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Purpose: The highly conformal doses delivered by volumetric modulated arc therapy (VMAT) may
be compromised by intrafraction target motion. Although dynamic multileaf collimator (DMLC)
tracking can mitigate the dosimetric impact of motion on the accumulated dose, residual errors still
exist. The purpose of this study was to investigate the temporal evolution of dose errors throughout
VMAT treatments delivered with and without DMLC tracking.
Methods: Tracking experiments were performed on a linear accelerator connected to prototype
DMLC tracking software. A three-axis motion stage reproduced representative clinical trajectories
of four lung tumors and four prostates. For each trajectory, two VMAT treatment plans (low and
high modulation) were delivered with and without DMLC tracking as well as to a static phantom for
reference. Dose distributions were measured continuously at 72 Hz using a dosimeter with biplanar
diode arrays. During tracking, the MLC leaves were continuously refitted to the 3D target position
measured by an electromagnetic transponder at 30 Hz. The dosimetric errors caused in the 32 motion
experiments were quantified by a time-resolved 3%/3 mm γ -test. The erroneously exposed areas in
treatment beam’s eye view (BEV) caused by inadequate real-time MLC adaptation were calculated
and compared with the time-resolved γ failure rates.
Results: The transient γ failure rate was on average 16.8% without tracking and 5.3% with tracking.
The γ failure rate correlated well with the erroneously exposed areas in BEV (mean of Pearson
r = 0.83, p < 0.001). For the final accumulated doses, the mean γ failure rate was 17.9% without
tracking and 1.0% with tracking. With tracking the transient dose errors tended to cancel out resulting
in the low mean γ failure rate for the accumulated doses.
Conclusions: Time-resolved measurements allow pinpointing of transient errors in dose dur-
ing VMAT delivery as well as monitoring of erroneous dose evolution in key target positions.
The erroneously exposed area in BEV was shown to be a good indicator of errors in the dose
distribution during treatment delivery. © 2013 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4826161]
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1. INTRODUCTION

In radiotherapy, volumetric modulated arc therapy (VMAT)
enables efficient and highly conformal dose delivery.1–3 How-
ever, motion of the targeted tumor and surrounding organs
during treatment delivery may compromise the intended dose
distribution.4 A promising method to account for the in-
trafraction motion is dynamic multileaf collimator (DMLC)
tracking in which real-time target position monitoring is used
for continuous adaptation of the planned MLC aperture to the
moving target position.5–8

Even with DMLC tracking residual dosimetric errors
exist,9, 10 mainly because the MLC leaves cannot always adapt
to the ideal aperture, i.e., the planned MLC aperture shifted

and scaled to the current target position in beam’s eye view
(BEV) of the treatment beam.10 Inadequate MLC adaptation
may be caused by errors in each of the three sequential steps
of DMLC tracking: real-time estimation of the target position,
fitting of the MLC aperture to the estimated target position,
and leaf adjustment to the fitted MLC aperture.10 Not adjust-
ing for target rotation may additionally be a cause of dosimet-
ric error.11 Recent studies suggest dosimetric benefits of more
robust treatment planning with DMLC tracking in mind12, 13

or of alternative tracking methods, such as couch tracking,14

that are independent of the physical constraints of the MLC.
The advent of radiotherapy treatment modalities of in-

creasing complexity has recently sparked an interest in time-
resolved dosimetry. Thus, a number of methods have been
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proposed for time-resolved dosimetry ranging from veri-
fication of dynamic treatments using an electronic portal
imager device (EPID) (Ref. 15) over in vivo online error de-
tection in brachytherapy16 to measurement-guided 4D dose
reconstruction.17 Adding temporal resolution to dose mea-
surements for DMLC tracking may provide better understand-
ing of the residual dosimetric errors, which may further im-
prove the dosimetric performance of the tracking treatments.

The purpose of this study was to investigate the evolution
of the dose errors resulting from motion throughout VMAT
treatments delivered both with and without DMLC tracking
using time-resolved dose measurements.

2. METHODS

In this section, we will cover the experiments performed,
processing and analysis of the data, and the statistical methods
applied.

2.A. Experiments

Figure 1 shows the experimental setup for electromag-
netic (EM) based DMLC tracking experiments with time-
resolved measurements of the delivered dose distribution. The
experiments were carried out on a Trilogy linear accelerator
equipped with a 120 leaf Millennium MLC (Varian Medical
Systems, CA). DMLC tracking was performed by prototype
tracking software6 using the real-time 3D target position sig-
nal of a wired EM transponder system (RayPilot, Micropos
Medical, Sweden).18 The 3D target position was acquired at
30 Hz and the MLC leaves were continuously adapted to the
measured 3D position. For simulation of the dosimetric im-
pact of motion of lung tumors, prediction was used to com-
pensate for the tracking system latency, which was previously

measured to be 140 ms.18 In the current experiments, anal-
ysis of log files generated during DMLC tracking of a sinu-
soidal motion was used to determine the target position log-
ging latency, i.e., the time delay from the target occupying a
given position until the logging of this position by the tracking
software.

A dosimeter phantom (Delta4PT, Scandidos, Sweden)
(Ref. 19) with two orthogonal planar diode arrays (total of
1069 diodes) encased in cylindrical PMMA was used for
time-resolved measurements of the dose delivery. The deliv-
ered transient dose distribution, i.e., the dose delivered in a
short time interval, and the number of delivered dose pulses
was measured with the dosimeter at a rate of 72 Hz. The
dosimeter phantom was placed on a programmable motion
stage20 that was modified inhouse to carry the phantom.21

The modification consisted of a custom built platform made
of wood mounted on a three-axis motion stage in one end
and supported by a one-axis motion stage at the other end to
share the weight of the heavy phantom. Vertical phantom mo-
tion was performed by synchronous motion of the two motion
stages along the vertical axis. Lateral and longitudinal phan-
tom motion was performed by the three-axis motion stage.
The platform could follow this motion unrestrictedly due to
spherical wheels rolling on an aluminum plate mounted to the
supporting one-axis motion stage. The dose to the dosime-
ter was dampened when the treatment couch, RayPilot anten-
nae system, and/or the motion stage platform was inside the
treatment beam. However, the damping was approximately
identical for experiments with the same VMAT plan and was
assumed to cancel out when comparing motion experiments
with static reference experiments. Routine clinical quality as-
surance (QA) calibration of the Delta4PT phantom was per-
formed prior to measurements.

FIG. 1. Photo of the experimental setup for DMLC tracking. Tumor trajectories were reproduced by a three-axis motion stage that was modified to carry
a biplanar diode arrays dosimeter with support of a vertically moving one-axis motion stage. The target position was continuously provided by a wired EM
transponder system to the DMLC tracking loop. Time-resolved measurements of dose distributions were performed by the dosimeter.
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FIG. 2. Schematic representation of the data flow. At each point in time, measured doses of motion experiments with or without tracking were compared with
the measured doses of the static reference by means of a 3%/3 mm γ -test. Tracking log files containing MLC and motion data were analyzed taking into account
the dose rate measured by the Delta4PT phantom to construct dose rate-weighted areas of underexposure and overexposure Au+Ao. Finally, Au+Ao and γ

failure rates were compared.

The experiments were performed with the same tumor
motion trajectories and VMAT plans as used in previous
studies of DMLC tracking performance.9, 10 Eight represen-
tative tumor trajectories; four lung tumors measured by a
Cyberknife system22 (“Typical case”, High-frequency breath-
ing, Predominantly left-right motion, and Baseline shifts)
and four prostates measured by a Calypso EM transponder
system23 (Continuous drift, Persistent excursion, Transient
excursion, and High-frequency excursions), were carefully
selected from large thoracic/abdominal24 and prostate25 tu-
mor motion databases as representing a set of characteristic
motion patterns for these tumor sites.9 For each trajectory,
two 358◦ single-arc 6 MV RapidArc VMAT plans (low and
high modulation) were delivered to the moving phantom in
separate experiments. The collimator rotation was 90◦ result-
ing in the MLC leaves travelling along the cranio-caudal (CC)
direction. The VMAT plans were delivered with modulated
dose rate and gantry speed.10 Monitor units (MU) and treat-
ment delivery times were 342 MU and 76 s (low modulation
lung plan), 596 MU and 78 s (high modulation lung plan),
422 MU and 77 s (low modulation prostate plan), and 737 MU
and 84 s (high modulation prostate plan). The four VMAT
plans were delivered for each of the four corresponding trajec-
tories (lung or prostate) once with and once without DMLC

tracking, as well as three times to a static phantom for refer-
ence, totaling 44 separate deliveries (four tracking, four non-
tracking, and three static deliveries for each of the four VMAT
plans).

2.B. Data analysis

The data analysis is summarized in Fig. 2. After comple-
tion of the experiments, Dynalog MLC log files26 and tracking
log files from the tracking program (containing MLC aper-
tures, gantry angles, and the measured target motion) were
collected and synchronized by cross correlation of gantry an-
gles as a function of time. These log files were then synchro-
nized to the time-resolved dosimeter data by use of the Dy-
nalog beam-on flag. The time-resolved dosimeter data were
measured using the clinical Delta4PT software and exported
to plain text files using a prototype research version provided
by the vendor for optimal temporal resolution.

In order to compare the time-resolved dose of motion ex-
periments with static reference experiments, the experiments
must be synchronized. To do so the number of delivered dose
pulses was used as the indicator of treatment progression. For
each treatment plan, the total numbers of dose pulses in the
experiments were normalized to the mean total number of
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dose pulses of the relevant static experiments. The number
of dose pulses per sampling in the dose measurements ranged
from 0 to 5. To ensure robust comparison between the experi-
ments, the dose measurements were downsampled to equidis-
tant steps of 10 dose pulses by linear interpolation of the cu-
mulative dose, i.e., the built-up dose from start of beam de-
livery until the current time. The mean temporal resolution of
the downsampled dose data was 50 ± 31 ms [one standard de-
viation (SD)], which is comparable to the temporal resolution
of the Dynalog files (50 ms).

For each plan, the static reference dose was created as
the mean of the three beam deliveries to the static phantom.
The dose distributions delivered during motion were com-
pared with the static reference dose distributions using a time-
resolved 3%/3 mm γ -test,27 i.e., a γ -test comparison of dose
distributions was done for each point in time during treatment
delivery. The time-resolved γ -test was implemented in Mat-
lab (MathWorks Inc., MA) and was optimized specifically
for the Delta4PT geometry (combined 2D γ -tests of each
plane). Validation of the algorithm was done by comparing
γ index maps of measured accumulated (total from complete
beam delivery) dose distributions with the corresponding γ

index maps calculated by the clinical Delta4PT software. The
choice of pass criteria of 3%/3 mm was based on the exten-
sive use of these in the literature, thus creating a large base
of reference. Furthermore, 3%/3 mm γ pass criteria were also
used in previous studies of DMLC tracking performance for
VMAT (Refs. 9 and 10) and are routinely used for clinical
VMAT QA at our clinic. The percentage dose difference in
the γ -test was calculated relative to the maximum dose for
each corresponding point in time in the measured static refer-
ence. Detectors with final accumulated doses below 5% of the
maximum accumulated dose in the measured static reference
were excluded in the calculations.

For each of the four VMAT plans, the ability of the lin-
ear accelerator to reproduce the treatment at all times during
delivery to the static target was quantified by time-resolved γ -
tests that compared all six pairwise combinations of the three
static treatment deliveries. The γ -test failure rates with mo-
tion were calculated both for the transient, cumulative, and
final accumulated dose distributions.

The ideal MLC aperture during treatments with target mo-
tion is the planned MLC aperture shifted and scaled to the
current target position in BEV of the treatment beam. The
deviation from this ideal aperture was determined by com-
parison with the actually achieved MLC aperture and current
target position. In this analysis, the real-time measured target

position recorded in the tracking logs (rather than the trajec-
tory input into the motion stage) was used as the ground truth
target position since the EM transponder has been proven very
accurate in previous DMLC tracking experiments.18 The devi-
ation between the ideal and actual apertures was quantified as
the erroneously underexposed area Au and erroneously over-
exposed area Ao, i.e., the areas that were incorrectly outside
or inside the MLC aperture, respectively10 (see Fig. 2). The
erroneously exposed areas Au and Ao were calculated at each
time point for both tracking and nontracking treatments. In
the DMLC tracking experiments, Au and Ao had contribu-
tions from insufficient MLC adaptation occurring in the three
consecutive MLC adaptation steps: target localization, leaf fit-
ting, and leaf adjustment.10 Without tracking the main contri-
bution to Au and Ao was the noncompensated target motion
in BEV. To account for dose rate variations, the time-resolved
dose rate-weighted sum of the under- and overexposed areas
(hereafter denoted Au+Ao) was calculated using the dose rate
measured by the dosimeter.

2.C. Statistical analysis

A possible linear relationship between transient γ -test fail-
ure rates and Au+Ao was tested in Matlab by Pearson’s
product-moment correlation coefficient using a significance
level of 5%. The assumptions for the statistical model were
checked by a density histogram plot, Q-Q plots, and diagnos-
tic plots of the residuals of a simple linear regression.

3. RESULTS

The target position logging latency of the connected EM
transponder and DMLC tracking software was found to be
90 ms. The total number of dose pulses delivered to the static
target for the VMAT treatment plans had a mean SD of 0.3%
of the mean total number of dose pulses. The total treatment
delivery time for the VMAT treatment plans was independent
of DMLC tracking being applied and had a mean SD of 0.4%
of the mean total treatment time. Mean time resolutions after
downsampling and the spread in time resolutions due to dose
rate modulation are listed in Table I. For all treatment plans,
the three treatment deliveries to the static phantom resulted
in total accumulated doses with 0% γ -test failure rates when
compared pairwise with each other using 3%/3 mm criteria.
This reproducibility was somewhat lower for the cumulative
doses (mean γ -test failure rate of 0.22%) and transient doses
(mean γ -test failure rate of 1.43%) as seen in Table I. The

TABLE I. Temporal resolution and reproducibility of treatments to the static phantom by the mean of time-resolved γ failure rates of final accumulated,
cumulative, and transient doses in static experiments.

Lung Lung Prostate Prostate
VMAT plan (low modulation) (high modulations) (low modulation) (high modulation)

Mean time resolution ± 1 SD (ms) 68 ± 19 40 ± 13 56 ± 19 35 ±10
Accumulated (%) 0 0 0 0
Cumulative (%) 0.27 0.19 0.39 0.01
Transient (%) 1.30 1.29 2.39 0.76
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FIG. 3. Percentage of detectors failing the 3%/3 mm γ -test during VMAT without tracking (rear left bars) and with tracking (front left bars) for the four lung
tumor trajectories (top) and the four prostate tumor trajectories (bottom). (Left) Low-modulation VMAT plans. (Right) High-modulation VMAT plans. Mean
γ -test failure rates of transient dose distributions are also shown without tracking (rear right bars) and with tracking (front right bars). Note the different y-scales
between lung and prostate tumor trajectories.

number of detectors included in the γ -tests ranged from 395
to 685 between VMAT treatment plans.

Figure 3 shows that considerable transient γ -test fail-
ures were observed during delivery both without tracking
(mean of 16.8%) and with tracking (mean of 5.3%). How-
ever, tracking tended to mitigate the systematic component
of erroneous delivery allowing residual errors to cancel out.
Thus, the mean γ failure rate of final accumulated doses
dropped from 17.9% without tracking to 1.0% with tracking.
Only for the high modulation prostate plan were the errors
in final accumulated dose considerably different from zero.
The mitigation by tracking of the systematic component of
erroneous dose delivery is visualized by the dose to a sin-
gle detector with and without tracking in the example in
Fig. 4.

The time-resolved results of the deliveries of the two high
modulation treatment plans are shown in Figs. 5 and 6. In-
specting rows A-C for nontracking experiments in each of
Figs. 5 and 6 immediately shows a strong resemblance be-
tween the 2D displacement of the target as seen in BEV of the
treatment beam, the Au+Ao, and the transient γ failure rate.
For tracking treatments, there is still large similarity between
Au+Ao and the transient γ failure rates (note, for instance,
the peaks at the abrupt target position shifts in the transient
excursion prostate trajectory in Fig. 6), while the similarity
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FIG. 4. Transient absorbed doses in one sample detector for the high-
modulated lung VMAT plan delivered to the phantom reproducing the “Typ-
ical case” lung trajectory without tracking (top) and with tracking (bottom).
This lung trajectory displays a systematic position shift. The reference dose
to the static phantom (thin line) is the same in both plots. The doses measured
in either tracking or nontracking treatments to the moving phantom are shown
as thick lines. Resulting transient underdosage and overdosage are visualized
by areas.
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(A)

(B)

(C)

(D)

(E)

FIG. 5. Comparison of target motion, exposure errors, and dosimetric errors during the high modulation VMAT deliveries for the four lung trajectories. Row A:
absolute 2D displacement of the target from the origin in BEV of the treatment beam. Rows B-D: transient dose rate-weighted sum of erroneously underexposed
and overexposed areas Au+Ao (B), γ -test failure rate of transient doses (C), and γ -test failure rate of cumulative doses (D) for deliveries with and without
tracking. Row E: scatter plots of γ -test failure rates of transient doses versus Au+Ao (i.e. row C versus row B) with and without tracking. The Pearson linear
correlation coefficient r is listed for each scatter plot.

(A)

(B)

(C)

(D)

(E)

FIG. 6. Comparison of target motion, exposure errors, and dosimetric errors during the high modulation VMAT deliveries for the four prostate trajectories.
Row A: absolute 2D displacement of the target from the origin in BEV of the treatment beam. Rows B-D: transient dose rate-weighted sum of erroneously
underexposed and overexposed areas Au+Ao (B), γ -test failure rate of transient doses (C), and γ -test failure rate of cumulative doses (D) for deliveries with and
without tracking. Row E: scatter plots of γ -test failure rates of transient doses versus Au+Ao (i.e. row C versus row B) with and without tracking. The Pearson
linear correlation coefficient r is listed for each scatter plot.
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with the BEV motion trajectory is less obvious. This is be-
cause the displacement in BEV is compensated for by MLC
adaptation, and Au+Ao and the transient γ failure rate instead
reflect the residual tracking error. The γ -test failure rates of
cumulative doses (row D in Figs. 5 and 6) to some extent re-
flect Au+Ao (row B) at start of treatment, but the resemblance
disappears 10–20 s into the treatment. The γ -test failure rates
of cumulative doses also show how erroneous treatment de-
livery may be compensated during the remainder of the treat-
ment, e.g., prostate high frequency excursions in Fig. 6. The
strong correlation between Au+Ao and transient γ -test fail-
ure rates at any point in time during treatment delivery is fur-
ther visualized by the scatter plots in row E of Figs. 5 and 6.
The mean of correlation coefficients across all VMAT treat-
ment plans and tumor trajectories was r = 0.83 including both
tracking and nontracking treatments, indicating strong linear
correlation between Au+Ao and transient γ failure. The cor-
relation was highly statistically significant (p < 0.001) in all
cases.

4. DISCUSSION

Measurements of dose distributions with high temporal
resolution were demonstrated for VMAT treatments with
and without DMLC tracking, clearly illustrating transient
motion induced errors in the delivered dose distributions.
Errors in transient doses can be measured independently of
the linear accelerator using the technique for time-resolved
measurements of dose distributions developed for this study
and utilized to pinpoint transient errors in beam delivery. This
technique is not limited to tracking treatments and is readily
applicable for nonclinical employment such as phantom
studies and machine QA.

High reproducibility of transient and cumulative dose dis-
tributions is of course imperative for the credibility of the re-
sults in the present study. The treatment was shown to be very
reproducible for transient, cumulative, and final accumulated
doses during delivery. The mean γ failure rates of transient
dose distributions for treatment deliveries to static phantoms
represent lower bounds for the γ failure rates achievable
with perfect tracking. The numbers of detectors included in
the γ -tests were several hundred for every VMAT treatment
plan, thus providing an acceptable data quantity for the
γ -tests.

DMLC tracking based on a wired EM target localization
system was applied to amend erroneous delivery of dose dis-
tributions due to motion. While DMLC tracking greatly im-
proved treatment delivery, large residual errors still existed in
the transient dose. Transient errors tended to cancel out in the
final accumulated dose for most VMAT deliveries, however,
leaving substantial accumulated dose errors present only for
tracking of the high modulation prostate plan delivered with
the relatively slow prostate motions of the continuous drift
and persistent excursion trajectories (Fig. 3). For prostate mo-
tion, leaf fitting has previously been shown to be the dominant
error contributor for DMLC tracking.10 If the target moves
perpendicular to the MLC leaves, the leaf fitting cannot be
made without errors. For high frequency motion, the result-

ing transient dosimetric errors will tend to cancel out whereas
they may build up for slower motion, where the target may
stay shifted in the same direction for considerable periods of
time, leading to systematic dose errors. This is probably the
reason for the larger residual accumulated dose errors for the
slow prostate trajectories when tracked with the high modula-
tion VMAT plan. The results suggest that thinner MLC leaves,
or restraints on the level of plan modulation, could improve
the tracking. Alternatively, methods of target tracking that do
not involve leaf fitting or leaf adjustment in the beam-target
realignment, such as gimbal tracking28 or couch tracking,14

could be used.
The γ -test failure rates of accumulated doses in Fig. 3

are similar to, but generally somewhat lower than, those re-
ported in two earlier studies of other types of DMLC tracking
with the same tumor motion trajectories and VMAT plans.9, 10

Those studies both used a PTW ion chamber array, which
has a lower resolution than the dosimeter used in the present
study. In both studies, the dosimeter was also placed in a hor-
izontal plane rather than the present biplanar diagonal con-
figuration. Thus, different parts of the dose distribution have
essentially been measured. The lower γ failure rates may also
be due to the lower latency of the real-time target localiza-
tion system used in the present study, or it may be caused
by differences in the sections of the tumor trajectories that
were used. Different combinations of motion and apertures
will yield different interplay effects. The spread in this uncer-
tainty was not investigated since only one tracking and one
nontracking measurement was performed per trajectory for
each VMAT plan. The demonstrated link between BEV tar-
get displacements, Au+Ao, and transient γ -test failure rates
is, however, likely to hold independent of the trajectory sec-
tions used for the experiments. The present γ -test results have
been validated by the highly modulated VMAT lung plans be-
ing delivered twice with comparable results and by the results
of our own γ -test being compared with results from the γ -test
in the clinical Delta4PT software.

There was good linear correlation between Au+Ao and γ -
test failure rates of transient doses. Good correlation has pre-
viously been demonstrated between the mean of Au+Ao dur-
ing treatment and the γ failure rate of the final accumulated
dose distribution.10 Here, we have shown that Au+Ao are a
good surrogate for the level of the γ failure rate of transient
dose at any point in time during treatment delivery. Since
Au+Ao can be calculated in real time, it allows intrafrac-
tion monitoring of an indicator of dosimetric accuracy of the
tracking and nontracking treatment delivery. This in turn al-
lows for correction strategies such as instant beam holds sim-
ilar to conventional gating scenarios. For fixed gantry beams,
the target dose distribution is approximately proportional to
the 2D fluence that the beam delivers to the moving target.
In such cases, keeping track of Au and Ao during a treat-
ment will also be able to indicate cumulative dose errors.
Unfortunately, Au and Ao cannot reconstruct how transient
errors in dose build up or cancel out for treatments with
beams with multiple gantry angles, such as arc treatments. In
such cases, cumulation of dose errors requires a full 3D dose
calculation.
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5. CONCLUSIONS

Measurements of dose distributions with high temporal
resolution were demonstrated for VMAT treatments with and
without DMLC tracking. Transient errors in dose distributions
during VMAT treatment delivery due to motion were thus
rendered visible. DMLC tracking greatly improved the final
accumulated dose distributions to moving targets, although
large transient errors were yet found to exist. The transient
errors tended to cancel out with tracking leaving only small
accumulated dose errors. The time-resolved measurements al-
low pinpointing of transient errors in dose delivery as well
as monitoring of erroneous dose evolution in key target posi-
tions. The erroneously exposed areas Au+Ao were shown to
be a good indicator for transient dose errors that can be mon-
itored in real time during treatment.
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