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Abstract
Purpose—To evaluate the feasibility of using tomotherapy to deliver whole brain radiotherapy
(WBRT) with hippocampal avoidance, hypothesized to reduce the risk of memory function decline,
and simultaneously integrated boost to brain metastases to improve intra-cranial tumor control.

Methods and Materials—Ten patients treated with radiosurgery and WBRT were replanned on
tomotherapy using original CT scans and MR-CT fusion defined target and normal structure contours.
The individually contoured hippocampus was used as dose-limiting structures (<6Gy); the whole
brain dose was prescribed at 32.25 Gy to 95% in 15 fractions and simultaneous boost doses to
individual brain metastases were 63 Gy to lesions ≥ 2.0cm in maximum diameter, and 70.8 Gy to
lesions < 2.0cm. Plans were generated with a field width (FW) of 2.5cm, and in five patients with
FW of 1.0cm. Plans were compared regarding conformation number (CN), prescription isodose to
target volume (PITV) ratio, target coverage (TC), homogeneity index (HI), and mean normalized
total dose (NTDmean).

Results—A 1.0cm compared with 2.5cm FW significantly improved the dose distribution. Mean
CN number improved from 0.55±0.16 to 0.60±0.13. Whole brain homogeneity improved by 32%
(p<0.001). NTDmean to the hippocampus were 5.9±1.3 and 5.8±1.9 Gy2, for 2.5 and 1.0cm FW,
respectively. Mean treatment delivery time for 2.5 and 1.0cm FW plans were 10.2±1.0 and 21.8±1.8
minutes.

Conclusions—Composite tomotherapy plans achieved 3 objectives: homogeneous whole brain
dose distribution equivalent to conventional WBRT; conformal hippocampal avoidance;
radiosurgically-equivalent dose distributions to individual metastases.
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I. Introduction
Whole brain radiation therapy (WBRT) is usually the primary treatment option for patients
with multiple brain metastases extending median survival time approximately from 1 to 4
months. Survival has not been shown to increase in patients with multiple metastases with
added stereotactic radiosurgery (SRS) (1) or radiosensitizers. (2) Different dose, timing, and
fractionation schemas have been investigated but none have shown superior survival or
neurologic improvement compared to standard schedules. (3,4) WBRT provides palliation of
symptoms; the main treatment aim is prolongation of the time to neurocognitive decline and,
related to this, maintaining the patient’s quality of life (QOL) as long as possible. Radiation
therapy is a mainstay in pursuing this aim, but may in itself also cause neurocognitive decline
months after therapy. Long-term serious and permanent toxic effects including cognitive
deterioration and cerebellar dysfunction have been described. (5) DeAngelis et al. suggests
that as many as 11% of long term brain metastases survivors (>12 months) treated with WBRT
develop dementia, especially with the use of larger dose-per-fraction schedules. (6)

A recent publication by our group presents a detailed analysis of the time course of
neurocognitive function (NCF) decline in 8 prospectively measured domains in 208 brain
metastases patients treated with 30 Gy WBRT. NCF, assessed by tests of memory, executive
function, and fine motor coordination, were correlated to MRI-measured metastases volume
regression. (7) NCF and survival were compared in 135 patients evaluable at 2 months with
tumor shrinkage below (poor responders) and above (good responders) the population median.
Mean NCF scores and brain metastases volume at 4 and 15 months were compared. Good
responders experienced a significantly improved survival. For all tests, the median time to NCF
deterioration was longer in good than in poor responders, with statistical significance seen for
executive and fine motor function. However, memory functions were most susceptible to early
decline, even in patients with non-progressing brain metastases. These findings suggest that
achievement of macroscopic lesion control is an important treatment aim. Furthermore,
strategies preserving memory-related NCF should be investigated.

Following WBRT, patients can present with progressively severe deficits in hippocampal-
dependent functions. (8) Recent studies indicate that the functions of learning, memory (short
and long term), and spatial information processing are affected by irradiation of the
hippocampus; the current postulate is that although several functional areas of the brain are
responsible for these functions, the stem cell compartment housing the necessary progenitor
cells resides within the hippocampus and is exquisitely radiosensitive. Hence, irradiation of
this compartment causes depletion of cells necessary for neurogenesis, especially for the
memory domains. (9)

The above findings lead to the testable hypothesis that avoidance of the hippocampus during
WBRT (WBRT-HA) may delay the onset and/or reduce the severity of neurocognitive deficits
in survivors by selectively sparing stem cells responsible for post-WBRT neurogenesis.
Further, the dose to clinically manifest brain metastases should be increased in an attempt to
prolong the time to intracranial disease progression. However, the anatomical shape and central
location of the hippocampus poses an interesting radiation delivery challenge. Kron et al. have
shown that the large number of beam projections and helical delivery of tomotherapy permits
good dose conformity to complex structures and superior conformal avoidance of critical
structures indicating that tomotherapy may be of benefit for WBRT-HA. (10)
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Proliferation of tumor cells during radiotherapy is an important postulated cause of treatment
failure. (11) Studies have suggested that it is not necessarily just the high proliferation rate
prior to initiation of radiotherapy, but rather the ability of the tumor to respond to cytotoxic
trauma by accelerated repopulation. (12) Accelerated proliferation may be compensated for by
an accelerated-boost, a concept well validated in trials of head-and-neck as well as non-small
cell lung cancers. (13,14) Boosting of metastases has already been shown to improve local
tumor control, and possibly survival, in patients with up to 10 lesions. (15) Bhatnagar et al.
suggest a thought-provoking and challenging conclusion that radiosurgery may enhance
survival in selected patients with multiple brain metastases. Helical tomotherapy has been
previously shown to deliver comparable target coverage and conformity to brain lesions as
standard radiotherapy techniques. (16–18) Additionally, delivery of boost dose to multiple
metastases has been also been accomplished. (19)

In view of the above, we hypothesized that improved intracranial control of brain metastases
could prolong the time to neurocognitive function decline. In order to achieve this goal, we
would need to (1) conformally avoid the hippocampus, (2) treat the remaining whole brain to
traditional WBRT-equivalent doses to sterilize micro-metastatic disease, and (3)
simultaneously boost gross metastatic diseases to radiosurgical–equivalent doses. To meet
these three objectives within a deliverable treatment plan, we investigated the unique delivery
geometry of helical tomotherapy to generate a single, composite plan. This study additionally
varied the pitch and field width to quantify its dosimetric impact on treatment plans in order
to provide the physical treatment-planning and delivery mechanism that would allow us to test
the hypothesis articulated above in a prospective clinical trial.

II. Methods and Materials
With approval by our Institutional Review Board, ten patients diagnosed with brain metastases
and treated with linac-based SRS with or without WBRT in our institution were replanned with
clinically deliverable helical tomotherapy. Seven of the ten patients had more than one brain
metastasis. The number of metastases ranged from one to five with a mean of 2.5±1.4. Patient
characteristics are shown in Table 1. The planning target volumes (PTV) for metastases ranged
from 0.35 to 34.33 cm3, median of 1.72 cm3. Location of the metastases resembled previously
published distribution results with the majority located in the cerebral hemispheres followed
by the cerebellum. (20)

Patients were scanned by a computed tomography (CT) system (Discovery LS, GE Medical
Systems, Milwaukee, WI) using axial scan mode. CT scan implemented 1.25 mm slice
thickness over the entire head region. Each patient also underwent a T1-weighted, 3-D Spoiled
Gradient (SPGR), post-contrast axial magnetic resonance imaging (MRI) scan using a 1.5T
MR scanner (GE Medical Systems, Milwaukee, WI) with 1.25mm slice thickness. Anatomical
contours were delineated on the fused CT and MR image sets in the treatment planning system
(TPS) Pinnacle3® Ver.8.1s (Philips Medical System, Fitchburg WI), Figure 1. The
hippocampus was manually contoured while the whole brain and eyes were contoured using
model-based segmentation. A 2 mm volumetric margin expansion was applied to the visible
metastases to create the PTV based on the interfractional image registration accuracy of helical
tomotherapy. (21). A 5 mm volumetric margin expansion was applied to the hippocampus. A
whole brain clinical target volume (WB-CTV) was generated by subtracting the PTV
metastasis volumes and the hippocampus with the 5 mm expansion volume from the whole
brain contour. CT images and associated contours were transferred to tomotherapy TPS
(TomoTherapy Inc, Madison, WI) from Pinnacle3® TPS via DICOM-RT protocol.

Helical tomotherapy allows the delivery of image-guided, intensity-modulated radiation
therapy (IG-IMRT). (22) Details of the inverse planning algorithm used in tomotherapy have
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been previously described. (23) Tomotherapy optimization is guided using several parameters
unique to helical tomotherapy. The user defines the prescription to the tumor structures, field
width defined by the primary jaws, modulation factor (MF), pitch, and resolution of calculated
dose grid. In tomotherapy, the field width is defined as the slice thickness of the radiation field
projected at the isocenter along the gantry rotation axis. Current Hi-ART® machines typically
have three commissioned field widths of approximately 1.0, 2.5, and 5.0cm. The modulation
factor is defined as the ratio of the maximum leaf opening time to the average opening time of
all of the non-zero leaf opening times. The pitch is defined as the ratio of the distance the couch
travels per rotation to the field width at the gantry axis.

For this study, the majority of plans were generated using a 2.5cm FW to obtain the most
conformal treatment plan deliverable in a reasonable time period. Selected patients were also
planned with a nominal 1.0cm FW. Pitches equivalent to 0.866 divided by an integer were used
in this study based on the thread effect work by Kissick et al. (24). For all plans, the modulation
factor was set to 3.5. In general, a higher modulation factor facilitates higher dose gradients;
however, the benefit of increasing the modulation factor quickly diminishes above 3.0. Higher
modulation factors lead to longer treatment times. Prescription doses were 32.25 Gy to 95%
volume of the whole brain (WB-CTV), 63 Gy to 95% volume of metastases ≥2.0cm in
maximum diameter, and 70.8 Gy to 95% volume of metastases <2.0cm in 15 treatment
fractions. These dose fractionation schedules were derived from RTOG 0023 such that the
expected acute complications, NTD10, were matched for the target volumes treated to the boost
dose in RTOG 0023. (25) Directional blocking was utilized for the eyes, and the dose constraint
applied was no more than 50% of the eyes receive more than 5Gy. Maximum dose constraints
to the eyes and hippocampus were 5 and 6Gy, respectively. If a brain metastasis was in close
proximity to the chiasm, maximum dose to the chiasm was constrained to 55Gy. Since the
brain stem was part of the whole brain CTV, it was assigned the same dose constraints as the
WB-CTV.

During the planning process, tomotherapy TPS downsampled CT image resolution to 128 ×
128 pixels in each slice and increased slice width from 1.25mm to 2.5mm over the entire CT
image volume set. This was necessary to reduce the amount of memory required for
optimization. In addition, patient-specific quality assurance was performed for a 1.0cm
treatment plan to test delivery feasibility. A 1.0cm field width test case was selected as this
would represent a “worse case” delivery situations due to longer treatment time and higher
modulation factor.

Plan comparison criteria
Treatment plan comparison metrics compared the following criteria: conformation number
(CN), prescription isodose to target volume (PITV) ratio, target coverage (TC), homogeneity
index (HI), and mean normalized total dose (NTDmean) for critical structures. The PTV of the
metastases was used as the target volume.

Dose conformity was characterized by the conformation number (CN) as proposed by van’t
Riet et al., which accounts for dose coverage and normal tissue irradiation to prescription dose.
(26) The CN is defined as:

(1)

where Vpres is the volume receiving a dose greater than or equal to the prescription dose,
VT,pres is the volume within the target receiving a dose equal to or greater than the prescription
dose, and VT is the planning target volume. The first term in Equation 1 depicts the target
coverage. The second factor represents the proportion of Vpres that actually covers the target
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volume. The conformation number ranges between 0 and 1. A value of 1 represents a
prescription isodose covering the target volume exactly without irradiating normal tissue and
indicates optimal conformation.

For comparison and reference purposes, the prescription isodose to target volume ratio and the
target coverage were computed. The prescription isodose volume to target volume ratio (PITV)
is defined as follows: (27)

(2)

PITV values < 1.0 indicate that the target volume is not completely covered by the prescription
isodose volume, whereas values > 1.0 indicated a too liberal coverage. Note, that PITV ratios
near 1.0 do not imply that the two volumes closely coincide spatially unless the PTV is
completely contained within the prescription isodose volume. The target coverage (TC)
parameter describes the fraction of the target volume receiving at least the prescription dose
and is defined as:

(3)

For perfect coverage, TC equals 1.0.

Dose homogeneity in the target volumes were quantified by the homogeneity index (HI) as
recommended by the ICRU. (28) The HI is defined as the highest dose delivered to 2% of the
target volume (D2%) minus the dose delivered to 98% of the target volume (D98%) divided by
the median dose (Dmedian) of the target volume.

(4)

Smaller values of HI correspond to more homogenous irradiation of the target volume. A value
of 0 corresponds to absolute homogeneity of dose within the target.

Normal tissue sparing was quantified using maximum and mean normalized total dose (NTD).
(29) NTD is defined as the total dose, if delivered in 2 Gy fractions, that would have the same
biological effect as the actual treatment fractionation schedule for a specific tissue. An α/β ratio
of 2 Gy was assumed for the hippocampus, and a ratio of 3 Gy for the eyes.

III. Results
Metastases Analysis

Table 2 lists the mean indices values for all metastases as a function of field width and pitch
for tomotherapy plans. Mean CN values showed a 9% improvement (p < 0.011) when reducing
the FW from 2.5 to 1.0cm. Mean PITV values (± 1 SD) for metastases using a 2.5cm FW
showed little dependence on pitch but improved significantly by 15% (p < 0.038) when
decreasing the FW from 2.5 to 1.0cm. There was no significant difference in mean TC values
among the pitches with 2.5cm FW and between the two field widths. Additionally, mean HI
values were invariant with pitch using the larger FW however showed a significant 13% (p <
0.011) improvement with a smaller FW.

Previous studies found that dose conformity of gamma knife radiosurgery plans improved with
increasing PTV volume. (30) To test whether this was the case for tomotherapy plans,
metastases were sorted into two volume bins, using a cut point of 2.05 cm3. Table 3 shows
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mean and standard deviation of the dosimetric indices for 2.5cm FW plans. The mean CN
values were 60% higher (0.444 vs. 0.708) for volumes greater than 2.05 cm3. Similarly, mean
PITV value were 43% lower (p < 0.0003) for volumes greater than 2.05 cm3. Homogeneity
also improved by 14% (p < 0.049) for larger volumes. Target coverage was slightly higher for
smaller volume metastases. No significant impact of lesion volume was assessed with the
1.0cm FW due to the insufficient number of metastases in each dose bin.

Whole Brain Analysis
Table 2 lists the mean index values of dose coverage for the whole brain. No significant
difference was noted among the pitches using the 2.5cm FW; however, a 32% (p < 0.001)
reduction of mean HI value was noted between the 2.5 and 1.0cm FW. The improved
homogeneity with the smaller field width was also visually notable in the relative, cumulative
dose volume histograms (DVH) during optimization—see Figure 2. Mean TC values are also
shown in Table 2. For various pitches and field widths, differences in mean TC values were
not significant and all showed adequate whole brain coverage.

Hippocampus Dose
Our main planning objective was to reduce the dose to the hippocampus as much as possible
without jeopardizing coverage of the metastases and whole brain. Table 4 lists the dose statistics
for the hippocampus of each patient as a function of pitch and field width. For the majority of
patients, the mean dose was approximately 6.0 Gy2 with the exception of patient 9 who had 5
metastases. The larger mean dose to the hippocampus for this patient can be attributed to the
fact that 3 of the 5 metastases were in the same delivery plane as the hippocampus and eyes—
slightly limiting conformal avoidance ability by reducing the number of delivery projections.
No significant difference in average NTDmean to the hippocampus was observed among the
pitches using the 2.5cm FW and between the 1.0 and 2.5cm FW. In terms of maximum dose,
there was no difference in the average maximum NTD to the hippocampus among the pitches
using the 2.5cm FW. A 13% (16.9 vs. 14.7, p < 0.02) average maximum NTD reduction was
noted when the FW was reduced from 2.5 to 1.0cm.

Eye Dose and Treatment parameters
Table 5 shows the average NTDmean to the eyes as a function of pitch and field width. Average
NTDmean to the eyes did not differ significantly among pitches using a 2.5cm FW. A 19%
reduction (p < 0.06) in average NTDmean was noted when reducing the FW to 1.0cm. Mean
modulation factor (MF) for treatment plans increased as the pitch increased for a fixed FW.
Reduction of the FW to 1.0cm resulted in a mean modulation factor increase of 13% (p
<0.0008). The increase in the mean modulation factor for the smaller FW may be attributed to
the decrease in the mean leaf open time. For a fixed pitch, open time per gantry rotation for a
given leaf required to fully irradiate a fixed target decreases as the FW decreases since
additional gantry rotations can be used to make up for the decreased leaf open times in a given
rotation.

Mean treatment plan parameter values for gantry period and treatment time are also shown in
Table 5. For 2.5cm FW, gantry period increased as pitch increased. More specifically, the
percent increase in pitch is almost numerically equivalent to the percent increase in gantry
period. A 34% increase of pitch from 0.215 to 0.289 leads to a 36% increase of mean gantry
period from 19.0 to 25.9 seconds. Similarly, a 50% increase from 0.289 to 0.433 produced a
48% increase of the mean gantry period from 25.9 to 38.3 seconds. This effect can be attributed
to the fact that the total amount of energy deposited in the patient must be independent of pitch
—assuming a constant dose prescription. Since the dose rate is fixed, the gantry rotation speed
decreases—increasing the gantry period and decreasing the number of rotations—to
compensate for the decreased time that is spent irradiating the fixed volume. The observation
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that pitch is proportional to gantry period agrees with the work on modeling simple
tomotherapy dose distributions performed by Fenwick et. al. (31) Mean treatment times did
not vary among pitches with the 2.5cm FW. The overall treatment time for the pitches with the
2.5cm FW was roughly 10 minutes of beam on time. With 1.0cm FW, mean treatment time
increased 126% (p < 0.0001) from 10.2 to 21.8 minutes.

Patient-specific delivery quality assurance was performed for one treatment plan using a 1.0cm
FW to verify delivery feasibility. The treatment plan was delivered in the tomotherapy
cylindrical solid water phantom. Dose measured using both KODAK EDR2® ready pack film
(Eastman Kodak Company, Rochester NY) and an A1SL Exradin ion chamber (Standard
Imaging, Middleton, WI) shows excellent correlation between calculated and delivered dose
distributions—Figure 3. Figure 3a shows two profiles in the coronal plane: one across the
metastasis and another across the hippocampus. Figure 3b shows the results of a gamma index
distribution map (acceptance criterion: 3% or 3mm DTA) as described by Low et. al. (32)
Values of the gamma index larger than 1 correspond to locations where the calculation does
not meet the acceptance criterion.

IV. Discussion
In this study, a composite helical tomotherapy plan was constructed to meet three particular
objectives: (1) deliver radiosurgical-equivalent dose distributions to multiple metastases, (2)
deliver a homogeneous dose distribution to the whole brain, equivalent to conventional WBRT,
and (3) conformally avoid the hippocampus without jeopardizing whole brain or metastases
coverage. To judge the usefulness of this composite technique, the quality of each component
must exceed or match the current accepted standard of care. For metastases, a measure of the
quality of the dose distribution can be assessed through indices such as conformity. For the
whole brain, the assessment can be made by target coverage and homogeneity. For the
conformal avoidance of the hippocampus, the dose should be reduced as much as possible with
sharp dose gradient fall off.

To assess the quality of our plans, we compared our results with previous studies on
radiosurgery. Nakamura et al. compiled dose conformity statistics on 1338 lesions treated with
gamma knife radiosurgery and reported measures of conformity equivalent to our CN and
PITV. (30) It is important to mention that the CN value is a better quality measure than the
PITV ratio, for it accounts for spatial deviations as well as conformity between the prescription
isodose and target volume. Nakamura et al. found a median CN value of 0.56 for all lesions
as our study found a median value of 0.59. For reference purposes, we also compared our
median values of PITV for the different volume quartiles quoted. They found for the second
target volume (0.25 –1.5 cm3), third target volume (1.6–5.5 cm3), and fourth target volume
(5.6–55.9 cm3) quartile median CI values of 1.85, 1.53, and 1.35, respectively. For our plans,
using the same target volume bins, median values of 2.22, 1.34, and 1.17, respectively, were
obtained. Thus, it appears our technique is capable of producing similar or better conformity
than gamma knife radiosurgery for target volumes greater than 1.5 cm3.

For volumes less than 1.5 cm3, we found the size of the longitudinal dimension of the target
volume relative to the FW becomes significant. If the FW is much larger, a “ballooning” of
the isodose line in the longitudinal direction occurs thus generating a larger prescription dose
volume yielding an increased PITV ratio. This was evident when one observes the median
PITV values of the second target volume quartile as a function of FW. Median PITV values
for 2.5 and 1.0cm FW were 2.25 and 1.74, respectively. Hence, it appears that for lesions
smaller than 1.5 cm3 it would be beneficial to use a smaller FW to reduce the volume of normal
tissue irradiated to prescription dose. Similarly, Nakamura et al. noted worse conformity for
smaller target volumes; however, no complications of radiosurgery were observed. They
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concluded that conformity, due to its relative and not absolute nature, does not seem to be very
important for very small, absolute volume lesions (< 1.0 cm3). Our results indicate that this
technique is capable of delivering radiosurgical quality dose distributions to multiple
metastases of varying size even when used in combination with WBRT-HA.

As for the WBRT component, adequate target coverage is achieved as shown by the mean TC
values in Table 2. In terms of homogeneity, the HI improves significantly when using a 1.0cm
FW. Traditionally, WBRT without hippocampal avoidance is delivered with two lateral-
opposed beams producing inhomogeneities on the order of 6–8%. From Table 2, we note that
the inhomogeneity is on the order of 48% for tomotherapy plans. However, the values quoted
in the table are meant to be interpreted relatively and not absolutely. Since the hippocampus
and metastases are both located within the brain, two opposite objectives are being
accomplished. Even though the hippocampus and metastases are not considered part of the
brain structure, their respective dose gradients fall within the brain structure. Therefore, the
numerator in Equation 4 governing the HI value is purposely increased leading to larger HI
values. Hence, absolute values of HI indexes obtained when concomitantly conformally
avoiding and selectively boosting are not a good measure of the true homogeneity of the entire
brain. A better index of true overall homogeneity could be the measure of the full width half
maximum (FWHM) of the differential DVH—since the tails would be excluded. Nonetheless,
excluding the artificial low and high dose tails on the DVH, the majority of the whole brain
dose is quite homogeneous as would be seen with traditional irradiation techniques.

Conformal avoidance of the hippocampus during WBRT to preserve neurocognitive function
is a novel idea. (33) As previously mentioned, recent studies suggest that the pathogenesis of
radiation induced neurocognitive deficit may—at least in part—be due to radiation injury to
proliferating neuronal progenitor cells in the sub granular zone of the hippocampus. We are
cognizant that several other regions of the brain are involved in memory processing and
retention functions, and emphasize that this specific testable hypothesis focuses on sparing the
migrating stem cell compartment in the hippocampus responsible for post-WBRT neurogenesis
as a component of preserving memory function. This does not implicate structural damage to
a specific brain location. The novelty of hippocampal avoidance to delay the onset of
neurocognitive deficits poses many unanswered questions. What is the dose threshold below
which hippocampal stem cell neurogenesis is preserved to a clinically relevant extent? In our
plans, the lowest average NTDmean to the hippocampus achievable was 0.39 Gy2 per fraction
(5.8 Gy2 total dose) using the 1.0cm FW. Is this dose low enough to not affect memory-related
NCF in humans? The answer remains uncertain until WBRT-HA is implemented clinically.

Another potential concern is whether hippocampal avoidance leads to loss of tumor control for
metastases found in or close to this region. A study carried out in our institution evaluated MR
scans of 100 patients with brain metastases (n = 272), specifically in terms of distribution, and
identified that only 9 (3.3%) were within 5mm of the hippocampus, implying that a 5mm
margin around the hippocampus for conformal avoidance would be unlikely to result in an
inordinately high failure rate. (34) Moreover, for patients presenting with a metastasis in close
proximity to the hippocampus, it may be possible to sacrifice portions of the hippocampus (or
ipsilateral hippocampus entirely) adjacent to the metastasis while still avoiding the contralateral
portion.

This integrated technique of hippocampal avoidance, WBRT, and integrated boosts to multiple
metastases delivered with a single helical tomotherapy plan seems to match the accepted quality
of each independent component. While the 1.0cm FW improved the mean index values of
PITV, CN, and HI for the metastases, homogeneity of the whole brain dose, and reduced the
mean dose to the eyes, the treatment time more than doubled relative to that of a 2.5cm FW.
To take advantage of the benefits from a smaller FW on the metastases while maintaining an
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overall fast treatment time, two treatment plans could be generated and delivered sequentially.
The treatment planning for both of these would have to be done together so that the effect of
the 2.5cm FW could be included in the 1.0cm FW plan. The treatment plan with a 2.5cm FW
setting would deliver the whole brain dose with hippocampus avoidance then the 1.0cm FW
could be delivered targeting only the multiple metastases. Furthermore, the notion of
dynamically modulating the FW during treatment would in theory increase conformity to
metastases of varying volumes, improve homogeneity to the whole brain, and reduce dose to
the hippocampus in the optimal treatment delivery time. (35)

V. Conclusion
We investigated the use of helical tomotherapy for the delivery of WBRT with hippocampal
avoidance (WBRT-HA) and simultaneously integrated multiple metastases boost. We
performed dosimetric comparisons among treatment plans as a function of pitch and field
width. It was noted that the smaller field width (1.0cm) improved the mean index values of
PITV, CN, and HI for metastases, dose homogeneity to the whole brain, and reduced the mean
dose to the eyes. Average NTDmean to the hippocampus remained invariant among different
pitches and field widths studied. Treatment times were more than doubled using the 1.0
compared with the 2.5cm FW. Patient-specific delivery quality assurance performed in a
cylindrical solid water phantom verified feasibility of treatment plan delivery. The ability to
deliver radiosurgical quality dose distributions to multiple metastases, a homogeneous dose
distribution to the whole brain, and conformally avoid the hippocampus in a single treatment
plan is unique to helical tomotherapy.
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Figure 1.
Example segmentation of single brain metastasis (green) and hippocampus (blue) in a T1-
weighted 3D-SPGR MR image data set of 1.25 mm slice thickness.
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Figure 2.
(Top) Example isodose distribution of WBRT-HA with SIB of three metastases using helical
tomotherapy. (Bottom) Corresponding cumulative, normalized DVH for WBRT-HA with SIB
to three metastases. Two metastases prescribed to 70.8 Gy (magenta & blue), one metastasis
to 63 Gy (green), whole brain (red) to 32.25 Gy. Hippocampus (black) and eyes (cyan) are
shown. Dashed line represents plan with 1.0cm FW, and solid line represents plan with 2.5cm
FW—both pitch of 0.289. Plans normalized to prescription dose for comparison purposes.
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Figure 3.
(A) EDR2® film of coronal plane for sample patient treatment plan delivered in tomotherapy
cylindrical solid water phantom. Profiles were acquired through metastasis (top yellow line)
and hippocampus (bottom yellow line). Both profiles show superior correlation between
measured and calculated dose distributions. (B) Gamma index distribution map between
calculated and measured planar dose distributions shows good correlation.
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Table 1
Metastases Description and Treatment Plan Prescriptions

Patient no. Metastases PTV Volume (cc) Prescription Dose (Gy)

1 3 1.27 70.8
4.35 63.0
0.59 70.8

2 4 34.33 63.0
17.99 63.0
5.24 63.0
1.20 70.8

3 4 0.90 70.8
0.67 70.8
0.51 70.8
0.35 70.8

4 2 3.30 70.8
3.57 70.8

5 2 0.51 70.8
0.51 70.8

6 1 3.34 63.0
7 1 0.87 70.8
8 2 9.15 63.0

2.05 70.8
9 5 6.24 63.0

2.01 70.8
1.62 70.8
0.79 70.8
1.72 70.8

10 1 2.63 70.8
Mean 2.5 ± 1.4 4.2 ± 7.3

Abbreviations: PTV = planning target volume
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Table 3
Statistical Analysis of Indices for Metastases Based on Volume

Mean and standard deviation p value

2.5 cm FW < 2.05 cm3 vs. ≥ 2.05 cm3

Index < 2.05 cm3 ≥ 2.05 cm3

CN 0.444 ± 0.002 0.708 ± 0.001 < 0.001
PITV 2.12 ± 0.01 1.21 ± 0.02 < 0.001
TC 0.945 ± 0.001 0.920 ± 0.007 0.03
HI 0.125 ± 0.002 0.108 ± 0.006 0.049

The two-tailed p values were results from paired t-tests.
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Table 5
Mean and Standard Deviation of Eyes and Various Treatment Plan Parameters.

2.5 cm FW 1.0 cm FW

Parameter 0.215 0.289 0.433 0.289

Eyes (Gy3) 3.8 ± 1.4 3.7 ± 1.2 3.8 ± 1.4 3.0 ± 1.7
MF 1.94 ± 0.33 2.10 ± 0.29 2.13 ± 0.28 2.37 ± 0.06
Gantry Period (sec) 19.0 ± 1.8 25.9 ± 2.8 38.3 ± 3.9 25.8 ± 3.6
Tx Time (min) 10.0 ± 0.9 10.2 ± 1.0 10.0 ± 1.0 21.8 ± 1.8

Abbreviations: MF = Modulation Factor, Tx = treatment
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