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CLINICAL INVESTIGATION Prostate
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Purpose: The NOMOS (Sewickley, PA) B-mode Acquisition and Targeting System (BAT) ultrasound system
provides a rapid means of correcting for interfraction prostate positional variation. In this investigation, we
report our experience on the clinical issues relevant to the daily use of the BAT system and the analysis of
combined setup error and organ motion for 3509 BAT alignment procedures in 147 consecutive patients treated
with IMRT for prostate cancer.
Methods and Materials: After setup to external skin marks, therapists performed the BAT ultrasound alignment
procedure before each IMRT treatment. In this study, a single physician (A.C.) reviewed all BAT images and
classified image quality and accuracy of image alignment by the therapist. On a scale of 1–3, near-perfect image
quality or alignment was given a 1, fair image quality or misalignment <5 mm (likely within the PTV) was given
a 2, and unacceptable image quality or misalignment >5 mm (potential to violate the PTV) was given a value of
3. The distribution of shifts made was analyzed in each dimension and for all patients. The time required to
perform the BAT alignment was also assessed in 17 patients.
Results: Among the 3509 attempted BAT procedures, the image quality was judged to be poor or unacceptable
in 5.1% (181). Of the remaining 3328 BAT images, with quality scores of 1–2, alignments were unacceptable (>5
mm misalignment as judged by the reviewing physician) in 3% (100). The mean shift in each direction, averaged
over all patients, was 0.5–0.7 mm. Interfraction standard deviation (1 SD) of prostate position based on combined
setup error and internal organ motion is 4.9 mm, 4.4 mm, and 2.8 mm in the anteroposterior (AP), superior-
inferior (SI), and lateral (RL) dimensions, respectively. The distribution of the shifts was a near-random
Gaussian-type in all three major axes, with greater variations in AP and SI directions. The percent of BAT
procedures in which the shift was >5 mm was 28.6% in AP, 23% in SI, and 9% in RL directions. The average
BAT procedure took extra 5 min out of a 20-min time slot in a typical eight-field IMRT treatment.
Conclusion: The quality of the daily ultrasound images was deemed acceptable in 95%. Major alignment errors
by therapists were only 3%. The BAT system is clinically effective and feasible in a matter of 5 min. Although
the accuracy of the BAT was not addressed in this investigation, we found a significant percentage of large shifts
being made from the initial alignment position. © 2003 Elsevier Inc.
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INTRODUCTION

Prostate cancer treatment with radiotherapy has dramati-
cally changed over the last 10 years with the implementa-
tion of conformal, and, more recently, intensity-modulated
radiation therapy (IMRT) techniques. Dose escalation is
commonly being performed with the advent of conformal
radiotherapy (1–7). To safely achieve prostate doses above
75 Gy, there is a greater demand to use tighter margins,
especially posteriorly around the rectum to reduce compli-
cations (8). A large margin of 1.5 cm in the posterior
direction results in significant rectal bleeding when deliv-
ering prostate doses above 70 Gy (8).

Studies have shown that standard deviation (SD) for
setup variation is on the order of 2.0–3.0 mm (9–13), and
that internal changes in prostate position generally vary on
the order of 2.0 to 3.0 mm in the anteroposterior (AP) and
superior-inferior (SI) dimensions and 1.0 mm in the lateral
(RL) dimension (9, 11, 13–17). Combined setup and organ
motion studies have shown general variability on the order
of 4.0 to 6.0 mm in the SI and AP dimension and 3.0 to 5.0
mm in the RL dimension (11, 13, 18). Currently, margins
used for the majority of patients are based on such popula-
tion averages. Calculations by various authors have shown
a planning target volume (PTV) margin of approximately 7
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mm in the RL dimension and 9–12 mm in the SI and AP
dimensions is needed to ensure that the prostate, or clinical
target volume (CTV), is included in the PTV 95% of the
time (9, 10, 13, 14). Because such a margin can lead to
untoward toxicity, many have resorted to reducing the PTV
for part of the treatment (8). Reducing margins may com-
promise treatment efficacy unless setup variations are re-
duced or daily adjustments are made for interfraction
changes in internal anatomy. Unless prostate position is
monitored, there is no guaranty that the CTV will be cov-
ered adequately (19).

A number of techniques have been developed for mea-
suring setup variations and internal organ motions for indi-
vidual patients during a course of treatment and treatment
margins are reduced based on these techniques. The first
method developed for this purpose measures the patient’s
position using port films on a daily basis to establish the
setup variation unique to that patient (9, 11–13). Subse-
quently, margins are reduced based on those individual-
specific data. This method requires many port images and
some data analysis, and does not address internal organ
position changes. Another method requires an invasive pro-
cedure to implant fiducials in the prostate (11, 12). They can
then be imaged on a daily basis to locate the position of the
prostate before treatment and adjust the patient’s location.
Rectal balloons (13) and radio-opaque urethral catheters
(14) can be used for both immobilization and imaging. The
most widely used method for assessing prostate position on
a daily basis and correcting for variations is the B-mode
Acquisition and Targeting System (BAT) ultrasound system
(18, 20–22) from NOMOS Corporation (Sewickley, PA).

The BAT ultrasound system provides direct visualization
and targeting of the prostate on a daily basis before treat-
ment. Prior studies by Lattanzi et al. (18) have shown that
three-dimensional shifts described by the BAT system to
correct for interfraction movement are correlated with those
measured by computed tomography (CT) localization of the
prostate. The study suggests that BAT imaging is compa-
rable to CT imaging for targeting purposes. Although the
range of differences between the same patient setup mea-
sured by the BAT and the CT is up to 7 mm, the averaged
differences are small in 69 measurements (18). Definitive
assessment of the accuracy of the BAT itself is not ad-
dressed in our study.

In this study, we investigated operational issues relevant
to the daily use of the BAT in a busy clinic and analyzed the
pattern of positioning variations for combined setup error
and organ motion from daily BAT measurements. The clin-
ical benefit of the BAT was dependent on the skill of the
therapists in obtaining meaningful images and aligning
those images with the planning contours obtained from the
simulation CT scan. We studied the quality of the BAT
images, the accuracy of alignment by the therapists, and the
impact on clinic schedule and linac utilization. More than
3500 BAT alignment images were evaluated for this pur-
pose. Also, 3228 alignment shifts were analyzed, making

this to be one of the largest studies of combined setup error
and organ motion using the BAT ultrasound system.

METHODS AND MATERIALS

Patient and treatment characteristics
Between December 1999 and December 2000, 147 con-

secutive patients were treated with IMRT using the BAT
ultrasound system at the University of Texas M. D. Ander-
son Cancer Center. IMRT was given as a boost (median 17
fractions) in 79 patients or as full treatment (42–44 frac-
tions) in 68 patients. There were 4158 IMRT fractions
administered and 3509 BAT alignment procedures per-
formed. On the first day of treatment, BAT alignment was
intentionally not performed so that the patient was given
enough time for treatment instructions and taking orthogo-
nal portal films. Occasionally, a BAT alignment was not
done because of technical problems with the linear acceler-
ator or unexpected difficulties in the patient’s treatment
schedule, necessitating treatment on an alternative therapy
machine not equipped with the BAT. Technical problems
with the BAT itself were rare.

CT simulation and treatment planning
All patients underwent a planning simulation CT scan

with a full bladder and empty rectum. This was accom-
plished by having the patient drink 16 to 20 oz of fluid
30–60 min before the CT scan. An enema was used before
the simulation to empty the rectum. To minimize setup
variability, the patient was placed in a VAC-LOK (Med-
Tec, Inc., Orange City, IA) cradle from the mid-thigh to the
feet. The CT scan was then obtained in the supine treatment
position. Isocenter was placed in the prostate and marked on
the external skin with tattoos.

Using the initial planning CT scan, an IMRT treatment
plan was designed on an inverse planning system (Corvus,
NOMOS Corp.). Treatment was delivered using either serial
tomotherapy via a binary multileaf collimator (MIMiC,
NOMOS Corp.) or a segmental multileaf collimator
(SMLC) technique (Varian Associate, Palo Alto, CA) with
fixed gantry angles. Patients had either a 17-fraction boost
treatment or full treatment with 42 or 44 fractions at 1.8 Gy
per fraction. The planning margin was 10 mm in anterior
and lateral directions, 5–8 mm in superior and inferior
directions, and 4–6 mm in the posterior direction. The
current margins used were adopted from a previous, re-
peated CT study by Antolak et al. (14).

BAT ultrasound localization of the prostate
The BAT system consists of a B-mode transabdominal

ultrasound probe attached to a precision tracking arm. This
arm, along with computer software, allows the ultrasound
image to be calibrated to the coordinates of the treatment
machine. The ultrasound probe displays real-time images on
the computer screen. The ultrasound probe is oriented to a
reference point through an external docking system for the
particular treatment room used. Thus the probe can be
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maneuvered in all directions and remain oriented to the
isocenter because it recognizes its position in three-dimen-
sional (3D) space relative to the docking system.

With the patient in treatment position, BAT ultrasound
localization of the prostate is performed immediately before
IMRT treatment. A trained radiation therapist captures both
sagittal and transverse images. Patient contours (prostate,
seminal vesicles, bladder, and rectum) from the planning
CT scan are superimposed on the BAT images using the
established isocenter from the docking system to relate the
two coordinate systems. The therapist then corrects any
misalignment between the CT contours and the BAT im-
ages. This is done by maneuvering the transverse and sag-
ittal CT contours with a touch screen menu to precisely
superimpose the ultrasound images with the CT contours
originally transferred from the patient’s treatment plan.
When the images are aligned on the monitor, the computer
reveals the couch shifts in three dimensions needed to bring
the prostate into alignment with the original planning CT
position.

Daily setup technique
Patients were treated in supine position with the vac-lok

cradle. Initially, the isocenter was aligned to the simulation
tattoos. On the first treatment day, orthogonal portal films
were taken. Then, at least weekly port films were taken to
ensure that the skin marks were a good representation of
internal bony landmarks. If the port film indicated a rela-
tively large shift (usually greater than 5 mm), a shift will be
made and the patient’s skin marks will be redrawn based on
the portal film. Then the BAT alignment is subsequently
made from the new skin marks. On the other 4 days of the
week, the patient was initially aligned to skin marks, and
then shifts were made as per the BAT procedure. The
patient was always treated based on the shift detected by the
BAT procedure. On the day when a BAT alignment was not
available, patients were aligned using skin marks or based
on portal films if portal filming was scheduled for that day.

In our clinical use, whenever a 3 mm or greater couch
shift was made in any one direction, a repeat confirmatory
BAT alignment was performed after the initial couch shift.
If greater than 1-cm shift was required in any direction, the
attending physician was notified and the whole setup pro-
cedure was repeated. Consistent shifts of more than 1 cm (5
patients in our study group) led to a second CT simulation
for those patients, and thus a new treatment plan was used
to do the BAT on these patients (data not shown).

A positive sign in right-left (RL) direction means the
couch was shifted to the right. A positive sign in the AP
direction means the couch was moved posteriorly (down),
and a positive sign in SI direction means the couch was
moved superiorly (moved toward the gantry).

BAT image review
In this study, a single physician (A.C.) reviewed all the

BAT images. Image quality and the accuracy of image
alignment done by the therapist were individually evaluated

in each direction using a 1–3 scale. Images were scored as
1 for near-perfect quality, 2 for fair quality, and 3 for
unacceptable. Therapist alignment was analyzed for images
with good or fair quality (scores of 1 or 2) only. Images with
unacceptable quality were excluded. Accurate alignment by
the therapist (within 2 mm) was scored a 1; a minor mis-
alignment of � 2 mm but �5 mm was scored a 2; and a
major misalignment of � 5 mm was scored a 3. A major
misalignment indicated a potential miss of the CTV. For
major (�5 mm) misalignments, the directions of misalign-
ment were also recorded.

Couch shift analysis
Couch shifts were studied for all treatments where both

the image quality and alignment were fair or better (scores
of 1–2). These couch shifts were analyzed for their mean
and variation in each direction and their changes over time.
A corresponding 95% confidence interval (CI) was also
computed. Systematic shifts in BAT alignment were as-
sessed by aggregating all couch shifts to compute a mean
shift in each direction. Group systematic shifts were esti-
mated by combining individual systematic shifts over a
population of patients. A correlation study was also per-
formed among the shifts in three orthogonal directions.

We can calculate the spreads (in 1 SD) of the systematic
shifts for the population of 147 patients used in this study.
There were also random variations in couch shifts associ-
ated with a particular patient. We can calculate the individ-
ual random component from the series of alignment for the
same patient and calculate the root-mean-square (RMS) of
all SDs of 147 patients. The result of the systematic spread
(�) and random spread (�) was to derive treatment margins
for uncorrected shifts in prostate cancer treatment (23, 24).
The margin recipe for covering 95% of the CTV for 90% of
patients was proposed by Van Herk et al. (23) as 2.5� �
0.7�.

To determine whether there was a change in shift mea-
surements over time, a linear model was fit to each mea-
surement for each direction using the form Y � � � � X,
where Y is an individual couch shift, X is the number of
days from the date of the first measurement, and � is the
slope of the line. Weighted least squares were used to fit this
model.

To assess whether the pattern of patient setup changed
over time, the variance in couch shifts for an individual
patient was computed and plotted at the date when the
patient started his treatment. Then the variances for the
group of patients were fitted to a linear model whose slope
represented the change in variance over time. It was as-
sumed that the variance in the population would not change
over time.

Analysis of time factors
To assess the time required to complete a BAT alignment

procedure, a time study was performed on 17 prostate
cancer patients under treatment. The time was recorded
when the patient entered the treatment room, when the first
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beam and last beam were completed, and when the room
was ready for next patient. The average time for patient
setup (including BAT), average treatment time per beam
(including gantry rotation time and beam-on time), and
patient dressing and room cleaning time were calculated. To
derive the time required to perform the extra BAT align-
ment, the therapists used a timer to measure the time from
the start to the end of the BAT procedure for 10 patients,
from which the percentage of BAT time in overall treatment
was derived.

RESULTS

Of the 3509 BAT procedures performed, image quality
was acceptable (scores of 1 or 2) in 94.8% (3328 images).
In 0.6% of procedures (22), no shift was made because the
image was perceived to be too poor by the radiation thera-
pist and therefore the patient was treated based on the bony
anatomic isocenter without a BAT-based shift. In 4.5% of
procedures (159), a shift was made, but, in retrospect, the
image quality was judged to be unacceptable by the review-
ing physician. Accuracy of alignments could not be assessed
in the studies with unacceptable image quality.

Of the 3328 BAT studies with acceptable image quality,
alignment by the therapist was unacceptable in 3.0% (100
images). These studies had major (�5 mm) misalignments
between the images and the contours from the treatment
plan. The majority of these misalignments were in the
superior/inferior direction (61%). Major misalignments in
the anterior/posterior direction were seen in 55% of the
studies. In the lateral direction, only 6% of studies had a
major misalignment. Eleven cases (11%) had major mis-
alignment in more than one dimension. An example of a
good quality and an acceptable alignment is shown in Fig.
1a (scores of 1 for both categories). An example of good
quality image (score of 1), but with the alignment judged
unacceptable (score of 3), is shown in Fig. 1b. For the same
patient, an example of poor image quality (score of 3) is
shown in Fig. 1c.

Couch shifts were studied in the 3228 BAT images (92%
of all BAT procedures) that had acceptable image quality
(scores of 1–2) and acceptable alignment (scores of 1–2).
Figure 2 shows the distribution of shifts in each direction
and the composite shift along the vector of prostate motion
(3D vector, Fig. 2 days). The distribution of shifts in each
dimension is approximately symmetric and centered at zero,
suggesting a random process. Figures 2a , 2b, and 2c clearly
show that the variations in the AP and SI dimensions are
larger than in the RL dimension. Figure 2 days shows that
the majority of alignments have 3D shifts between 3.0 mm
and 9.0 mm.

Table 1 summarizes the couch shifts. The mean shift in
each direction was less than 1 mm. Although the shifts in
the AP and SI directions are statistically different from zero,
representing small systematic errors in overall procedure,
the magnitudes of the systematic shifts (all less than 1 mm)
are clinically inconsequential. The median magnitudes of

the couch shifts in RL, SI, and AP directions were 1.1 mm,
2.5 mm, and 3.0 mm, respectively. The magnitude of the
median 3D couch movement vector was 5.7 mm. The vari-
ance was greatest in the AP dimension (2.4 mm) compared
with the SI dimension (1.9 mm), which was in turn greater
than the RL (0.8 mm) dimension by the F test (p � 0.001).

Figure 3 shows the distribution of average couch shift per
patient. A nonzero averaged shift signifies a systematic
offset from the marked skin tattoos to the actual treatment
positions based on the BAT images. The nonzero systematic
shift implies that the pretreatment CT scan on which the
treatment plan is based is not typical of the patient’s on-
treatment position. For the group of 147 patients in the
study, the distribution appears to be random, approximately
symmetric, and centered around zero. The greatest system-
atic shifts for individual patients were observed in the AP
and SI directions. Table 2 summarizes these data. The mean
values in Table 2 were calculated as the average of the mean
shifts for individual patient, which are almost identical to
the mean values calculated for individual shifts (Table 1). A
small mean value implies that the procedure has few overall
systematic errors.

The systematic shifts (in 1 SD) for the population of 147
patients used in this study are listed in Table 2 as �. The
random variations for the group of 147 (calculated using the
RMS of individual random variations of 147 patients) are
also listed in Table as �. With the current study, treatment
margins can be recommended for the conventional setup
method using only external skin marks. Using the margin
recipe proposed by Van Herk et al. (23), the recommended
margins (for covering 95% of the CTV for 90% of patients)
can be calculated as 5.3 mm, 9.2 mm, and 8.3 mm in the RL,
AP, and SI directions, respectively. Alternatively, we can
also calculate the margins in three directions using the
overall alignment spreads in Table 1 (which includes both
systematic and random components). Assuming a Gaussian
distribution, 2-SD give approximately 95% coverage. The
margins, thus calculated, are 5.6 mm, 9.8 mm, and 8.8 mm
in RL, AP, and SI directions, which are similar to the
margins estimated by the Van Herk’s method.

To study any cross-correlation among the shifts in three
directions, Fig. 4 shows the scatter plot of all alignments in
AP/RL (Fig. 4a), SI/RL (Fig. 4b), and AP/SI (Fig. 4c)
directions. The data in all three directions showed normal
distribution (p � 0.001) in the Kolmogorov-Smirnov nor-
mality test with Lilliefors correction (SPSS release 10,
SPSS Inc., Chicago, IL). The normal Q-Q plots (not shown)
also confirmed this normal distribution graphically. We
found that there was no significant correlation between AP
and RL directions (p � 0.78); however, statistical correla-
tion exists in SI/RL directions (p � 0.001) and more
strongly in AP/SI directions (p � 0.001). The Pearson
correlation coefficient (2-tailed) of �0.37 was weak but
significant in AP/SI directions, with the minus sign indicat-
ing that a posterior shift is more likely associated with an
inferior shift. This was also confirmed in the ranked corre-
lation tests. The Spearman correlation (2-tailed) was
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�0.038 (p � 0.033) in AP/RL, �0.048 (p � 0.006) in
SI/RL, and �0.396 (p � 0.001) in AP/SI directions, respec-
tively. A residual analysis and curve estimation confirmed a
linear relationship in the AP/SI direction (analysis of vari-
ance F value 498, p � 0.001). Figure 4d graphically shows
that the couch shifts were most likely along the diagonal
directions, as indicated by the arrow. In Fig. 4d, the prostate,
bladder, and rectum were overlaid on a sagittal CT image
along with typical IMRT isodose lines. Although not di-

rectly studied here, the AP/SI correlation suggests that the
internal target (prostate) position was likely influenced by
the combined effect of bladder and rectal volume variations.
In this study, the target rotation can not be assessed because
the BAT can correct translational shifts only.

The proportion of BAT studies in which there was a large
shift (�5 mm), with potential marginal miss of the CTV if
uncorrected, is quantified in Table 3. Fully 28.6% of AP,
23.0% of SI, and 9.2% of RL alignments required a large

Fig. 1. (a) Example of a good image quality (score of 1) and acceptable alignment (score of 1); (b) example of a good
image quality (score of 1) but unacceptable alignment (score of 3); and (c) example of a poor quality image (score of
3).
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shift to adequately align the ultrasound image with the CT
contours.

To investigate for any potential trends in using the BAT,
couch shifts are plotted as a function of time in each
dimension. Figure 5 shows the 3228 couch shifts in each
direction plotted by their treatment date from December

1999 to December 2000. For each direction, individual
shifts were fit to a linear model to determine whether there
is a (linear) trend in these measurements over time. In the
RL and SI directions, the slopes of the fit lines were not
statistically different from zero (p � 0.547, p � 0.705,
respectively), indicating that these mean shifts did not sig-

Fig. 2. Distribution of individual couch shifts using BAT relative to the initial skin-mark setup. A positive sign in the
anteroposterior direction means the couch was moved posteriorly (down) and a positive sign in the superior-inferior
direction means the couch was moved superiorly (toward gantry). The graphs show a random variability of shifts with
the zenith around zero. (d) The amplitude of three-dimensional (3D) couch movement vector based on individual shifts
in the three major axes; the median shifts (in 3D) are approximately 6 mm.

Table 1. Statistics for couch shifts for all alignments

Total alignments
(3228) RL (mm) AP (mm) SI (mm)

3D couch shifts
(mm)*

Mean value (95% CI) �0.54 (�0.64 to 0.45) 0.51 (0.34 to 0.68) 0.71 (0.56 to 0.86) 6.2
Spread (1 SD) 2.8 4.9 4.4 3.7
Median shifts 1.1 3.0 2.5 5.7
95% confidence range �6.7 to 5.7 �9.5 to 10.6 �7.8 to 10.6 0 to 13.2
Full range (extremes) �14 to 14 �17 to 21 �17 to 20 0 to 23

Abbreviations: RL � lateral; AP � anteroposterior; SI � superior/inferior; 3D � three-dimensional; CI � confidence interval; SD �
standard deviation.

* Magnitude of three-dimensional couch movement vector.
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nificantly change over time. In the AP direction, the slope of
the fitted line was statistically different from zero (p �
0.001), but the slope, �0.003 mm/day, is fairly small and
likely not to be clinically significant for an individual pa-
tient in 42 fractions of treatment.

To analyze for any trends in the spread of shifts applied
for an individual patient, Fig. 6 plotted the 2 SD, which is

approximately the full range of shifts for a patient, during
the time the patient started his treatment. Each of the 147
patients was graphed by his treatment start date, and a linear
regression was done to obtain a linear fit for the 147 pa-
tients. Over time, the spread in shifts was not significantly
changed in the RL dimension (p � 0.1), but increased
statistically in the SI and AP dimensions (p � 0.001). This

Fig. 3. Distribution of averaged couch shifts for each patient. The individual shifts for each patient were averaged for
each dimension. The spread of shifts in the anteroposterior and superior-inferior dimensions is greater than the lateral
dimension. (d) The amplitude of three-dimensional couch movement vector averaged for each patient.

Table 2. Statistics of couch shifts by patients

Total patients (147) RL (mm) AP (mm) SI (mm)
3D couch shifts

(mm)

Mean value* �0.49 0.59 0.92 Median 4.1
� (1 SD) (systematic spread) 1.9 3.4 3.2 2.5
� (RMS of random shifts) 2.3 3.3 2.7 2.9
95% confidence range �4.4 to 4.0 �7.7 to 6.9 �5.3 to 8.3 1.1 to 1.1
Full range (extremes) �6.0 to 9.4 �8.4 to 10.6 �6.4 to 10.7 0.7 to 12.6

Abbreviations: RL � lateral; AP � anteroposterior; SI � superior/inferior; 3D-three-dimensional; SD � standard deviation.
* The average of mean shifts for each individual patient for each dimension.
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means that there was a greater variability or spread of shifts
for a patient treated in the latter part of 2000 than for a
patient treated in the early part of 2000.

Table 4 shows the time statistics for treatment of 17
prostate cancer patients using the BAT. The table shows that
the time for overall patient setup including the BAT is 6 min
and 19 s. In 10 patients, we also measured the extra time

required for using the BAT itself. We found that 5 min on
average were required for each BAT procedure. In this
particular study, all patients used eight-beam angle step-
and-shoot IMRT technique on Varian’s linac. The average
time per beam, including gantry rotation, loading of Multi-
ACCESSrt field (IMPAC, Mountain View, CA), and the
beam-on time, is 1 min and 17 s. The total time to complete
one patient treatment averaged approximately 20 min.

DISCUSSION

Conformal radiotherapy is being increasingly used for
dose escalation in prostate cancer (1–6, 25). With increased
doses above 75 Gy and sharper fall-off penumbra seen with
IMRT techniques, it becomes crucial to ascertain that the
planned CTV is adequately covered, and that doses to the

Fig. 4. A correlation study among three major directions. Significant correlation was found in superior-inferior
(SI)/lateral (RL) (b) and anteroposterior (AP)/SI (c) directions, but AP/SI direction showed a significant nonzero slope.
This suggests that most prostate motions are along an oblique angle between AP and SI directions, as illustrated in a
sagittal computed tomography image of a prostate patient treatment plan (d).

Table 3. Percent of BAT procedures with large shifts (�5 mm)

Directions Percent of BAT procedures

RL 9.2%
AP 28.6%
SI 23.0%

Abbreviations: BAT � B-mode Acquisition and Targeting Sys-
tem; RL � lateral; AP � anteroposterior; SI � superior/inferior.
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rectum and bladder are minimized. Improved targeting of
the prostate, such as is accomplished using the BAT ultra-
sound system, theoretically allows for a reduction in the
PTV margins and consequently less toxicity.

Operational issues relevant to the daily use of the BAT
system are explored in this study. We found that images
were of adequate quality 95% of the time. Although factors
resulting in poor image quality were not directly studied in

this study, it was generally felt that inadequate bladder
filling and larger abdominopelvic girth may have been the
major factors. A study by Serago et al. (21) from Mayo
Clinic, however, found that bladder filling was not related to
quality of the images and that smaller depth to prostate
isocenter, lesser thickness of tissue anterior to bladder, and
greater amount of prostate gland superior to pubic symphy-
sis in an AP projection were predictors of better image
quality. However, this study only used 51 patients, with
only 73% of patients (instead of percent of total images)

Fig. 5. The 3228 couch shifts made in each direction are plotted by
their treatment date between December 1999 and December 2000.
In the lateral (RL) and superior-inferior (SI) directions, the mean
shift does not significantly change over time. In the anteroposterior
(AP) dimension, the slope of the fitted line was slightly less than
zero (slope � �0.003, p � 0.001), indicating a small, but not
clinically significant, decrease in the mean shift over time.

Fig. 6. The 2 standard deviation (SD) spread of shifts, roughly
representing the 95% of the shifts, in each patient’s alignments
plotted by his treatment starting date. Over time, the variation in
shifts was not significantly changed in the lateral (RL) dimension
(p � 0.1) but increased slightly in the superior-inferior (SI) and
anteroposterior (AP) dimensions (p � 0.001).
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having good image quality. The number of images evalu-
ated for image quality in each patient is not provided.
Another study, by Morr et al. (22), showed adequate image
quality in 19 of 23 patients. Poor image quality in this study
was associated with patient inability to maintain a full
bladder, large body habitus, or relative position of the
prostate in relationship to the pubic arch.

The BAT procedure adds approximately 5 min to the total
treatment time of each patient. Currently, our prostate pa-
tients are treated with an eight-field SMLC IMRT tech-
nique. Treatments are scheduled for a 20-min time slot per
patient. Clearly, the additional time for BAT pretreatment
positioning is not insignificant (approximately 25% of total
treatment time), but it may be prudent to use that extra time
when planning dose escalation near radiosensitive normal
organs. The study by Serago et al. (21) also shows that the
BAT procedure takes an average of 5.6 min after initial
training of the therapists.

Figure 5 shows that, in the AP direction, the fitted line
over time has a slope of �0.003 mm/day. The reason for
this gradual change is still unknown; however, we did find
material change in the BAT calibration phantom itself. In
our recent annual CT scan of the BAT calibration phantom,
we found that the gel material began to dry out and, in some
places, separated by more than 3 mm from the side wall of
the phantom. We suspect that this may have caused the
center of the target to sag toward the posterior direction and
contributed chronically to this alignment trend (toward an-
terior direction). Unfortunately, the previous CT scan of the
same phantom at the beginning of this study was lost and
could not be used to compare quantitatively with the recent
CT scan of the same phantom. If this is true, it signifies the
importance of performing an annual calibration procedure
in which a new BAT phantom study is created with the new
CT images of the phantom to be used for future daily
calibration. In this sense, analyzing long-term trends gives
an insight in the overall calibration of the system for poten-
tial biases. The study by Serago et al. (21) also highlights
the need for a quality assurance program that could detect
ultrasound equipment defects. Serago et al. (21) found
major malfunctions of the ultrasound in a particular month
resulting in inadequate alignment and minor repair and
recalibration issues.

In this study, the distributions of shifts in the three
directions (Fig. 2) show a random variation in prostate
position between fractions. The mean shift in each direction
was small (�1 mm) and nearly constant over time, showing

small but not clinically important systematic errors. BAT
shifts include both setup uncertainty and internal organ
variability. The slight increase in the range of BAT shifts
over time in the SI and AP dimensions (Fig. 6) suggests an
increase in setup variability over time. We hypothesized that
after extensive use of BAT alignment procedure, the ther-
apists might have paid less attention to initial setup using
skin marks and relied more directly on BAT for final posi-
tional adjustment. We also noticed that more BAT proce-
dures were performed at later dates (Fig. 5). This also means
that therapists were busier in accommodating more BAT
alignment procedures in a day, and thus may have been less
careful in accurate initial setup. Although this explanation
may be a viable one, it is not fully clear why the spread of
shifts increased slightly over time in the SI and AP dimen-
sions (Fig. 6). The point of such trend analysis is to explore
for any biases or deviations in the calibration of the BAT
system and alert the treating physician if there are major
deviations requiring adjustments. Most importantly, it must
be noted that the BAT ultrasound system corrects for both
setup uncertainty and internal organ motion, thus compen-
sating for inadequate initial setup using skin marks.

Prostate motion during the course of radiotherapy can be
significant. The interfraction SD in prostate position in this
study was found to be 4.9 mm in the AP direction, 4.4 mm
in the SI direction, and 2.8 mm in the lateral dimension.
These results are a combination of both setup variation and
internal organ motion, and the numbers obtained in this
study are similar to studies of combined uncertainty of setup
and organ motion. For instance, a study by Lattanzi (18),
which uses daily CT to assess prostate position variability,
shows the mean, SD, and range of shifts in the AP, SI, and
RL directions as follows: 0.64 � 6.0 mm, (�12 to 18 mm),
1.2 � 4.8 mm (�12 to 26.5 mm), 0.19 � 5.6 mm (�21.6
to 11.6 mm), respectively. A study by Tinger (13) of weekly
CT and daily electronic portal images computed the total
uncertainty of prostate organ motion and setup error to be
4.0 mm in the AP, 4.4 mm in the SI, and 3.0 mm in the RL
dimensions, respectively. The BAT ultrasound study by
Morr et al. (22) for 188 BAT alignments in 19 patients
showed average right-left, AP, and cranial-caudal adjust-
ment as 2.6 � 2.1 mm, 4.7 � 2.7 mm, and 4.2 � 2.8 mm,
respectively. Serago et al. (21), in their BAT analysis of 38
patients, found mean and SD distances as follows: lateral,
0.3 mm (SD 2.5); vertical, �1.3 mm (SD 4.7); and longi-
tudinal, 1.0 mm (SD 5.1).

Figure 3 shows that systematic shifts in a given patient

Table 4. Statistics of patient setup and treatment times

Time 1 SD Maximum Minimum %

Average patient setup and BAT 0:06:19 0:01:28 0:08:43 0:04:34 32
Average beam-on time 0:10:13 0:01:11 0:12:34 0:08:00 51
Patient exit and room clean-up 0:03:25 0:00:43 0:05:00 0:02:00 17
Average total time 0:19:56 0:01:53 0:23:00 0:15:00 100

Abbreviations: SD � standard deviation; BAT � B-mode Acquisition and Targeting System.
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appear to be present on the order of 7, 8, 9, or 10 mm in size.
Planning CT is a snapshot for the position of the prostate. If
the planning CT is not a good representative of treatment
position, a systematic error will occur. In particular, if the
simulation is done with an emptier rectum using an enema
and during the treatment, the filling of the rectum is not
controlled. The bladder filling is also variable during daily
treatment, which can be quite different than the shape dur-
ing the original CT scanning. This actually emphasizes the
need for adaptive radiotherapy, and the use of daily local-
ization device may be helpful in this process, where other-
wise large shifts would not be appropriately made and the
patient may have a systematic marginal miss. We recom-
mend doing a second simulation CT scan for patients with
large consistent systematic shifts. This was done for 5
patients from this study but we felt that the sample size was
too small for a meaningful analysis to report in this article.

Whereas the BAT system adjusts for interfraction
changes in prostate position, there is still concern regarding
intrafraction movement of the prostate. One of the best
studies of intrafraction motion is done by Padhani et al.
(26). Using cine–magnetic resonance imaging (MRI), they
observed prostate location in 55 patients over a period of 7
min with MRI images taken every 10 s. In 16 patients, 33
prostate movements were seen in the AP dimension. Using
the median time for a movement of 20 s, therefore, in 22%
(12/55) of patients, the prostate moved �5 mm approxi-
mately 8% of the time, and in 16% (9/55) of patients,
prostate moved �5 mm only about 7% of the time during
the 7 min time frame. Likewise, data from our own insti-
tution by Huang et al. show no significant net change in
prostate position during intrafraction prostate treatment
(28). Twenty patients had a BAT ultrasound procedure done
immediately before and after their IMRT treatment. Prostate
motion was �5 mm 100%, 99%, and 99.5% of the time in
the RL, AP, and SI directions, respectively. These studies
indicate that intrafraction prostate movement is not of grave
concern.

Margin status is dictated by various factors, including
setup variation, internal organ motion, total dose of ra-
diation used, normal tissue tolerances of the rectum and
bladder, and limitations of the localization technique.
The margins calculated from combined setup uncertainty
and internal organ motion from this data set in the RL,
AP, and SI directions, respectively, are 5.3 mm, 9.2 mm,
and 8.3 mm using Van Herk’ s method, and 5.6 mm, 9.8
mm, and 8.8 mm using 2 SD (95%) coverage. With use of
the BAT, the actual treatment margins may be smaller.
However, there are many uncertainties associated with
the use of BAT, such as inadequate image quality, oper-
ator-induced displacement of the prostate, and inaccurate
alignment, which inhibits arbitrary reduction of treatment

margins. The study by Serago et al. (21) found that the
pressure of the ultrasound probe displaced the prostate in
7 of 16 patients by an average distance of 3.1 mm either
in posterior or inferior direction. Until and unless the
accuracy of the BAT system and the precision of the
ultrasound images are more thoroughly assessed, it is
difficult to definitively ascertain margins with the use of
the BAT. The current investigation did not assess the
accuracy of the BAT itself. Although dosimetric analysis
was not done in this study, an IMRT treatment is more
sensitive to positional changes because of its sharper
penumbra and dose fall-off compared with conventional
treatment. A significant number of potential geographic
misses may result in inadequate dose distribution on one
or more borders of the prostate (23, 24, 27). On the other
hand, using margins necessary for uncertainty increased
the NTCP of the rectum from 1.3% to 9.8% in a study by
Rudat (11). In our study, margins have been empirically
reduced to 4 –6 mm posteriorly, 5–8 mm superiorly and
inferiorly, and 10 mm anteriorly and laterally with the
use of the BAT system in conjunction with IMRT. In this
study, we found that a significant percentage of large
shifts were required for adequate daily alignment (28% of
the AP shifts and 23% of the SI shifts were greater than
5 mm). Although a detailed dosimetric analysis would be
needed to demonstrate adequate dose distribution of the
target while respecting normal tissue tolerances in this
setting, the use of a localization device is suggested.

CONCLUSION

Daily BAT targeting likely improves prostate treatment
by compensating for interfraction prostate position varia-
tions resulting from combined setup error and internal organ
motion. In our experience, the BAT ultrasound system is
clinically effective, portable, and easy to use in about 5 min
before treating the patient. The quality of the BAT ultra-
sound images is good about 95% of the time. The BAT
alignments, as routinely performed by our treating thera-
pists, were acceptable 97% of the time in the set of images
with adequate quality. In 147 patients and 3228 alignment
procedures, the mean shifts (from the traditional skin-mark–
based alignment technique) were less than 1 mm in all three
directions, pointing to no clinically significant systematic
errors. The overall variation (1 SD) was 2.8 mm, 4.9 mm,
and 4.4 mm in RL, AP, and SI directions, respectively. We
found a correlation of shifts in SI and AP directions, sug-
gesting that the internal prostate position is likely affected
by a combination of bladder and rectal volume variations.
The use of a localization technique, such as the BAT, may
be helpful to deliver precise radiation treatment and dose-
escalate while minimizing treatment-related morbidity.
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