiducial markers implant

An oral and rectal enema and a clear liquid diet were
prescribed the day previous to the insertion of fidu-
cials. Antimicrobial prophylaxis was administered with oral
ciprofloxacin, starting before the implant, twice a day for three
days. Three cylindrical gold seeds were implanted guided by
a transrectal ultrasonography using a biopsy needle and a
brachytherapy template. Different kinds of seeds were used
along the course of the study. Unstriated seeds 0.78 mm diam-
eter and 5mm in length were initially used, longer unstriated
seeds of 8mm were used afterwards, and finally, most of the
patients were implanted with striated seeds of 0.78 mm diam-
eter and 8 mm in length (we subjectively considered that the
definitive position of the seed implant was easier to achieve
when using striated seeds). The insertion of the seeds was
designed in order to create two triangles: the first one in
the antero-posterior projection with its base located on the
prostate apex, and the other one on the lateral projection with
its base located on the posterior wall of the prostate.

3.3. Simulation and volume delineation

A CT scan was acquired one week after seed implantation.
An oral and rectal enema and a clear liquid diet were pre-
scribed the day previous to the planning CT scan. Bladder
contrast was used in all patients. Patients were simulated in
a supine position with a foam immobilization device placed
below the knees and a universal feet support cushion. The
pelvic area was scanned at 3mm intervals from the fourth
lumbar vertebra up to the greater trochanter of the femur.
The obtained image data sets were imported into the Eclipse®
treatment planning system. The Clinical Target Volume was
defined accordingly to the recommendations of the European
Organization for Research and Treatment of Cancer (EORTC)."?
PTV was defined by using a tridimensional CTV expansion
of 8mm. Organs at risk were delineated according to inter-
national guidelines and included the rectum,'® bladder'* and
femoral heads.

3.4.  Radiotherapy treatment planning

IMRT or 3D conformal radiotherapy was prescribed. Dosi-
metric objectives for the PTV were: V90% >100% (100% of
the PTV volume must receive at least 90% of the prescribed
dose), V95% > 95%, V107% < 2%. Dosimetric objectives for blad-
der and rectum were V40Gy < 60% (the volume of the rectum
that receives 40 Gy must be inferior to 60%), V60Gy <40%,
V70Gy <20%, V75Gy < 15%. Femoral heads were restricted to
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receive a maximal dose of 50 Gy. The prescribed dose varied
between 72 Gy and 78 Gy in 36 to 39 daily fractions, respec-
tively, according to the D’Amico risk classification and the
radiation oncologist criteria. Five to seven fields were used.
IMRT was administered using the sliding-window technique.
The treatment was performed with Varian Clinac IX, equipped
with a 120 Millenium Multileaf Collimator (MMLC-120), and
an On Board Image (OBI) device capable of performing 2D kV
images and 3D CBCT.

3.5. IGRT treatment

The patients were asked to arrive to their daily treatments
with a full bladder and an empty rectum. Daily on-line IGRT
was performed using the OBI device, with 2D kV orthogonal
images. These images were fused and co-registered with the
Digitally Reconstructed Radiograph (DRR) obtained from the
simulation CT, using the anatomy-matching software On-
Board Imager version 1.4. Fusion and co-registration were
based on fiducial markers. Image fusion and registration were
performed by a trained radiation therapist without the pres-
ence of a radiation oncologist. However, as a protocol in our
institution, off-line review is routinely performed by a radi-
ation oncologist. Prostate displacement and patient setup
deviations during daily treatment were manually detected
in the X, Y and Z directions, and corrected by automatic
coach movements. Rotational deviations inferior to 2 degrees
for the roll, pitch or yaw were not corrected. The patient
was repositioned when rotational deviations were subjectively
considered high.

3.6. Statistical methods

A retrospective, consecutive study was designed. Daily dis-
placement of the fiducial markers was considered as the
difference between the position of the patient when using skin
tattoos and the position of the patient after being relocated
using fiducial markers. We assumed that the displacement
of the fiducial markers encompasses both the isocenter and
prostate displacement. Hence, the mean displacement of
the fiducial markers reflects setup errors and interfractional
prostate movements. The atypical extreme values for fiducial
markers displacements were identified and analyzed using
descriptive graphic analyses.

3.7. Calculation of theoretical optimal margins for PTV

Individual systematic and random errors were calculated for
each patient as the mean and the standard deviation of daily
displacements of the fiducial markers. The systematic error
for the whole series of patients was calculated as the mean
of the individual systematic errors. The random error for the
whole series of patients was calculated as the quadratic mean
of individual variances.!' The theoretical margin size was cal-
culated by adding the result of multiplying the systematic
error by 2.5 and the random error by 0.7. This theoretical mar-
gin was calculated in order to ensure that 90% of the patients
receive at least 95% of the prescribed dose.”

Table 1 - Descriptive statistics on fiducial markers

displacements (absolute values in cm) in 4077 prostate
cancer treatments with IGRT based on fiducial markers.

Fiducial markers
displacement (absolute values

in cm)

X Y Z
Mean 0.34 0.30 0.32
Standard deviation 0.30 0.28 0.28
25th percentile 0.1 0.1 0.1
Median 0.3 0.2 0.3
75th percentile 0.5 0.4 0.5
95th percentile 1.0 0.8 0.9
Maximum 1.6 2 1.4

4, Results

Between May 2009 and January 2011, 128 prostate cancer
patients were treated with IGRT based on fiducial markers.
The procedure itself took a mean time of 15min. We did not
detect any complication derived from the implant. Taking and
analyzing the daily kV images increased the overall treat-
ment time in about 3 min per patient. 4296 sets of orthogonal
images were identified, 128 sets of images corresponding to
treatment initiation were excluded; 91 (2.1%) sets of images
were excluded from the analysis after having identified that
these images contained extreme outlier values in one or more
coordinates that we assumed to correspond in the major-
ity of cases to errors in tattoo laser aligning. Besides, the
images related to treatment initiation, a mean of 32.5 sets of
orthogonal images were performed to every patient along the
radiation treatment.

The mean absolute displacement of fiducial markers was
close to 3mm in all directions, with a maximal value of 2cm
in Y direction. Although the maximal absolute displacement
of 2cm was identified in the Y-axis, the axis with the high-
est mean absolute displacement was X (Table 1 and Fig. 1).
The graphic analysis demonstrated that a non despicable
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Fig. 1 - Boxplot describing fiducial markers displacements
(real numbers in cm) in 4077 prostate cancer treatments
with IGRT based on fiducial markers.
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percentage of patients exhibited a very high setup error in the
three axes (outliers represented by white circles in Fig. 1) and
despite having excluded most of the extreme outliers, there
were still a percentage of patients with extremely high setup
errors in the Y axis (extreme outliers represented by solid stars
in Fig. 1). Analysis of percentiles 75th, 90th and 95th showed
that if IGRT had not been performed, 25% of the treatments
would have had displacements superior to 4 mm in any of the
three axes, 10% of the treatments would have had displace-
ments superior to 7 mm in any axis, and 5% would have had
displacements superior to 9 mm in any axis. The displacement
of the fiducial markers proved to be strongly symmetric in the
X-axis, while mildly asymmetric in the Y and Z-axis, with a
predominance of greater displacements in the inferior direc-
tioninY, and in posterior direction in Z (asymmetry coefficient
of 0.007, —0.113 and —0.094 for X, Y and Z, respectively). Kur-
tosis coefficient demonstrated highly concentrated data in all
the three axes, showing the highest values in Y (kurtosis coef-
ficient value of 0.58, 1.75 and 0.32 for X, Y and Z, respectively).

The mean systematic errors of fiducial markers displace-
ment were —0.04 mm in X, 0.27mm in Y, and —0.37 mm in Z.
The random errors were 4.0mm in X, 3.1mminY, and 3.6 mm
in Z. Based on systematic and random errors, in this cohort
of prostate cancer patients treated with IGRT based on fidu-
cial markers, the theoretical margin that would be required in
order to ensure that 90% of the patients receive at least 95%
of the prescribed dose would be 2.7 mm in X, 2.9mmin Y, and
1.5mmin Z.

5. Discussion

Geographical misses in modern radiation treatments can be
due to several factors. Early mistakes in the definition of the
target volume can be translated into systematic geographi-
cal misses. Random or systematic geographical misses can
take place when inappropriate margins are assigned for the
planning target volumes, since these margins must properly
consider both interfractional and intrafractional target move-
ments. Mistakes on target definition should be progressively
lower since delineation guidelines have been issued for sev-
eral tumors in the last years. However, geographical misses
due to interfractional or intrafractional target movement can
only be diminished with the introduction of daily image guid-
ance, maintenance of the traditional margins, or with the use
of tumor tracking.

In our study, we found mean and systematic errors of
—0.04+4mm in X, 0.274+3.1mm in Y, and —0.37 £3.6mm
in Z. These values are similar to those obtained in two
similar studies with a smaller sample of patients. The first
study found mean and systematic errors of 0.6 £ 1.5 mm in X,
—0.25+2.51mm in Y, and 0.51+2.45mm in Z.'® The second
study found slightly higher mean errors with similar values
for random errors of 1.1+ 1.4mm in X, 1.94+2.3mm in Y and
2.3+2.7mm in Z.' Our study allowed us to prove that if IGRT
had not been performed, nearly 10% of the daily treatments
would have had displacements superior to 7 mm in any axis.
This would have been translated into geographical misses
capable of compromising the outcome, since we currently use
an 8mm margin for the CTV in all directions. According to

this data, in our own practice, the margin required in order to
ensure that 90% of the patients receive at least 95% of the pre-
scribed dose, would be inferior to 3 mm in any direction. These
findings are consistent with two other studies in which image-
guided marker alignment required a margin of less than 4 mm
in any axis.'®1°

However, theoretical margins obtained from fiducial
marker displacements can only account for geometric uncer-
tainties. Intrafractional movements caused by pulsating
arteries, bowel movements or changes in bladder filling are
not considered by traditional margins. The traditional val-
ues for intrafractional movements of the prostate during
non-rotational IMRT sessions are close to 3mm.?° Hence,
considering that our required margin for diminishing geomet-
ric uncertainties would be near 3 mm, and that we should add
at least 3mm in order to consider intrafractional movements,
we have decided to reduce the currently used margin of 8 mm
in all directions, to 7mm in X and Y, and to maintain 8 mm in
the Z direction, considering that most patients have significant
displacements in the posterior direction.

Even though from a theoretical point of view, IGRT would
allow to decrease margins and reduce geographical miss, so
far, the clinical benefit in terms of tumor control or toxicity of
the IGRT has not been established. A recently approved Phase
II-11I clinical trial that randomized patients in three arms: radi-
ation treatment without image guidance, radiation treatment
with image guidance and conventional margins, and radiation
treatment with image guidance and margin reduction should
throw some light on this subject. This protocol is currently
recruiting, and has completed 88% of the planned sample.”!

The use of IGRT means an increase in the dose of admin-
istered radiation; however, if the mean dose derived from
a CBCT is close to 7cGy or near 1.2cGy when using portal
images, it is estimated that the total administered dose would
be 245 cGy when using daily CBCT or 42 cGy when using daily
portal images.?? It would correspond to administering the
equivalent to one session of treatmentin the case of daily IGRT
with CBCT; however, these doses are not fully administered to
the tumor, neither to the normal tissues, since the type of volt-
age required for kV images will deposit most of the radiation
dose in the surface. In this scenario, the benefit of the use of
IGRT decreasing the risk of geographical miss and reducing
the required margins overcomes the possible disadvantage of
a potentially increased risk of radiation induced tumors.

An IGRT approach based on CBCT increases the dose
administered to healthy tissues when compared with IGRT
based on 2D kV orthogonal images.?” This is of particular
relevance in prostate cancer patients considering, that the
overall survival is expected to exceed 60% even in the worst-
case scenario. We consider that the dose administered in IGRT
to healthy tissues is a relevant matter for prostate cancer
patients. The use of IGRT based on fiducial markers with 2D kV
orthogonal images have several advantages over other tech-
niques: the implant procedure has virtually no complications
(potential complications derived from the implant such as
infection, bleeding, seed migration, and urinary retention have
not been reported), IGRT based on fiducial markers requires
standard expertise in image fusion and co-registration, it does
not need the constant presence of the radiation oncologist, it
allows the same precision that would be obtained with CBCT,
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and it has the advantage of decreasing the acquisition time
and the dose administered to healthy tissues with CBCT. Other
forms of IGRT, such as ultrasound guided radiotherapy, require
the presence of a well trained professional, may take more
time to analyze, and, as recent reports show, it could not be as
accurate and reproducible as required.??

6. Conclusion

IGRT is required when using highly conformal techniques;
otherwise, at least 10% of daily treatments could have sig-
nificant displacements. IGRT based on fiducial markers, with
2D kV orthogonal images is a convenient and fast method
for performing IGRT in comparison with CBCT-based IGRT.
This method allows quicker treatment administration, with
the added value of lower radiation exposure. The procedure
itself is safe and fast, with no complications derived from
the implant, and a mean time for the implant of just 15 min.
This IGRT technique allowed us to reduce the setup errors
(considering both isocenter and prostate displacement), and
to decrease the margin size by 1mm, in the X and Y direc-
tions. Reductions in margin size can potentially translate into
reduced toxicities.
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