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ABSTRACT

Purpose: Ultra-hypofractionated radiotherapy with SBRT is an established technique for treating
localized prostate cancer. CyberKnife based SBRT requires implantation of fiducial markers for
soft tissue target tracking by the orthogonal KV X-ray imaging system. The spatial distribution of
fiducial markers must allow accurate calculation of a 3D transformation that describes the position
of the prostate within the reference frame of the planning CT scan. Accuray provides a fiducial
implantation guideline for tracking soft tissue lesions. Despite using the guideline we experienced
an unacceptably high rate of rotational tracking failure due to problems with fiducial placement. We
adapted the Accuray guideline to prostate SBRT for improved fiducial placement and more reliable
target tracking.

Methods and materials: 54 patients with prostate adenocarcinoma were treated with ultra-
hypofractionated radiotherapy on CyberKnife. Patients had platinum fiducial markers implanted
transrectally under ultrasound guidance by a Radiologist. For the first 26 patients, fiducial markers
were positioned following the Accuray fiducial placement guidelines for soft tissue lesions (cohort
1). The initial rotational tracking error rate was unacceptably high (23%). On review, inappropriate
fiducial placement was identified as the cause of error (especially insufficient spacing between
seeds). In October 2016 we developed a seed placement protocol specifically for implanting fiducial
markers within the prostate and a second cohort of patients was treated thereafter (cohort 2, 28
patients). The stipulations of the original guideline are maintained while the modified protocol
requires that 4 fiducial markers be implanted in the postero-lateral peripheral zone in a single
coronal plane.
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Results: In cohort 1, patients had a median age of 64 years (50 - 74), PSA of 6.6mcg/L (1.1-14.7),
and prostate volume of 56 cc (22 - 125), while in cohort 2 they had a mean age of 65 years (53 -
75), PSA of 6.2 mcg/L (1 - 12) and prostate volume of 47 cc (21 - 106). The fiducial markers were
easily visualized and there were no cases of urosepsis related to fiducial implantation. In 6 of 26
patients (23%) from cohort 1, only translational mapping without accurate spatial rotations could
be calculated. After adopting the prostate specific fiducial implantation protocol, rotational tracking
error was eliminated. Accurate 6 degree tracking (accounting for translations and rotations) was
achieved in all 28 patients from cohort 2. Using an in-house computer script we analyzed the dose
distributions resulting from rotational misalignments of -10, -5, -3, 3, 5, and 10 degrees along all
three rotational axes (pitch, roll and yaw). Rotational misalignments result in decreased minimum
dose to the PTV and increased maximum dose to OARs.

Conclusion: Implementing a prostate specific fiducial placement protocol for SBRT significantly
improved our ability to track prostate motion in 6 degrees 77% to 100% reliability. Failure to track
rotations can potentially lead to underdosing and overdosing of portions of the prostate and OARs
respectively.

Keywords: Prostate SBRT, Prostate Tracking, Fiducial Placement Protocol, CyberKnife, Ultra-
hypofractionated prostate radiotherapy, tumor tracking, fiducial-based tracking for radiosurgery

INTRODUCTION

Radiation dose escalation has been shown to
improve biochemical control in localized prostate
cancer (1,2). Unlike most tumours, prostate cancer
is associated with a low o/f ratio (3-6). Prostate can-
cer is therefore theoretically sensitive to high dose
per fraction radiotherapy. According to analyses of
tumour control data, the o/p ratio of prostate cancer
is in the range of 1 to 3Gy. This value is lower than
estimates of the a/P for the dose limiting organ at
risk, namely, the rectum (6,7). This provides a ration-
ale for hypofractionated radiotherapy (>2Gy per frac-
tion) or ultra-hypofractionated radiotherapy (>5Gy
per fraction) as a means of potentially improving the
therapeutic ratio.

Moderately hypofractionated radiotherapy (e.g.,
70Gy in 2.5Gy fractions) as a means of dose escala-
tion has proven to be as effective as standard fraction-
ation regimens in localized prostate cancer, and is now
a standard of care (8-16). One phase III non-inferi-
ority study reported a 5 year biochemical recurrence
free survival (bRFS) for patients treated with conven-
tional fractionation or moderately hypofractionated
radiotherapy of 96.7%, 86.8% and 86.5% for low
risk, intermediate risk and high risk disease respec-
tively (8).There is a growing experience with ultra-
hypofractionated radiotherapy via stereotactic body
radiotherapy (SBRT) which is being increasingly
used in routine clinical practice in patients with low
or intermediate risk disease (17). In a pooled analysis
of 1100 patients with localized prostate cancer treated
and enrolled in 8 separate phase 2 clinical trials, the 5
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year bRFS rate for prostate SBRT was 95%, 84%, and
81% for patients with low, intermediate, and high risk
disease respectively (18). Loblaw et al reported acute
and late grade 3 toxicities in 84 patients with low risk
disease treated with accelerator based SBRT (35Gy
in 5 fractions). Acute grade >3 gastrointestinal (GI)
toxicity was 0% and genitourinary toxicity was 1%.At
5 years of follow-up late grade > 3 GI toxicity was
1% GI, and GU toxicity was 1%. 5 year bPFS of 98%
was reported (19). Phase III trials comparing prostate
SBRT against standard treatments are underway. For
example, PACE (NCT 01009008) is a phase III trial
comparing surgery and conventional radiotherapy
against ultra-hypofractionated radiotherapy in local-
ized prostate cancer.

The CyberKnife (Accuray Inc., Sunnyvale, Cali-
fornia) is a dynamic image-guided whole body
robotic radiosurgery system developed by Accuray
in 2001 (20). The machine consists of a robot arm
mounted linear accelerator coupled to a stereoscopic
kilovoltage (kV) X-ray imaging system. It is capable
of non-coplanar, non-isocentric treatment delivery to
complex targets with automatic intra-fraction image
guidance and sub-millimeter accuracy. Multiple
groups have reported on successful prostate SBRT
using the CyberKnife (21-26). The CyberKnife sys-
tem requires implantation of radio-opaque fiducial
markers to track soft tissue targets (i.e., the prostate)
with the stereoscopic kV X-ray imaging system. The
spatial distribution of the fiducials must allow accu-
rate calculation of a 3D transformation that describes
the position of the prostate within the reference frame
of the planning CT scan. The machine can thereby
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detect and automatically correct for target motion
and setup error on the fly.

Accuray has a fiducial placement protocol for treat-
ing pancreas and liver lesions (27). The same protocol
is applied for treating prostate cancer and other soft
tissue lesions. The intent is to optimally place fidu-
cials such that lesions can be accurately tracked in 6
degrees (accounting for translational and rotational
movements). Despite following the Accuray fiducial
placement guideline, when we began a prostate SBRT
program at our institution, 6 degree tracking was not
possible in one quarter of our patients. We present
a modified fiducial placement protocol for prostate
SBRT on CyberKnife which eliminated our tracking
erTor.

BACKGROUND

In fiducial-based tracking for radiosurgery, small
markers are implanted at the treatment site with the
expectation that they will remain in place through
the course of planning and treatment. Ideally the
markers should be small enough to approximate
point landmarks and dense enough to be seen on
X-ray, CT and portal imaging. During treatment on
the CyberKnife, orthogonal radiographic images
are taken from two perspectives. The position of the
fiducials (a surrogate for the target position) is cal-
culated through back-projection and the geometry
of the X-ray imaging system. The fiducial coordi-
nates in the planning CT and the fiducial coordi-
nates during treatment are used to solve for the
position (translation) and orientation (rotation) of
the target during treatment: this is an example of the
relative pose problem. The solution to the relative
pose problem is a combination of physical trans-
lations and rotations about the x, y and z axes (6
degrees) mapping the pose of the target from the
planning space to the pose of the target during treat-
ment (28). With poor positioning of fiducial mark-
ers, it may not be possible to solve all parts of the
relative pose problem.

The Accuray guideline is derived from a report
on fiducial based tracking accuracy in the presence
of uncertainties (noise or deformation) on CT and
live radiographic images (27,28). A minimum of 3
fiducials are mathematically required for an analytic
solution to the 6 degree prostate tracking relative
pose problem (28). Accuray recommends implanting
a minimum of 4 (1 more than required) and a maxi-
mum of 6 fiducials for CyberKnife tracking. There
are a further 4 key principles from Accuray: 1) a min-
imum of 2.0cm between fiducials; 2) A maximum

Table 1. Summary of Tracking Errors (cohort 1)

Rotations
Case# Error Translations Tracked Tracked
1 A.B,D Yes No
2 D Yes No
3 AD Yes No
4 C Yes No
5 A Yes No
6 A Yes No

A. Failure to meet the minimum distance between markers

B. Failure to meet the minimum angle requirements between
markers

C. Not enough markers

D. Markers are too closely spaced on DRR for accurate
fiducial extraction

distance of 5-6cm from the lesion; 3) non-colinear
placement (within the orthogonal imaging plane); 4)
At least 15 degree angulation between any grouping
of 3 fiducials. When we began using the CyberKnife
for prostate SABR despite following the Accuray
guideline we were unable track rotations in 23%
of treatments (i.e., 6 of the first 26 patients).When
tracking fails, the CyberKnife software generates a
specific error message. Poor fiducial placement was
the cause in an all 6 cases where rotational tracking
failed. 4 error types were encountered, often simul-
taneously (see Table 1, Figure 1 - 3). A) Failure to
meet the minimum distance between markers (66%);
B) Failure to meet the minimum angle requirements
between markers (17%); C) Not enough markers
(17%); D) Markers are too closely spaced on digi-
tally reconstructed radiograph (DRR) for accurate
fiducial extraction (50%). Errors A —C are a direct
result of failure to comply with the Accuray guide-
lines. Error D occurs when fiducials lay in the same
45 degree line from the transverse plane, which
makes them appear too close together on DRR, or on
kV orthogonal X-ray imaging. Fiducial markers are
often implanted by other medical specialists (Radi-
ologists or Urologists) who may not understand the
importance of seed placement or the geometry of the
kV X-ray imaging system. Even with the Accuray
guideline in mind, failure to comply with its prin-
ciples is possible. For example if the first marker is
placed in the centre of the prostate (which is typically
3-4cm in diameter), all three subsequent markers will
fail to meet the minimum distance requirement. Reli-
able rotational tracking requires a simple reproduc-
ible seed distribution and clear communication with
other medical specialists.
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Figure 1. MultiPlan (Accuray Inc., Sunnyvale, California) screenshot showing fiducial placement on orthogonal kV
X-ray images. In this case the fiducial markers are too close together for accurate calculation of 3D rotations.

Accurate fiducial
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possible

Figure 2. MultiPlan (Accuray Inc., Sunnyvale, California) screenshot showing fiducial placement on orthogonal kV
X-ray images. In this case the position of the fiducial markers on DRR is too close to allow accurate fiducial extraction.
This is usually caused by colinear placement of fiducial markers with respect to the orthogonal kV X-ray system.

PROTOCOL

Our modified fiducial placement protocol for pros-
tate SBRT consists of a simple and easily reproduced
seed distribution that maintains the original princi-
ples of the generalized Accuray guideline with some

220 Journal of Radiosurgery and SBRT Vol.5 2018

considerations specific to prostate tracking. 1) To
limit seed migration and to ensure their distribution
is a reasonable surrogate for prostate position/motion,
fiducial markers should be implanted within the pros-
tate gland (inside the prostatic capsule). 2) In order
to achieve a minimum distance of 2.0cm between all
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Figure 3. MultiPlan (Accuray Inc., Sunnyvale, California) screenshot showing fiducial placement on orthogonal kV
X-ray images. In this case, the fiducials fail to produce a triangle where each internal angle is >15°.

Figure 4. MultiPlan (Accuray Inc., Sunnyvale, California) screenshot showing fiducial placement on orthogonal kV X-ray
images. In this case, only two fiducials have been implanted, and a minimum of three are required to track rotations.

seeds, they should be implanted in the periphery of the
prostate. 3) Implanting the seeds in a single coronal
plane is simple to visualize, and it ensures non-col-
inear placement in the orthogonal imaging plane. 4)
In order to accurately track the posterior aspect of the
prostate (and thereby avoid overdosing the rectal wall)
we suggest implanting all 4 fiducial markers in the

postero-lateral prostate in a single coronal plane. In
this way, optimal fiducial placement can be achieved
through either the transrectal or transperineal route.
A schematic figure outlining the idealized anatomi-
cal fiducial placement was provided to our ultrasound
radiologists performing transrectal fiducial implanta-
tion (Figure 5). The idealized scenario is demonstrated

Journal of Radiosurgery and SBRT Vol.5 2018 221



Oliver E. Holmes et al.

Figure 5. Schematic given to ultrasound radiologists
at our institution showing idealized locations for fiducial
implantation. 4 markers are placed in the postero-
lateral prostate in a single coronal plane otherwise in
accordance with Accuray’s original fiducial placement
guideline.

using a wax prostate phantom with platinum fiducials
imaged by the CyberKnife stereoscopic kV X-ray sys-
tem (Figure 6, Figure 7).

METHODS

Between 2012 and 2017 54 patients with prostate ade-
nocarcinoma were treated using CyberKnife SBRT. For
the first 26 patients, fiducials were implanted transrec-
tally under ultrasound guidance according to the Accuray
fiducial placement guidelines (cohort 1, 26 patients). Due
to unacceptably high tracking error rate, in October 2015
the fiducial placement guidelines were amended —as pre-
viously described- for all future implantations (cohort 2,
28 patients). Transrectal implantations were performed
by an experienced radiologist using local anesthesia and
ultrasound guidance. The patients were given prophylac-
tic antibiotics at the time of seed implantation to reduce
the risk of iatrogenic urosepsis.

Fiducials for prostate cancer should be biologi-
cally inert and easily ‘seen’ on imaging. Commer-
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cially available fiducial markers are typically made
of 24-carat gold. Polymer-based seeds, and seeds
containing steel or electromagnetic transponders (for
Calypso) are also available (29). Platinum is a biologi-
cally inert metal with higher magnetic susceptibility
than gold. Platinum fiducial seeds are well visualized
on MRI, CT, and with the stereoscopic kV X-ray sys-
tem, and they have been shown to outperform gold
fiducials in the context of CyberKnife tracking (30).
At our institution, we use platinum fiducials made in-
house. Platinum fiducials are prepared using a process
accredited by a third party that involves cutting high-
grade platinum wire, measuring individual fiducials
and sterilizing them according to our institutional pro-
tocol prior to implantation (30). Our in-house plati-
num seeds were used for all patients in this study. The
seeds are cylindrical 0.92mm in diameter and 3.0mm
in length.

All radiation plans were created using CyberKnife
Multiplan software. CT simulations were done with
a full bladder and an empty rectum. A second CT
simulator scan was done for each patient, with a uri-
nary catheter in place in order to visualize the urethra.
T1-weighted gradient echo and T2-weighted turbo spin
echo MRI sequences were co-registered with CT scans
in Multiplan using the implanted platinum fiducial
markers (see Figure 7). The prostate and surrounding
avoidance structures (urethra, bladder, rectum, bowel,
penile bulb, and testis) were contoured using planning
MRI and CT scans as a reference. The PTV was defined
as an anisotropic expansion around the prostate (Smm
in all directions except 3mm posteriorly). A PRV ure-
thra was created using an isotropic 2mm expansion
around the urethra. Each patient received 3625¢Gy in 5
fractions, prescribed at the 80% isodose over a 12-day
course. Patients were treated with an empty rectum
prior to receiving each fraction.

RESULTS

All 54 patients were successfully treated with
CyberKnife based prostate SBRT. There were no
cases of urosepsis. There were no major acute tox-
icities. The platinum fiducials markers were well
visualized, on CT, MRI and by the stereoscopic KV
X-ray tracking system, in all 54 patients. Patient
age, prostatic volume and initial PSA were similar
between the two groups (Table 2). Accurate 6-degree
tracking (accounting for translations and rotations)
was possible in all 28 patients from the protocol
group (cohort 2). In 6 of 26 patients (23%) from
cohort 1, only translational mapping could be calcu-
lated; potential rotational misalignments could not be
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Figure 6. A,B. Wax prostate phantom with platinum fiducials placed in a single coronal plane in the postero-lateral
prostate. C,D. Paired CyberKnife orthogonal kV X-ray images showing optimal platinum fiducial placement in the

wax phantom

observed or accounted for. A Pearson’s Chi-squared
test of independence was used to test the relationship
between rotational tracking and the fiducial implan-
tation protocol used. Tracking prostate rotations was
significantly more likely in patients with fiducials
implanted under the modified protocol (cohort 2), X?
=7.27,p =0.007.

In order to assess the potential consequences of
uncorrected rotations on target coverage and OARs
we ran an in-house computer script to rotate the dose
distributions about their align centres and recalculate

the DVHs. For the 6 patients where rotations could not
be tracked, the ratio of maximum dose (OARs) and
minimum dose (targets) before and after rotations was
calculated for -10, -5, -3, 3, 5 and 10 degree rotations
along all three rotational axes. The resulting devia-
tions in target coverage and OAR dose are summa-
rized in Table 3 and Table 4, respectively. A 3 degree
rotation could cause a drop in minimum PTV dose
up to 9%, or increase in maximal rectal dose of up to
4%, these effects are exaggerated for larger rotational
misalignments.
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Figure 7. MultiPlan (Accuray Inc., Sunnyvale, California) screenshot showing a T2-weighted turbo spin echo MRI
sequence co-registered with the CT simulation scan using platinum fiducial markers imbedded in the postero-lateral

prostate.

Table 2. Patient characteristics

Cohort 1 Cohort 2
-Accuray protocol (n=26) -Modified protocol (n = 28)
Median Age (range), years 64 (50 -74) 65 (53-175)
Mean Prostate Volume (range),cc 56 (22 - 125) 47 (21 - 106)
Mean PSA(range), ug/L 6.6 (1.1-14.7) 6.2(1-12)

DISCUSSION

Ultra-hypofractionation is intended to reduce tox-
icity and improve disease outcomes by exploiting the
relatively low o/ ratio characteristic of prostate adeno-
carcinoma. Care must be taken to avoid increased tox-
icity in neighboring sensitive tissues (rectum, bladder,
urethra, and bowel). CyberKnife based prostate SBRT
combines an X-band linear accelerator with industrial
robotics and stereoscopic kV X-ray imaging to pro-
vide sub-millimeter accuracy and intra-fraction target
tracking. Accurate 6 degree tumour tracking requires

224 Journal of Radiosurgery and SBRT Vol.5 2018

implantation of radio-opaque fiducial markers identi-
fiable by the X-ray imaging system as a surrogate for
target motion. The fiducial markers must be placed
properly in order to track prostate motion accounting
for translations and rotations about the x y and z axes.
To this end, Accuray provides a fiducial placement
guideline intended for all soft tissue targets. We have
built upon this guideline to improve 6 degree tracking
specifically for prostate SBRT.

Despite non-optimally placed seeds in 6 cases, trans-
lations were tracked for all 54 patients. We observed
increased sensitivity to seed placement in rotational
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tracking. In our first cohort of 26 patients, for 6 patients
(23%) the so-called “relative pose problem” was only
partially solved; target tracking accounted only for
translations and not rotations. In this series, placing the
seeds too closely was the most common cause of rota-
tional tracking failure. By definition, close placement
of fiducials leads to an increase in the ratio of positional
uncertainty to interfiducial separation and has been
shown to increase rotational error (28). It follows that
rotational error can be reduced by decreasing the posi-
tional uncertainty of the seeds or increasing the interfi-
ducial separation (Accuray recommends >2.0cm). Even
when the seed spacing is at >2.0cm they may appear too
close together on DRR; when the fiducial markers are
in the same colinear plane (i.e., one behind the other
from the perspective of the orthogonal kV X-ray imag-
ing system). Following Accuray’s guideline for treating
soft tissue tumours should avoid these types of tracking
problems. Yet, problems may still arise without a clear
plan for fiducial placement up front. Placing the fiducial
markers in single coronal plane in the postero-lateral
prostate (Figure 5) is easy to communicate and it helps
to avoid common tracking problems. We achieved reli-
able seed separation and accurate rotational tracking in
the entire second cohort of 28 patients.

Late rectal toxicity represents one of the most
clinically significant complications of prostate SBRT
—and indeed- any external beam prostate radiother-
apy technique for prostate cancer. Physiologic pros-
tate motion is greatest in the anterior-posterior and
superior-inferior axes compared to medial to lateral
(31). Achieving a high dose gradient is most impor-
tant at the posterior (rectal) margin. We chose the
posterior aspect of the prostate for fiducial implanta-
tion because it most closely approximates the rectal
margin. While some degree of deformation of the
prostate and rectum are expected (31,32) during and
between treatments, it is unlikely that the rectal wall
will bulge through the coronal plane defined by fidu-
cial markers. Even if the prostate changes shape, the
seeds will remain firmly fixed next to the high dose
gradient area ensuring it is accurately tracked, poten-
tially avoiding excess dose to the rectum and subse-
quent late tissue complications. Alternatively if the
seeds are placed elsewhere within the prostate (e.g.,
centrally) deformation can occur such that the high
dose area falls within the rectum.

From a technical standpoint, the modified protocol
improved our CyberKnife prostate SBRT treatments
by allowing consistent rotational tracking. The dosi-
metric significance of correcting for rotational errors
is controversial (36-40). Using an in-house devel-
oped computer script we tested the dosimetric conse-
quences of rotations up to 10 degrees along any axis of
rotation (roll, tilt, and yaw). For rotations as small as 3

degrees we observed a drop in minimum PTV dose up
to 9%, or increase in maximal rectal dose of up to 4%.
This effect was exaggerated for larger rotational mis-
alignments. Previous fiducial based studies on intra-
fraction prostate motion have shown minimal (<2°)
rotations around the S-I and A-P axes (roll and yaw,
respectively) (references). However, rotations around
the lateral axis (pitch), are associated with physiologic
rectal and bladder filling and range between -7° to 27°
with a mean of 8° (41). Our limited data suggests on
average this could lead to a 13% under dosing and 7%
overdosing to portions of the PTV and rectum respec-
tively. When the target volume includes the seminal
vesicles rotational corrections may be more important
for improved target coverage and reduced rectal tox-
icity (43). Long-term objective data supporting this
hypothesis are lacking and beyond the scope of this
project.

CONCLUSION

After implementation of a modified fiducial implan-
tation protocol a significant increase in the ability to
accurately track prostate motion was achieved. This
technical improvement represents improved treat-
ment accuracy and may lead to improved disease out-
comes (improved bRFS and reduced toxicity). It is
recommended that any group using a stereoscopic kV
X-ray imaging system for intrafraction target track-
ing consider adopting the fiducial placement protocol
described herein.
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