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Image-guided radiotherapy (IGRT) is a new radiotherapy technology that combines the
rapid dose fall off associated with intensity-modulated radiotherapy (IMRT) and daily tumor
imaging allowing for high precision tumor dose delivery and effective sparing of surrounding
normal organs. The new radiation technology requires close collaboration between radiologists,
nuclear medicine specialists, and radiation oncologists to avoid marginal miss. Modern
diagnostic imaging such as positron emission tomography (PET) scans, positron emission
tomography with Computed Tomography (PET-CT), and magnetic resonance imaging (MRI)
allows the radiation oncologist to target the positive tumor with high accuracy. As the tumor is
well visualized during radiation treatment, the margins required to avoid geographic miss can
be safely reduced, thus sparing the normal organs from excessive radiation. When the tumor
is located close to critical radiosensitive structures such as the spinal cord, IGRT can deliver
a high dose of radiation to the tumor and simultaneously decreasing treatment toxicity, thus
potentially improving cure rates and patient quality of life.

During radiotherapy, tumor shrinkage and changes of normal tissues/volumes can be detected
daily with IGRT. The volume changes in the target volumes and organs at risk often lead
to increased radiation dose to the normal tissues and if left uncorrected may result in late
complications. Adaptive radiotherapy with re-planning during the course of radiotherapy is
therefore another advantage of IGRT over the conventional radiotherapy techniques. This
new technology of radiotherapy delivery provides the radiation oncologist an effective tool to
improve patient quality of life. In the future, radiation dose-escalation to the residual tumor
may potentially improve survival rates. Because the treatment complexity, a great deal of
work is required from the dosimetry staff and physicists to ensure quality of care. Preliminary
clinical results with IGRT are encouraging but more prospective studies should be performed
in the future to assess the effectiveness of IGRT in improving patient quality of life and local
control. In this Frontiers Research Topic, we encourage submission of original papers and
reviews dealing with imaging for radiotherapy planning, the physics and dosimetry associated
with IGRT, as well as the clinical outcomes for cancer treatment with IGRT for all tumor sites.
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During most of the last century, verification of patient position on the radiotherapy treatment table
was considered adequate if exposed on a photographic film by a megavoltage beam. It was a general
standard to expose such a film once a week, to be approved by a radiation oncologist. The latter
approved it after comparison to a kilovoltage simulation film exposed at the time of initial setup of
the patient before the treatment regimen started.

A common rule was to allow a +<5 mm variation from the simulation to the treatment portal
film. This often resulted in either an approval for the next weeK’s treatment fractions or a rejection
and retake of that or the next day’s portal film. There was no film record of the next four fractions.
The problems included megavoltage film resolution judged from kilovoltage simulation films as
well as unrecorded possible errors for the next four fractions. Another error source was soft tissue
contrast in both of these films.

The evolution of computerized axial tomography (CAT) scan from the mid-twentieth century
has allowed for 3D reconstruction of the patient’s soft tissue structures by improved resolution in
millimeter scan slices.

Development of the digital image visualization on computer screens now allows for fusing
the reconstructed simulation image (DRR) from the CAT scanner with the mega- or kilovoltage
rendering of the patients treatment beams. This has allowed the skilled radiotherapist to adjust
the beam within a preset millimeter 3D frame to the patient’s anatomy. With this precision, a daily
treatment fraction is given. The radiation oncologist can then check that body position errors have
been corrected before each treatment.

Further improvement include the cone beam image obtained from the treatment accelerator and
fused over the DRR, introduction of gold markers in the target volume and triangulating their
positions into the simulation scan, as well as utilizing kilovoltage and or megavoltage images to attain
precise beam geometry for each daily radiotherapy fraction. Another method is to use a diagnostic
CAT scanner that is mechanically attached to the accelerator.

These imaging techniques are used to assure that the planned dose only covers the intended target
and encompasses the IGRT concept in radiotherapy. If used properly, the precision of treatment is
improved from centimeter to millimeter realms (1) and is expected to be used globally in cancer
radiotherapy. Our experience is that few treatment portals need to be rejected as long as there is a
requirement of immediate report to the oncologist that a specified position error has been discovered
and corrected.

We consider it a necessary ingredient for clinical studies in order to measure and compare IGRT
outcome data. It has the potential of not only providing better toxicity results but also to give better
outcome data for patient groups who are thought to be at higher risk for toxicity, e.g., frail elderly
and patients with abnormal radiosensitivity. It may also offer an avenue for dose escalation because
of better organ sparing.
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New Radiotherapy Technique for Accurate Delivery

Our preliminary evidence is encouraging for the use
of IGRT.

Elderly (>70 years of age) and younger head and neck cancer
groups both tolerated definitive chemo-IGRT, without difference
in grade 3-4 toxicity, treatment breaks, and with less weight loss
in the elderly group (2). Another study resulted in disease-specific
survival of 75% at 4 years and acceptable toxicity (3).

Elderly patients with multiple comorbidities and locally
advanced rectal cancer tolerated preoperative chemo-IGRT when
compared to younger patients (4). These preliminary studies sug-
gest that IGRT may become the treatment of choice for elderly
cancer patients.

Another subset of patients who may benefit from IGRT
is patients with human immunodeficiency virus (HIV) infec-
tion and anal cancer. They may have an increased sensitivity
to radiation because of thiol deficiency (5). Grade 3-4 skin,
hematologic and gastrointestinal toxicity were frequent among
HIV positive patients undergoing standard chemoradiotherapy
and may result in death (6, 7). Chemo-IGRT may therefore
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provide HIV patients the opportunity to be treated with less
toxicity (8, 9).

Finally, IGRT may allow for radiation dose escalation in cancers
with high-risk for loco-regional recurrences. A recent randomized
study reported a 2-year survival of 57 and 44% and local failure
of 30 and 38% for locally advanced NSCLC treated to 60 and
74 Gy, respectively. The poor survival in the 74 Gy group may be
associated with cardiac toxicity (10).

A 3-year survival of 45% and local failure of 15% was reported
for patients with locally advanced NSCLC treated to 70-75 Gy
with chemo-IGRT, with minimal toxicity (11). Dose escalation
was also feasible in patients with locally advanced esophageal
cancer because of lung and cardiac sparing (12).

These preliminary results are intriguing but need to be corrob-
orated in future prospective studies.
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Edited by: _ Background: The National Lung Screening Trial demonstrated that screening for lung can-

LCJ;;/L:”J;Z Karisson, Marshfield cerimproved overall survival (OS) and reduced lung cancer mortality in the 55- to 74-year-old

R ; ab age group by increasing the proportion of cancers detected at an early stage. Because of the
eviewed by:

increasing life expectancy of the American population, we investigated whether screening
for lung cancer might benefit men and women aged 75-84 years.

Daniel Grant Petereit, Rapid City
Regional Hospital, USA
Nam Phong Nguyen, International

Geriatric Radiotherapy Group, USA Materials/Methods: Rates of non-small cell lung cancer (NSCLC) from 2000 to 2009 were

calculated in both younger and older age groups using the surveillance epidemiology and
end reporting database. OS and lung cancerspecific survival (LCSS) in patients with Stage
I NSCLC diagnosed from 2004 to 2009 were analyzed to determine the effects of age and
treatment.
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Results: The per capita incidence of NSCLC decreased in the 55-74 cohort, but increased
in the 75-84 cohort over the study period. Crude lung cancer death rates in the two age
groups who had no specific treatment were 39.5 and 44.9%, respectively. These rates fell in
both age groups when increasingly aggressive treatment was used. Rates of OS and LCSS
improved significantly with increasingly aggressive treatment in the 75-84 age group. The
survival benefits of increasingly aggressive treatment in 75- to 84-yearold females did not
differ from their counterparts in the younger cohort.

Conclusion: Screening for lung cancer might be of benefit to individuals at increased risk
of lung cancer in the 75-84 age group. The survival benefits of aggressive therapy are
similar in females between 55-74 and 75-84 years old.

Keywords: lung cancer, elderly, screening, radiotherapy, thoracic surgery

INTRODUCTION elderly population in the United States is increasing rapidly. Life

The results of the National Lung Screening Trial (NLST) were
reported in 2011 (1). This study randomized 53,454 patients who
had at least a 30-pack-year history of smoking, did not have a
previous history of lung cancer, and were between ages 55 and
74 years old to receive three annual low-dose computerized tomo-
grams (CT) or a single posteroanterior chest X-ray. Patients in
the CT arm had a 20% relative reduction in lung cancer-specific
mortality and a 6.7% reduction in the risk of death from any
cause. These reductions appear due to finding cancers at a much
earlier, more curable stage than otherwise expected (1, 2). How-
ever, this trial did not include individuals aged 75 years or older
(defined as “elderly”), yet more than half of all lung cancers in
North Americans occur in patients aged over 70 years (3, 4). The

expectancy has increased over time in all races, and the burden of
lung cancer remains substantial in the elderly (5). Women aged
75years have an average life expectancy of 12.9 years, and men
have an average of 11.0 years (6).

We therefore chose to investigate whether screening might be
beneficial in the elderly population (75-84 years old) by determin-
ing the outcome for patients with Stage I non-small cell lung cancer
(NSCLC) in this age cohort and comparing it to that of patients
55-74 years old. Our findings suggest that individuals in both age
cohorts have similar outcomes when treated in the same fashion,
and therefore screening may be of benefit to elderly individuals
at increased risk of lung cancer who are fit enough to undergo
treatment.
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DATA AND METHODS

DATA SOURCE

Data for this study were taken from the surveillance epidemi-
ology and end results (SEER) program of the National Cancer
Institute (NCI), which started to collect and publish cancer inci-
dence and survival data from population-based cancer registries
in 1973. The “SEER-9” registries are Atlanta, Connecticut, Detroit,
Hawaii, Iowa, New Mexico, San Francisco-Oakland, Seattle-Puget
Sound, and Utah. Data are available for cases diagnosed from
1973 and later for most of these registries. The “SEER-18” data-
base used in this study includes the above registries and those
in Los Angeles, San Jose-Monterey, Rural Georgia, Greater Cal-
ifornia, Kentucky, Louisiana, New Jersey, Greater Georgia, and
the Alaska Native Tumor Registry (7). Data are available from
all cases diagnosed from 2000 and later for these registries.
The SEER-18 sites cover approximately 28% of the American
population (8).

COHORT SELECTION

Since small cell lung cancer rarely presents at an early stage even
when screening is employed (1-2.2%) (9), we excluded patients
with this histology from our study. We included adults aged
55-84 years who were diagnosed with NSCLC in the SEER-18
data-base during 2004-2009. A total of 191,868 patients aged 55—
74 years and 94,828 patients aged 75-84 years met the eligibility
criteria. Since the data from the SEER registry are de-identified,
no IRB approval was requested.

Outcome was examined for the 14,007 patients with NSCLC
diagnosed during the years 2004—2009 for whom sufficient infor-
mation was collected to assess the outcome of treatment in relation
to patient and histopathologic variables. Patients included in this

investigation had NSCLC as their first primary cancer, tumor size
4 c¢cm or smaller, clinical T1-2NO0 disease, extension codes 100, 110,
or 300, and only one type of local treatment (e.g., patients receiving
both radiation and surgery were excluded).

OUTCOME VARIABLES AND OTHER COVARIATES

The outcome variables were overall survival (OS) and lung cancer-
specific survival (LCSS). Deaths from other causes were treated as
censoring events. The exploratory variable of main interest was
the type of treatment that patients received. Treatments were cat-
egorized as: observation only; radiation only; subtotal resection
(sub-lobar resection; segmental resection, including lingulectomy;
or wedge resection); and lobectomy or greater (lobectomy or bi-
lobectomy, with or without extension to include the chest wall;
lobectomy with mediastinal node dissection; extended lobectomy
or bi-lobectomy, not otherwise specified; pneumonectomy with
mediastinal node dissection; or pneumonectomy, not otherwise
specified).

Other variables (in addition to age cohort) examined for their
potential effect on outcome were: gender; year of diagnosis; marital
status; race; Hispanic origin; tumor size; histology; grade; location;
and extension. Median follow-up time was 26 and 21 months in
the 55- to 74- and 75- to 84-year-old age groups, respectively.

STATISTICAL ANALYSIS

The incidence rates of NSCLC per 100,000 individuals in the
SEER-18 population were calculated via SEERSTAT. T-tests were
performed to analyze if there was significant difference in inci-
dence rates by age group. Trend analyses were used to determine if
incidence rates exhibit an increasing or decreasing trend over time.
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Table 1 | Patient characteristics by age groups (N =14,007).

55-74 75-84 p-Value 55-74 75-84 p-Value
TREATMENT LOCATION (%)
Observation 612 (6.4) 541 (12.2) <0.0001  Left, NOS 64 (0.7) 42 (1.0)
Radiation 903 (9.4) 829 (18.8) Right, NOS 71(0.7) 40(0.9)
Subtotal resection 1,621 (16.9) 818 (18.5) NOS 51(0.5) 17 (0.4)
Lobectorny 6452673 2231 (50.9) Median tumor size, mm 19.1 (6.5) 20.5 (6.3) <0.0001
YEAR AT DIAGNOSIS '
2004 1,476 (15.4) 659 (14.9) 06155 \aes are N (%) or median (standard error).
2008 1,468 (15.3) 689 (15.6) Chi-square tests and t-tests.
2006 1,620 (16.9) 726 (16.4) Some values missing.
2007 1,661 (17.3) 735 (16.6)
2008 1,664 (17.4) 788 (17.8)
2009 1,699 (17.7) 822 (18.6) Chow tests were used to determine whether the slopes in two linear
MARITAL STATUS trend lines of incidence rates were equal by age group (10).
Married 5,618 (58.6) 2,203 (49.9)  <0.0001 Chi-square and ¢-test were used to compare difference between
Separated 91 (1.0) 16 (0.4) the two age cohorts with respect to treatment, patient characteris-
Single (never married) 989 (10.3) 245 (5.5) tics, and tumor characteristics. OS and LCSS were calculated using
Widowed 1315(13.7) 1,482 (33.5) Kaplan—Meier estimation (11). The statistical significance of dif-
Unknown 281 (2.9) 135 (3.1) ferences between these rates was calculated using the log-rank test.
GENDER Cox proportional hazards model estimates (12) were used to show
Female 5,189 (54.1) 2,504 (56.7) 00049 how treatment and other covariates were related to outcome. The
Male 4399 45.9) 1,915 (43.3) older cohort was divided into two age groups in the multivariate
RACE analyses (aged 75-79 and 80-84 years). The hazards ratio (HR)
White 8,215 (85.7) 3,951(89.4) <0.0001 for treatments and their corresponding p-values were estimated
American Indian/Alaska native 34 (0.4) 10(0.2) from the regression coefficient, and the standard error from the
Asian or Pacific Islander 45948  221(6.0) proportional hazards models.
Black 848 (8.8) 227 (5.1) To better understand the relationship of treatment and survival
Other unspecified (1991+) 7(0.1) 400 between the age cohorts, we included an interaction effect between
Unknown 5(0.3) 6(0.1) treatment and age group in proportional hazards models. All mul-
HISPANIC ORIGIN tivariate analyses were conducted using SAS software version 9.2,
Non-Spanish-Hispanic-Latino 9,209 (96.1) 4,241 (96.0) 08324 and all statistical tests assumed a two-tailed o = 0.05.
Spanish-Hispanic-Latino 379 (4.0) 178 (4.0)
HISTOLOGY RESULTS
Squamous 2411 (28.8) 1.295(33.1) <0.0001 TLheannual incidence rates per 100,000 persons for NSCLC were
Adenocarcinoma-BAC 780 (9.3) 282 (72) significantly higher in the 75-84-year-old age group than in
Large cell 310 (3.7) 139 (3.6) the younger age group (Figure 1). Of note, the annual inci-
Adenocarcinoma 3,956 (473) 1,651 (42.1) dence rates increased over time for the older female age cohort
Other NSCLC 177 2.1) 78 (2.0) (p=0.0017) while staying stable for older males and younger
NSCLC NOS 727 8.7) 473 (12.1) females and decreasing for younger males (p = 0.0065). The Chow
GRADE tests revealed significant difference in the slopes of trend lines
Well-differentiated 1537 (160)  677(163)  <0.0001 (P =0.0017), especially for women (p =0.0011). The proportion
Moderately differentiated 3,648 (38.1) 1,563 (35.4) of NSCLC cases fell in the 55-74 group and increased in the 75—
Poorly differentiated 2705 (28.2) 1,148 (26.0) 84 group during the study period for all stages as well as Stage I
Undifferentiated; anaplastic 165 (1.7) 76 (1.7) tumors <4 cm (data not shown).
Unknown 1,532 (16.0) 955 (21.6) Characteristics of the 14,007 patients who met our study’s eli-
LOCATION (%) gibility criteria for outcome analysis (9,588 in the younger and
Left lower lobe 1,214 (12.7) 618 (14.0) 0.0545 4419 in the older cohorts) are listed in Table 1. The study cohort
Right lower lobe 1,565 (16.3) 743 (16.8) was evenly distributed during 2004-2009, and the yearly distri-
Main bronchus 15 (0.2) 10(0.2) butions were not significantly different in the two age groups.
Left upper lobe 2637 (275) 1,241 (28.1) The proportion of widowed patients in the younger group was
Middle Lobe 496 (5.2) 227 (5.1) substantially lower than in the older group (13.7 vs. 33.5%;
Overlapping lesions 41 (0.5) 1(0.5) p <0.0001); 54.1% of patients in the younger group were female,
Right upper lobe 3434 (35.8) 1,460 (33 0) which was lower than the older group (56.7%, p=0.0049); and
85.7% of patients in the younger group were white, lower than
(Continued)  in the older group (89.4%, p < 0.0001). Approximately 96% of
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Table 2 | Top three causes of death and 5-year overall survival rates in patients with stage | non-small cell lung cancer, 2004-2009.

55-74 Age group

75-84 Age group

Observation Radiation  Subtotal Lobectomy Observation Radiation Subtotal Lobectomy
resection resection

Sample N 612 903 1,621 6,452 541 829 818 2,231
Alive % 40.0 54.3 779 84.1 33.8 53.4 68.3 747
Death from lung cancer % 39.5 30.0 13.0 9.0 44.9 311 16.0 13.2
Diseases of heart % 4.7 2.8 14 1.7 5.2 43 5.1 2.8
Chronic obstructive pulmonary 5.1 5.2 2.2 1.1 3.7 4.0 3.2 1.8
disease and allied cond %
SAMPLE N
Male 299 421 748 2,931 234 342 359 980
Female 313 482 873 3,621 307 487 459 1,251
DIED OF LUNG CANCER
Male % 43.5 32.8 13.8 10.5 43.2 30.7 19.5 16.0
Female % 35.8 276 12.3 77 46.3 314 13.3 11.0
5-YEAR OVERALL SURVIVAL
Male % 10.5 22.4 59.2 69.6 8.8 13.0 34.2 50.8
Female % 25.0 28.7 61.7 75.7 10.9 19.8 579 64.2
patients were non-Hispanic, and the distributions of Hispanic
ethnicity were not significantly different in the two age groups. Both Genders
There were fewer squamous cell carcinoma patients in the younger
group than in the older group (28.8 vs. 33.1%, p <0.0001);
and 54.1% of the tumors in the younger group were well- w5570 m75.84

differentiated or moderately differentiated, higher than among
patients in the older group (50.7%, p < 0.0001). Approximately
28% of patients had cancer diagnosed in the left upper lobe, and
the distributions of location were not significantly different in
the two age groups. The average tumor size was 1.4 mm smaller
in the younger group than the older group (19.1 vs. 20.5 mm,
p <0.0001). As expected, younger patients were more likely to
be treated with lobectomy or pneumonectomy (67.3 vs. 50.5%,
p <0.0001).

Table 2 and Figure 2 show the proportion of NSCLC patients
who died (crude death rates) from lung cancer by treatment and
age group during 2004-2009. Lung cancer was the most com-
mon cause of death in all treatment groups in the younger age
cohort. Lung cancer was also the most common cause of death in
all treatment groups in the older cohort. Crude death rates from
lung cancer decreased in both age cohorts as the aggressiveness of
treatment increased.

Table 2 also shows that the 5-year OS rates improved signif-
icantly with increasingly aggressive treatment in both the 55-75
and 75—84-year age groups. The survival curves in Figure 3 again
revel that OS improved significantly with increasingly aggressive
treatment in the 75-84 group among both genders. The survival
curves in the older group for each treatment appear to be similar
to those for the younger group.

Adjusted risks of death were determined using standard multi-
variate Cox proportional hazards models, including year of diag-
nosis, marital status, race, Hispanic ethnicity, tumor size, tumor
grade, tumor location, histology, tumor extension, and treatment
covariates. Table 3 displays the predictors of OS and LCSS from

13

Observation Radiation Subtotal resection  Lobectomy

FIGURE 2 | Cause of death from lung cancer (crude) by treatment and
age group (%): 2004-2009.

the hazards models in males and females in three age groups
(the elderly group was split into 75- to 79- and 80- to 84-year
age groups). Similar to the younger cohort, the risk of death
due to any cause in the 75-79 and 80-84-year age group was
significantly higher in patients treated with subtotal resection,
radiation, or observation than for patients treated with lobectomy
or greater.

Multivariate analysis included an interaction effect between
treatment and age group showed that there are gender differ-
ences in how aggressive treatment affects outcome for patients
in different age cohorts (Table 4). For female patients, the sur-
vival benefits of aggressive therapy are similar between 55-74 and
75-84 year-old age groups. In contrast, the survival benefits of
aggressive therapy are different between the 55-74 group and the
75-84 group in male patients.
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Table 3 | Adjusted hazards ratios for survival among the elderly age

group: comparison between treatments.

Overall survival

Lung cancer-specific

survival

55-74-YEAR AGE GROUPS

Male
Observation
Radiation

Subtotal resection
Lobectomy (reference)

Female
Observation
Radiation

Subtotal resection
Lobectomy (reference)
75-79-YEAR AGE GROUPS

Male
Observation
Radiation

Subtotal resection
Lobectomy (reference)

Female
Observation
Radiation

Subtotal resection
Lobectomy (reference)
80-84-YEAR AGE GROUPS

Male
Observation
Radiation

Subtotal resection
Lobectomy (reference)

Female
Observation
Radiation

Subtotal resection
Lobectomy (reference)

N=3,951
6.090 (<0.0001)
3.781 (<0.0001)
1.387 (0.0003)
1.000

N =4,301

5.497 (<0.0001)
3.487 (<0.0001)
1.697 (0.0271)
1.000

N=1,087
3.940 (<0.0001)
2.008 (<0.0001)
1.325 (0.0451)
1.000

N=1,324
6.268 (<0.0001)
2.862 (<0.0001)
1.420 (0.0221)
1.000

N =631

3.862 (<0.0001)
1.999 (0.0003)
1.878 (0.0005)
1.000

N=827

4.459 (<0.0001)
3.276 (<0.0001)
1.137 (0.5387)
1.000

N=3,951

7.285 (<0.0001)
4.652 (<0.0001)
1.401 (0.0055)
1.000

N=4,301

6.170 (<0.0001)
3.838 (<0.0001)
1.789 (<0.0001)
1.000

N=1,087

5.302 (<0.0001)
2.665 (<0.0001)
1.340 (0.1405)
1.000

N=1,324
10.283 (<0.0001)
3.962 (<0.0001)
1.533 (0.0389)
1.000

N =631

3.955 (<0.0001)
2.261 (0.0011)
1.672 (0.0424)
1.000

N =827

5.874 (<0.0001)
4.653 (<0.0001)
1.090 (0.7816)
1.000

Adjusted for year of diagnosis, marital status, race, Hispanic ethnicity, tumor size,
tumor grade, tumor location, histology, and tumor extension.

Causes of mortality and death rates within 90 days of treatment
are listed in Table 5. The mortality rates within the observation
arms exceeded those of the active treatment arms for both age
group categories.

DISCUSSION

After the NLST trial report appeared, an expert panel composed
of members of the National Comprehensive Cancer Network
(NCCN), American College of Chest Physicians, American Soci-
ety of Clinical Oncology, and American Cancer Society reviewed
the literature and endorsed screening in patients aged 55- to 74-
years who have a 30-pack-year history of smoking who continue to
smoke or quit smoking within the past 15 years (13). However, the
American Association for Thoracic Surgery recommended screen-
ing for smokers and former smokers with a 30-pack-year history

of smoking and long-term lung cancer survivors aged 55-79 years
(4). The NCCN has recommended screening according to risk cri-
teria starting at the age of 50, but did not recommend an upper age
limit (14). Elderly patients were not included in four prospective,
randomized trials investigating the role of low-dose CT screen-
ing (15-18). Although three trials included patients older than the
NLST [maximum age 75, 76, and 80 years, respectively (19-21)],
all are much smaller and have not reported an effect of CT screen-
ing on LCSS and OS. This is unfortunate, since the elderly make
up a rapidly increasing part of the population of the United States
and other industrialized countries, and their incidence rate of lung
cancer is higher than for younger age groups.

The role of aggressive treatment for lung cancer in elderly
patients has been controversial. Clearly some patients who might
be eligible for a screening program based on smoking history
will not receive either radiation or surgery because of refusal
or co-morbidities. Additionally, smoking-related co-morbidities
and quality of life worsen in the elderly smoking population
as compared to younger patients (22). However, in our investi-
gation, lung cancer remains the most common cause of death
for patients in this age group who develop this diagnosis, and
aggressive treatment seemed to benefit those who underwent it
(particularly for women). Moreover, lung cancer deaths remain
the most common cause of death despite the inclusion of only
Stage I tumors and without the exclusion of patients with mul-
tiple co-morbidities. Additionally, despite the broad spectrum of
treating physicians in SEER, the 90-day mortality remained low
(<6%) in all active treatment arms, suggesting appropriate candi-
date selection. Because the majority of patients receive a definitive
surgical procedure in the younger and older populations (84.2
and 69.0%, respectively), we assume that like past studies (23, 24),
those patients not selected for surgery most likely were medically
inoperable. It should be emphasized that even in this unselected
population, the majority of the elderly population with Stage I
NSCLC were able to receive surgery, the standard of care, with
relatively low rates of mortality (30- and 31- to 90-day mortali-
ties were 2.1 and 3.5% in the lobectomy group and 1.8 and 3.5%
in the sub-lobar resection group) during the post-operative time
period.

As a society, we must be concerned with the costs of screen-
ing as well as the radiation exposure in the patients undergo-
ing screening. Nevertheless, low-dose CT screening could also
be used to detect other smoking-related ailments such as coro-
nary artery disease, chronic pulmonary disease, and osteoporosis
(25) as well as other smoking-related cancers (26). Furthermore,
because radiographic signs associated with COPD (pulmonary
artery enlargement and percentage of lung with a density of
<—950 Hounsfield units) (27, 28) are associated with acute COPD
and changes in FEV1, such changes could be used for evaluation
and treatment.

There are many limitations to the SEER database. It does not
include information concerning co-morbidities, past or present
cigarette use, type of radiotherapeutic treatment [stereotactic body
radiation therapy (SBRT) or conventional external beam], fam-
ily history of cancer, medications, chemotherapeutic treatments,
occupational exposures, symptoms of lung cancer, and recent
weight loss. Additionally, our patient population is predominantly
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Table 4 | Wald tests of the interaction effect between age group and treatment in Cox proportional hazards model.

N Wald Pr > Chi Sq
chi-square
Overall survival, male, 55-74 vs. 75-79 5,038 173800 <0.0001
Lung cancerspecific survival, male, 55-74 vs. 75-79 5,038 6.6519 0.0839
Overall survival, male, 55-74 vs. 80-84 4,582 29.1234 <0.0001
Lung cancerspecific survival, male, 55-74 vs. 80-84 4,582 14.5713 0.0022
Overall survival, female, 55-74 vs. 75-79 5,625 6.4545 0.0915
Lung cancerspecific survival, female, 55-74 vs. 75-79 5,625 8.1917 0.0422
Overall survival, female, 55-74 vs. 80-84 5,128 76409 0.0540
Lung cancerspecific survival, female, 55-74 vs. 80-84 5,128 4.8190 0.1855

Adjusted for year of diagnosis, marital status, race, Hispanic ethnicity, tumor size, tumor grade, tumor location, histology, tumor extension, age group, and treatment.

Caucasian, therefore, our results may not pertain to other racial
groups. Nonetheless, we feel that the findings from our study are
provocative.

The success of any screening program depends upon the ability
to find early-stage disease and whether treatment of early-stage
disease is beneficial. Because lung cancer survival depends greatly
upon initial tumor stage (29) and only small improvements in
survival have been seen in the last several decades in advanced
disease (30), we feel that our study may help identify a population
who were not identified in the initial screening studies and who

may benefit from lung cancer screening. Although, screening may
result in unnecessary treatment for breast and prostate cancers,
our results show that even in Stage I tumors (4 cm or less in size)
almost 40% of patients in both the younger and older groups will
succumb to lung cancer if they do not receive radiation or surgery.
Additionally, despite the expected increase in smoking-related co-
morbidities with age (22), the majority of the elderly population
received surgical treatment and had an increase in survival as the
treatment became increasingly aggressive similar to the younger
patient group who would be eligible for screening. Furthermore,
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Table 5 | Mortality rates and causes of mortality within 90 days of treatment.

55-74 Group 75-84 Group

Observation Radiation Sub-lobar Lobectomy Observation Radiation Sub-lobar Lobectomy
Initial patient # 612 903 1,621 6,452 541 829 818 2,231
% Mortality 30 days 8.5 0.8 13 1.0 9.6 1.7 1.8 2.1
% Mortality in 31-90 days 74 2.8 1.0 1.4 5.1 2.5 35 3.5
CAUSES OF MORTALITY IN FIRST 90 DAYS?
Lung cancer (%) 52 84 46 53 48 64 24 50
Heart disease (%) 14 1 12 17 12 26 10
COPD and related conditions (%) 9 6 7 6 17 9
Suicide and self-inflicted injury (%) 6
Unknown (%) 7 1 13 12 7 14
Pneumonia and influenza (%) 7 6
Other infectious diseases (%) 6
CVA (%) 5

2Only causes of death exceeding 5.0% were listed for each treatment and age group category.

lung cancer is the most frequent cause of cancer death in both
genders (31).

It should be noted that our results demonstrate an increas-
ing incidence of lung cancer, and beneficial effects from aggressive
treatment in the 75- to 84-year-old age group, but they do not sug-
gest a screening population per se. Like the NLST, we eliminated
all patients with previous lung cancer and information concerning
co-morbidities was not available. Additionally, co-morbidity data
within large administrative databases depend upon the accuracy
of coding which has been noted to be subject to much variability
and underreporting in the past (32—34). However, differently than
the NLST, smoking history was not known. Therefore we could
not limit our analysis to patients with a 30-pack-year history of
smoking. Nevertheless, because greater than 85% of lung cancers
in the US are caused by cigarette smoking (35), the majority of
patients in our study were most likely current or past cigarette
smokers. Furthermore, even within the NLST, it appears the fur-
ther refinement of eligible patients would result in a more optimal
selection of candidates for screening. Sixty percent of patients at
highest risk for lung cancer death in 5 years accounted for 88%
of screening-prevented lung cancer deaths. These authors noted
similar results when assessing the benefits of screening according
to lung cancer incidence and that both the estimate of lung can-
cer death and incidence increased with age (36). Therefore, we
feel that prospective studies are needed to assess the most benefi-
cial populations to screen for lung cancer, but we do not feel that
patients should be discriminated against screening based upon age
alone.

We feel that the beneficial effects of treatment may have been
underestimated in our patient population. SEER-18 represents
approximately 28% of the US population regardless of physi-
cian expertise or hospital volume. Because lung cancer surgery
depends greatly upon both hospital (37) and physician volume
(38), the surgical outcomes may not be optimized. Additionally,
SBRT has higher control rates than conventional radiotherapy and
may offer an improvement in survival and control rates similar
to surgical resection (24, 39). However, as of 2007, only 1.1% of

the patients with Stage I NSCLC in the Medicare-SEER popu-
lation received SBRT as compared to 14.8% who received con-
ventional radiotherapy (40). Therefore, the full beneficial effects
of radiotherapy are probably under appreciated in our investiga-
tion. Moreover, SBRT can be easily administered to patients with
multiple co-morbidities and may result in fewer patients being
observed (39).

CONCLUSION

Because the rates of lung cancer are rising in the elderly and
because increasingly aggressive treatment is beneficial in these
patients, screening the 75- to 84-year-old age groups may be bene-
ficial. Furthermore, it should be noted that most of this unselected,
elderly population was able to undergo a definitive surgical resec-
tion. As recently shown in patients who were eligible for the NLST,
even in the 55- to 74-year-old age group, further refinement of
the at-risk patient populations is needed to find who would ben-
efit most from screening (33). We feel that patients 75 and older
should not be discriminated against lung cancer screening based
upon age alone.
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Edited by: _ In the thorax, the extent of tumor may be more accurately defined with the addition of '8F
g/’;ff”&;; Karlsson, Marshfield fluorodeoxyglucose (FDG) positron emission tomography (PET) to computed tomography
Revk'wedby_ (CT). This led to the increased utility of FDG-PET or PET/CT in the treatment planning of

radiotherapy for non-small cell lung cancer (NSCLC). The inclusion of FDG-PET information
in target volume delineation not only improves tumor localization but also decreases the
amount of normal tissue included in the planning target volume (PTV) in selected patients.
Therefore, it has a critical role in image-guided radiotherapy (IGRT) for NSCLC. In this review,
the impact of FDG-PET on target volume delineation in radiotherapy for NSCLC, which may
increase the possibility of safe dose escalation with IGRT, the commonly used methods for
tumor target volume delineation FDG-PET for NSCLC, and its impact on clinical outcome
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will be discussed.

INTRODUCTION

In recent years, '8F-fluorodeoxyglucose (FDG) positron emission
tomography (PET) has emerged to be an essential tool in the stag-
ing of non-small cell lung cancer (NSCLC) (1). Tumor imaging
through FDG-PET is achieved based on the difference in glucose
metabolism between malignant and normal tissue, which leads
to relatively increased FDG accumulation in tumor cells. FDG
undergoes positron emission decay, which ultimately leads to the
production of a pair of positron annihilation gamma (y) rays
(511keV each) traveling in opposite directions (2). These two
gamma rays are then detected by two opposing coincidence detec-
tors in a PET scanner for imaging (2). Because of the ability of
FDG-PET to detect malignancy prior to the development of any
noticeable anatomical changes, it was consistently found to have
superior sensitivity and specificity in the staging of lung cancer (3,
4). This is especially true for mediastinal staging. As shown in a
meta-analysis by Gould et al., FDG-PET has superior median sen-
sitivity and specificity over CT (85 vs. 61%, 90 vs. 79%, p < 0.001)
in the identification of lymph node involvement by NSCLC (5).
CT’s median specificity improves to be superior to FDG-PET in the
evaluation of enlarged lymph nodes in the same study (93 vs. 78%,
p=0.002). However, FDG-PET may provide additional informa-
tion on the extent of tumor involvement at the primary site and
in the regional lymph nodes during target volume delineation for
radiotherapy planning in the treatment of NSCLC to avoid geo-
metric tumor miss, and unnecessary inclusion of normal tissue. In
the following sections, the impact of FDG-PET on radiotherapy
target volume delineation for NSCLC, which may increase the like-
lihood of dose escalation with IGRT, the commonly used methods
of defining gross tumor on FDG-PET, 4D-PET/CT imaging, and
FDG-PET’s impact on treatment outcome will be discussed.

Keywords: NSCLC, IGRT, PET, target volume delineation, treatment planning

IMPACT OF FDG-PET ON TARGET VOLUME DELINEATION

The incorporation of FDG-PET during target volume delineation
has frequently led to changes in the shape and size of the target
volumes; as well as the tumor stage when FDG-PET was not done
as a part of the initially staging evaluation in patients with NSCLC.
This fact has been well illustrated in multiple studies (6—14). As
shown in Table 1, changes in the target volumes of over 20%
and stage alteration of 20-50% have been consistently observed
when FDG-PET was incorporated in target volume delineation
and when FDG-PET was not a part of the initial staging studies.
Most prominent changes are often associated with the presence
of atelectasis in the treated areas (Figure 1), or the identification
of additional nodal disease, which is difficult to visualize on CT
(6-9, 11, 14) (Figure 2). This is well illustrated by Bradley et al.,
who demonstrated PTV and stage alteration of 58 and 31% in
patients with stage I-III NSCLC when FDG-PET was incorporated
in target volume delineation (9). Among 24 patients planned for
definitive three-dimensional conformal radiotherapy (3D-CRT),
PET led to a GTV reduction in 3 patients with atelectasis, and an
increase in GTV due to the identification of additional regional
nodal disease in 10 patients, and the identification of an addi-
tional parenchymal disease in 1 patient. GTV-reduction due to
the utilization of PET resulted in dose reduction to the normal
lungs and esophagus in patients with tumor-related atelectasis in
this study, which suggests a potential advantage in the sparing of
thoracic organs at risk (OAR) with the incorporation of FDG-
PET in target volume delineation. This is corroborated in similar
studies, which demonstrated similar PET-related target volume
alterations, and the resulting decrease in the dose to the heart,
esophagus, spinal cord, and the normal lungs (7, 8, 11, 12, 14). In
one study, PET-related exclusion of metabolically inactive lymph
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Table 1 | FDG-PET-related alteration of target volumes in NSCLC.

Reference Stage Volume changes due to FDG-PET Dosimetric impact
Nestle etal.  IlIB-IV Change in size and shape of radiation fields: 35%
(6) Field size reduction: 26% (median 19.3%)
More changes observed in the presence of atelectasis (p=0.03)
Erdi et al. Unknown PTV increase (additional nodal disease): 19%?2 Mean heart dose decreased by 50% in the PET
(7) PTV reduction: 18%?2 plan in one case
Mah et al. I1(2/7) Stage alteration: 23% Maximum spinal cord dose is decreased on
(8) PTV reduction and increase among three observers: 24-70 and average with PET/CT-based planning (p <0.01)
30-76%
Bradley [-I11 (65% Stage alteration: 31% Alteration of the GTV led to corresponding changes
et al. (9) stage IlI) PTV alteration: 58% in the dose to the esophagus and the normal lungs
GTV reduction (atelectasis): 12%
GTV increase (additional primary and nodal disease): 46%
van DerWel I Nodal GTV decreased by 3.8 cm3 on average (p=0.011) Alteration of the GTV led to corresponding changes
et al. (10) Radiation field change: 66.7% (decreased in 52.4%, increased in in dose to the esophagus and the normal lungs
14.3%) PET enabled dose escalation from 56 Gy to 71 Gy
on average (p=0.038) & increased TCP by at least
6% on average (p < 0.05)
Ceresoli 66.7% Il Stage alteration: 48% Dose reduction to the spinal cord was observed in
etal. (11) >25% change in GTV: 39% PET plans (median 41.7 Gy vs. 45.7 Gy, p < 0.05)
5/7 with GTV increase (additional nodal disease) Changes in GTV led to corresponding changes in
2/7 with GTV reduction (PET negative enlarged LN and atelectasis)  dose to normal lung tissue
Faria et al. Stage alteration: 44%
(13) GTV alteration: 56%
Decrease: 37.3%
Increase: 18.7%
Yin et al. e GTV alteration: 100% (>25 in 40% of patients) PET led to significant changes in Vaq, Vg for the
(14) Decrease: 73.3% (155.1-111.4 cm3¢) lungs and Vsg, Vss of the esophagus

Increase: 26.7% (125.8-144.7 cm®°)

aAverage, TCR tumor control probability.
bAtelectasis present in all patients.
¢Median.

node and atelectasis resulted in GTV reduction of 39 and 84%,
respectively, which led to the reduction of the mean lung dose
(MLD) and volume of the normal lungs receiving 20 Gy (V) by
6.1 Gyand 12% on average (11). In the same study, the median dose
to the spinal cord was reduced from 45.7 to 41.7 Gy with the incor-
poration of FDG-PET in target volume delineation (p < 0.05). In
another study, GTV reduction was observed in 73.3% of patients
with stage III NSCLC in the presence of atelectasis, which possibly
led to statistically significant decrease in commonly used dosimet-
ric parameters, such as Vg for the normal lungs, and Vss for the
esophagus (14).

PET-related increase in the GTV has been mainly due to the
identification of additional regional nodal disease (Table 1). This
has been shown to result in an increase in the dose to the sur-
rounding normal tissue (9, 11). However, this increase may not
be clinically significant in all patients. As shown by Ceresoli et al.,
PET-related increase in GTV only resulted in an increase of the

MLD by 1.08 Gy, and the Vo by 2.4% on average (11). In addi-
tion, incorporation of FDG-PET in the delineation of regional
nodal disease may lead to a decrease in the nodal GTV. This has
been demonstrated in patients with N2-N3 disease by van Der Wel
et al., who showed a PET-related decrease of the nodal GTV from
13.743.8 t0 9.9+ 4.0cm? (p=0.011) (10). It led to significant
decrease in radiation dose to the esophagus (V55 decreased from
30.6+3.2 to 21.9 + 3.8%, p = 0.004); and the normal lungs (V3
decreased from 24.9 £2.3 to 22.3 £2.2%, p =0.012). As a result,
dose escalation from 56.0+5.4 to 71.0+£13.7Gy (p=0.038)
became feasible, which led to improved TCP from 14.2 £5.6 to
22.8+7.1% (p = 0.026) without accounting for geometric misses,
and improved TCP from 12.5 to 18.3% when that is accounted
for (p =0.009). These findings further demonstrate the advantage
of incorporating FDG-PET information in target volume delin-
eation especially for stage III NSCLC, which makes dose escalation
possible.
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FIGURE 1 | Examples of PET-avid NSCLC in the presence of fibrosis
(recurrence after chemo-radiation, top) and atelectasis (bottom).

To further investigate the accuracy of FDG-PET in identify-
ing nodal disease, 73 NSCLC patients with known positive lymph
nodes by CT, or PET and pathology data for all suspected lymph
nodes were further assessed by Vanuytsel et al. (12). Using PET-CT
data, inclusion of pathological nodes in the nodal GTV was found
to increase from 75% with CT alone to 89% (p = 0.005). In their
study, PET-related GTV alteration was observed in 62% of the
patients. Among them, PET-related GTV increase was observed
in 16/45 patients. While 11 of these 16 patients’ GTV increase
was supported by pathologic findings, it was unnecessary in five
patients. PET incorporation resulted in GTV reduction in 29/45
patients. Twenty-five of them were correlated with pathological
findings. Overall, 80% of all the PET-related GTV alterations were
correct and inappropriate changes often were due to low tumor
burden that is beyond the resolution of FDG-PET, or misinter-
pretation of the location of nodal disease. Pathology correlation
in this study supports the utilization of FDG-PET in the delin-
eation of nodal disease for NSCLC, which is shown to be more
accurate than CT alone. The improved accuracy in identifying
nodal disease with FDG-PET was shown by Faria et al. as well
(13). However, how to improve the accuracy of PET-based identi-
fication of nodal disease from NSCLC remains to be investigated
in the future. PTV reduction due to PET-related GTV reduction
was again demonstrated in the study by Vanuytsel et al. in 10

FIGURE 2 | Normal sized mediastinal lymph nodes (2R) that were PET
avid and were biopsied positive in a patient with stage IlIB
adenocarcinoma of the right lower lobe.

selected stage III NSCLC patients, which led to a decrease of Vg
of the normal lungs by 27 £ 18% (p =0.001) (12). Thus, further
demonstrates an advantage in OAR sparing with incorporation of
PET information in target volume delineation for NSCLC, which
may increase the likelihood of dose escalation in the treatment of
loco-regionally confined NSCLC with definitive radiotherapy.

METHODS OF TARGET VOLUME DELINEATION ON FDG-PET

Given the multiple variables that exist in PET imaging for NSCLC
(2, 3), there is no consensus on how to best delineate gross tumor
on FDG-PET at the current time. Visual interpretation of the
PET or PET/CT images with an expert nuclear medicine physi-
cian remains to be a frequently used approach when delineating
the GTV. The maximum standardized uptake value (SUV,x) was
quantitatively used to determine FDG-PET activity because it is
the most consistent and reliable parameter used to assess tumor
activity in clinical practice. It is defined as the maximum tumor
concentration of FDG divided by the injected dose of FDG, cor-
rected for the body weight of the patient [SUVy,x = maximum
activity concentration/(injected dose/body weight)]. In 87 patients
with malignant and benign focal pulmonary lesions who had a
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firm pathological diagnosis and at least 2 years of follow up, the
sensitivity, specificity, and accuracy of 97, 82, and 92% were found
when a SUV threshold of 2.5 was used for the diagnosis of lung
cancer (15). This SUV threshold of 2.5 was proposed to be used
as a cut-off for GTV delineation in radiotherapy planning (16).
Slightly lower SUV threshold of 2 & 0.4 has been proposed based
on the PET/CT of 19 patients with stage II-III NSCLC, which could
be distinctively visualized (17). Alternatively, fixed threshold from
36 to 44% of the SUV o« based on the source-to-background ratio
for volumes larger than 4 mL has been shown to accurately identify
the tumor volume in phantoms (18).

Various approaches of PET-GTV delineation of the primary
tumor were compared in a study by Nestle etal. (19). The fixed 40%
thresholding method was found to be inadequate especially in the
setting of inhomogeneous FDG-uptake within the tumor. How-
ever, PET-GTV contoured based on direct visualization, the SUV
>2.5, and an algorithm accounting for the source-to-background

FDG-uptake ratio all correlated well with GTV of the primary
tumor contoured on CT. The poor correlation between CT-based
GTV and PET-GTYV generated with percent thresholding was also
demonstrated in a study by Devic et al. (20). Upon further analysis
of 20 peripheral NSCLC, the optimal threshold was found to be
dependent on tumor size: 15 & 6% for tumors >5 cm, 24 £ 9% for
tumors 3-5 cm, 42 £ 2% for tumors <3 cm (21). Larger SUVpax
was found in larger tumors in this study. Thus, a single fixed
percent-threshold method of GTV delineation appears to be inad-
equate and this may be due to multiple factors, such as the back-
ground FDG-uptake, heterogeneous FDG-uptake in the tumor, as
well as respiratory motion and tumor size.

Multiple studies have attempted to investigate how well dif-
ferent GTV delineation strategies correlate with the true tumor
volume in surgical specimens for NSCLC (Table 2). In correlation
with surgical pathology findings, PET/CT has been shown to be
more accurate than CT or FDG-PET alone in the estimation of

Table 2 | Methods of GTV delineation on PET in correlation with surgical specimens.

Patient no. Method of GTV delineation on PET Correlation between CT, PET, PET/CT, and pathological tumor size
Linetal. 37 Halo for tumor observed in fused PET-CT Stronger correlation between GTV and pathological tumor dimensions
(22) images were observed with PET/CT
Mean SUV of the external margin of halo was 2.41+0.73
T stage and histology significantly influenced SUV at the edge of the halo
Yu et al. (23) 52 SUV of 2.5 FDG-PET/CT has significantly better correlation with surgical specimens
than CT or PET alone, especially in the presence of atelectasis
Yu et al. (24) 15 Best correlation between PET GTV and the actual tumor was found at
the SUV threshold of 31 4+ 11%, and absolute SUV cut-off of 3.0+ 1.6
Wu et al. 31 Thresholding with 20-55% of SUVmax Maximal primary tumor dimension was more accurately predicted by CT
(25) at the window-level of 1,600 and —300 HU than PET GTVs (best
correlation with pathological tumor volume at 50% SUVmax)
Schaefer 15 Tumor threshold =A*mean Pathological tumor volume: 39 £ 51 mL
etal. (27) SUV709 + B*background PET tumor volume: 48 +62 mL
CT tumor volume: 60.6 +86.3 mL
Both CT and PET volumes are highly correlated with pathological
volumes (p < 0.001).
Increased variation between PET and pathological tumor volumes were
observed in lower lobes
van 33 Source-to-background ratio auto-segmentation ~ Maximal tumor diameter of the PET GTV is highly correlated with that in
Baardwijk surgical specimens (CC =0.90). Auto-segmented GTVs are smaller than
et al. (28) manually contoured GTVs on PET/CT
Wanet et al. 10 Gradient-based method Comparison of both CT and PET GTV
(31) Fixed threshold at 40 and 50% of the SUVmax. Gradient-based method led to the best estimation of the GTV
Adaptive thresholding based on the PET GTVs were smaller than CT GTVs in general
source-to-background ratio
Cheebsumon 19 Absolute SUV cut-off (2.5) Adaptive 50% and gradient-based methods generated the most
etal. (32) Fixed threshold at 50% and 70% SUVmax consistent maximal tumor dimension, which had a fair correlation with

Adaptive thresholding 41-70% SUVmax
Contrast-oriented algorithm
Source-to-background ratio
Gradient-based method

the pathological tumor size
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tumor size for NSCLC (22, 23). In a study of 37 patients, the mean
SUV at the edge of the PET tumor halo which corresponded to the
edge of the tumor on pathology was 2.41 £ 0.73 (22). In a different
study, GTV delineated on PET/CT using a SUV cut-off value of 2.5
resulted in the best correlation with the pathological tumor volume
(23).Inan analysis of 15 lobectomy specimens after PET/CT imag-
ing, the most optimal percent threshold, and absolute SUV cut-off
that correlated with the pathologic tumor volume (GTV ,4,) were
found to be 31 & 11%, and 3.0 & 1.6, respectively (24). Only the
SUV percent threshold was correlated with the GTV ¢, and the
tumor diameter in this study (p < 0.05). However, limitations have
been observed with both approaches of GTV delineation based on
pathological correlation. The SUV cut-off at the edge of the tumor
on PET has been shown to be dependent on tumor size and histol-
ogy by Lin et al. (22). In their study, higher mean SUV is observed
with tumors over 3 cm and of squamous histology. In contrary to
the studies described above, thresholding has been shown to be
less accurate than CT in predicting the maximal tumor dimension
in pathological tumor specimens in 31 patients who underwent
lobectomy shortly after PET/CT (25). The uncertainties associated
with percent thresholding or the use of an absolute SUV cut-off for
GTV delineation appear to be influenced by the background FDG
concentration and the tumor size, which are reflected by the mean
SUV. To minimize the impact of these factors, it was proposed
to adjust percent thresholding based on the mean target SUV in
order to accurately define the gross tumor (26).

To account for the effects of tumor volume and background
FDG concentration, a contrast-oriented thresholding algorithm
(COA) was proposed for the delineation of PET GTV for NSCLC
(27). This approach was shown to reduce the GTV volume when
compared to CT alone. Also, it was shown to be highly correlated to
the pathological tumor volume. Similar findings were obtained in
a study of 33 patients with NSCLC when a source-to-background
ratio based auto-segmentation approach was used (28). These
studies demonstrate the feasibility of an adaptive thresholding
approach for GTV delineation on PET. However, higher varia-
tion between pathological and PET tumor volumes were observed
in the lower lobes with the COA, suggesting respiratory motion to
be a source of inaccuracy in GTV delineation on PET (27).

A gradient-based approach for PET-GTV delineation has been
proposed to minimize the statistical noise, and resolution blur
(more pronounced in the setting of large respiration induced
tumor motion) (29). When compared to other methods of GTV
delineation on PET, this method was found to be the most accurate
in a phantom study by Werner-Wasik etal. (30). This approach was
also compared with other methods of GTV delineation in surgical
specimen correlations studies (31, 32). It was found to be superior
to manual, fixed thresholding at 40 and 50%, and the source-to-
background ratio methods of PET-GTV delineation, and manual
CT GTV delineation on 4D-PET/CT in 10 patients with stage I-1I
NSCLC who underwent lobectomy (31). In another study of 19
patients who underwent free-breathing PET/CT prior to surgery,
the gradient method was found to be highly correlated with the
maximal tumor size in surgical specimens as well (32). Thus,
the gradient-based method is highly promising, which warrants
further investigation in future trials. While the various methods
discussed are shown to be feasible, they are often confounded by

factors, such as statistical noise, blurring effect due to respiratory
motion, and uncertainties in the estimation of pathological tumor
size in surgical correlative studies. Thus, further studies need to be
conducted to explore what would be the best method for the most
accurate GTV delineation on PET.

IMPROVING PET-GTV DELINEATION WITH 4D-PET/CT
Respiratory motion often causes blurring and alteration of the
FDG-uptake within the tumor, which lead to uncertainties in the
delineation of the gross tumor volume on PET (33). These uncer-
tainties may potentially be minimized with 4D-PET/CT imaging
for more accurate identification of the true extent of the tumor
in various portions of the respiratory cycle, and low volume dis-
ease, which may be missed on free-breathing PET/CT (34, 35).
As shown by Lamb et al., tumor volumes delineated on 4D-PET
not only correlates better with that delineated on 4D CT, but also
enhances the estimation of the true extent of tumor in the vicin-
ity of similar density soft tissues, such as the diaphragm, chest
wall, and the heart (36). Thus, the GTV delineation on PET can
be improved with 4D-PET/CT imaging. This is, especially, helpful
in image-guided radiotherapy (IGRT) due to the very small PTV
margins used, which allows for dose escalation to the gross disease
without significantly increase the risk of severe toxicities to nor-
mal thoracic structures. Therefore, 4D-PET-based tumor target
delineation should be used as often as possible when a high dose
of radiation is delivered in the thorax.

DELINEATION OF NODAL DISEASE ON PET

The delineation of regional nodal disease on PET has been con-
ducted in similar ways as that for the primary tumor. Various
methods were compared by Nestle et al., who again demonstrated
that an algorithm accounting for the source-to-background FDG-
uptake ratio was superior to direct visualization, 40% threshold-
ing, or the SUV >2.5 cut-off methods (37). Furthermore, the nodal
volume delineated on PET tends to be larger than that delineated
on CT, which was felt to be possibly caused by respiratory motion.
This was corroborated in a study on 4D-PET-based nodal dis-
ease delineation (38). As shown in this study, a 3D nodal internal
target volume (ITV) expansion of over 1 cm is required to cover
91% of the lymph nodes while accounting for respiratory motion.
While it is still inadequate in situations of highly mobile lymph
nodes. On the contrary, 4D-PET-based ITV was able to not only
adequately encompass nodal disease in the setting of respiratory
motion, but also sparing additional normal tissue (45 % 34 cm?)
when compared with 3D nodal ITV generated with large margins
that would be required to account for respiratory motion in the
majority of the cases. Thus, 4D-PET imaging may improve precise
and accurate localization of mediastinal disease over CT, which can
potentially improve targeting in the mediastinum for the delivery
of IGRT in the treatment of lung cancer.

CLINICAL OUTCOME FOLLOWING PET-BASED PLANNING

In recent years, two studies have reported the clinical outcome fol-
lowing concurrent chemo-radiation for stage II-1II NSCLC when
the target volumes were delineated based on FDG-PET findings
(39, 40). In a pilot study of 32 patients, only one regional failure
and one local progression were observed shortly after concur-
rent chemo-radiation when only PET-avid disease was included
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in the target volume (39). The nodal failure was later identified
to be a missed PET-avid lymph node that was not included in
the target volume. In another study of 137 patients with stage
III NSCLC, local-regional recurrence alone as the first event was
only 14.6%, while that combined with distant metastasis as the
first event was 16.8% following concurrent chemo-radiation to a
median dose of 65 £ 6 Gy when only PET-avid disease was treated
(40). These findings suggest that PET-based planning may lead
to at least equivalent clinical outcomes when compared with CT-
based planning (41). However, additional normal tissue sparing
may be achieved with PET-based GTV delineation, which may aid
dose escalation to the primary tumor to improve the local control
of locally advanced NSCLC. As suggested in a meta-analysis, this
may potentially improve patient survival (42).

NOVEL PET TRACERS FOR DOSE PAINTING

Residual disease at the primary tumor site can often be identified
on the pre-radiotherapy PET, which may be treated with a higher
dose with dose painting through IMRT to enhance local control of
the primary tumor (43). To better identify radio-resistant tumor
cells within the primary tumor, hypoxia imaging with PET has
been explored in recent years. PET with hypoxia tracers, such as
F-MISO, 18F-FAZA, or 18F-HX4, have been shown to be able
to identify areas of hypoxia in multiple cancers, including lung
cancer (44-46). This may help identify areas at a higher risk for
tumor recurrence, which may need to be treated with a higher
daily dose than the remaining portions of the gross tumor with
dose painting (47, 48). As of current, dose painting to deliver
a higher dose to areas of higher radio-resistance remains to be
further investigated.
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The improved accuracy in tumor identification with FDG-PET has led to its increased uti-
lization in target volume delineation for radiotherapy treatment planning in the treatment
of lung cancer. However, PET/CT has constantly been influenced by respiratory motion-
related image degradation, which is especially prominent for small lung tumors in the
peri-diaphragmatic regions of the thorax. Here, we describe the current findings on respi-
ratory motion-related image degradation in PET/CT, which may bring uncertainties to target
volume delineation for image guided radiotherapy (IGRT) for lung cancer. Furthermore, we
describe the evidence suggesting 4D PET/CT to be one strategy to minimize the impact
of respiratory motion-related image degradation on tumor target delineation for thoracic
IGRT. This, in our opinion, warrants further investigation in future IGRT-based lung cancer
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trials.

INTRODUCTION

In recent years, '8F fluorodeoxyglucose positron emission tomog-
raphy/computed tomography (FDG-PET/CT) is increasingly used
in the delineation of gross tumor for thoracic radiotherapy plan-
ning purposes (1, 2). As of now, multiple methods of PET-based
tumor volume delineation exist and are being used in clinical
practice (3, 4). Although PET/CT may potentially improve tumor
delineation, quality and FDG uptake quantification of the PET/CT
image are often impaired by respiratory motion. This may lead
to decreased accuracy in lung cancer target volume delineation,
which decreases the efficacy of thoracic image guided radiother-
apy (IGRT), as the uttermost accuracy in tumor localization is
desired in IGRT to achieve the most optimal tumor control and
normal tissue sparing at the same time. The main cause of this
limitation is the difference in the speed of imaging between PET
and CT.

In the following sections, the respiratory motion artifacts in
PET/CT imaging; and four-dimensional (4D, which accounts for
changes in time) PET/CT as a potential strategy to reduce respira-
tory motion artifacts in the PET/CT imaging of lung cancer will
be discussed as this may potentially improve the target volume
delineation for thoracic IGRT.

RESPIRATION MOTION ARTIFACTS IN FDG-PET/CT

Computed tomography and positron emission tomography imag-
ing are done at different speeds. While a CT scan can be completed
in seconds, the PET is usually done through a sequence of fields
of view (FOV) in a matter of several minutes per FOV. As a result,
the CT image may capture the lung tumor in a segment of the
respiratory cycle only, while the PET image tends to represent an
average of the tumor position over several respiratory cycles. This

Keywords: lung cancer, IGRT, PET, PET/CT, target volume delineation

often leads to blurring and/or misrepresentation of the extent of
the gross tumor in the registered PET/CT images of the thorax
(Figure 1). At the same time, the pattern of FDG uptake intensity
within the gross tumor can be changed by respiration, leading to
a decrease in the max SUV of the tumor.

Respiratory motion artifacts on PET/CT have been well
described in a series of studies (Table 1). In one study, differ-
ent anatomical points between the apices and the diaphragmatic
domes of the lungs on PET/CTs were identified and matched (5).
For each patient, the PET was registered to CTs obtained during
maximum inspiration, maximum expiration, free breathing, and
normal expiration. Prominent mismatch between FDG-PET and
CT was found during maximum inspiration and maximum expi-
ration, and the best PET/CT co-registration occurred when the CT
was obtained during normal expiration (5). Mismatch between
PET and CT was most prominent at the diaphragmatic dome. On
average, it was 0.4 mm with the CT taken during normal expira-
tion, but 44.4 mm with the CT taken during maximum inspiration
(p=0.001). This has a direct influence on image registration for
tumor in PET/CT.

In another study, the accuracy of PET and CT registration for
non-small cell lung cancer was investigated with CT obtained dur-
ing shallow breathing or normal expiration (6). The most promi-
nent incongruence of gross tumor on CT and on PET was observed
at the periphery and the base of the lungs (0.5-14.7,2.9-11.3 mm,
respectively). Much less incongruence was observed in the central
and apical regions of the lungs (1.7-5.4, 0.7-5.9 mm, respectively)
(p < 0.0001). In this study, normal expiration appears to be better
than shallow breathing for PET/CT matching (p = 0.024).

Errors in spatial registration of lung lesions on PET/CT were
also observed in free-breathing (FB) patients by Cohade et al. (7).
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avid tumor does not correspond to any anatomically visible tumor on CT.

FIGURE 1 | Misalignment of a recurrent squamous cell carcinoma between free-breathing PET and CT is demonstrated. The superior portion of the PET

Table 1 | Motion artifacts observed in FDG-PET/CT.

Artifacts observed

Goerres et al. (5)

Mismatch of the diaphragmatic dome between PET and CT was 44.4 £+ 25.5 mm between free-breathing PET and CT obtained

during maximum inspiration. It ranged between 8.7 and 82.9 mm

Goerres et al. (6)
Breathing: 6.5+ 3.6 mm (3.4-14.7 mm)
Breath hold: 6 +2.9mm (0.5-11.4 mm)
And the lung base:
Breathing: 8.2+ 1 mm (7.2-9.8 mm)
Breath hold: 6.2 £2.6 mm (2.9-11.3mm)

Cohade et al. (7)
Lower lungs: 10.2 £6.55mm
Upper lungs: 6.67 £4.28 mm
Left lung: 8.33+5.05mm
Right lung: 6.25 +3.92 mm

Osman et al. (8)

Goerres et al. (9)

Mismatch of NSCLC lesions was most prominent at the lung periphery:

Misregistration of free-breathing PET and CT was 7.55+4.73 mm

Six patients with liver metastases at the liver dome mislocalized to the right lower lobe of the lung on free-breathing PET

PET attenuation by CT taken during maximum inspiration led to a decrease in FDG concentration in lung tumors by 42 +12%

when compared to that attenuated by CT taken during maximum expiration

Erdi et al. (10)
inspiration and expiration

Nehmeh et al. (11)
to free-breathing PET/CT

Liu et al. (12)
on average for 1 cm lung lesions

Tumor displacement of 6.4-24.7 mm, and tumor maximum SUV reduction of 6-24% were observed between maximum

4D PET can led to a 28% reduction in tumor volume and 56.5% increase in tumor maximum SUV in a patient when compared

Diaphragmatic motion of 11 mm can cause maximum SUV underestimation of 28% and tumor volume overestimation of 130%

In their study, the distance between the center of lung lesions
defined on PET and CT was 7.55 mm on average, which tended
to be more pronounced in lower lobe tumors. As shown in these
studies, errors in PET/CT registration may become significant in
the peri-diaphragmatic region, which can lead to mislocalization
of a tumor into an adjacent organ in extreme cases (8).

In addition to image registration mismatch, respiratory motion
can also lead to a decrease in measured FDG concentration in lung

tumors, which may be further confounded by other factors, such
as the body size, blood glucose concentration, uptake time allowed,
interscanner variability, and image reconstruction parameters (9,
13). This is well described by Erdi et al. when PET was regis-
tered with respiration-corrected CT over 10 phases (10). Between
maximum inspiration and expiration, lesion displacement of 6.4—
24.7 mm was observed on 4D CT, which correlated with decrease
in tumor maximum SUV of 6-24% between end inspiration and

Frontiers in Oncology | Radiation Oncology

August 2014 | Volume 4 | Article 205 | 24


http://www.frontiersin.org/Radiation_Oncology
http://www.frontiersin.org/Radiation_Oncology/archive

Chi and Nguyen

4D-PET/CT-based IGRT

end expiration. The reduction of FDG uptake intensity observed
is due to a redistribution of FDG activity concentration over the
range of respiratory motion, which leads to a drop in maximum
activity concentration within the tumor (11). As FDG uptake dis-
tribution within a tumor is altered, the shape of the gross tumor
may also be altered, leading to an increase in tumor size on PET.

The respiratory motion induced change in FDG uptake inten-
sity is further demonstrated in an analysis of routine PET/CT
studies in correlation with over 1000 respiratory traces that is
validated in a phantom study (12). In this study, a mean max-
imum SUV underestimation of 28% and mean lesion volume
overestimation of 130% in PET/CT images of 1 cm lesions were
observed when respiratory motion at the diaphragm is 11 mm.
The underestimation of FDG intensity appears to be proportional
to respiratory motion amplitude.

In the same study, PET/CT mismatch-related FDG intensity
overestimation for lower lobe lung lesions located close to the
dome of the liver was also reported. The fluctuation in activity con-
centration within the tumor may potentially decrease the quality
and capability of tumor imaging, which may affect the appropriate
delineation of the gross tumor volume (GTV) during radiotherapy
treatment planning.

Various strategies have been proposed to reduce respiratory
motion artifacts in PET/CT. Among them, PET registered with
a respiratory motion averaged CT has been proposed by Chi
et al. (14). Motion averaged CT is conducted following routine
PET/CT in 229 lung cancer patients in this study. Image align-
ment and tumor quantification were analyzed in 216 of these
patients. Image misalignment was observed in 68% of the 216 rou-
tine PET/CTs, which was completely removed (86.21%) or reduced
(13.79%) with PET and motion averaged CT registration. Among
120 PET/CTs in which the GTV can be delineated, alignment cor-
rection with motion averaged CT was associated with changes in
the maximum SUV and GTV of up to 73 and 1950% between
PET registered with regular CT and PET registered with motion
averaged CT. The largest variation was observed in small lesions
<50 cm? in the vicinity of the diaphragm. Thus, demonstrating the
potential for PET attenuated/registered with motion averaged CT
to enhance tumor quantification on PET, which is also suggested
in a study of 80 patients with NSCLC by Cheng et al. (15).

An alternative approach to reducing respiratory motion-
related PET/CT image degradation is PET/CT acquisition through
repeated imaging during breath holding (16, 17). However, this
method may be limited by patient compliance if used for tumor
volume delineation in patients with NSCLC due to their poor
pulmonary function.

On the other hand, such image degradation can be more easily
reduced by the generation of a respiratory motion corrected or 4D
PET/CT during which the PET data are acquired in synchroniza-
tion with respiratory motion, which can also minimize the poor
image quality of PET/motion averaged CT in the vicinity of soft
tissue, such as the diaphragm and the chest wall (11, 18, 19). 4D
PET/CT is done through tracking an external tracer block that is
placed on a patient’s abdomen at the time of image acquisition
as observed in 4D CT. Through 4D PET/CT imaging, prominent
increase in FDG intensity of the tumor and reduction of tumor size
due to decreased smearing effect have been observed (11, 20-22).

This may potentially increase the accuracy of GTV delineation on
FDG-PET/CT and decrease the amount of normal tissue included
in the GTV. As a result, increased accuracy for tumor localiza-
tion and radiation dose escalation with IGRT for NSCLC may be
possible.

4D FDG-PET IN TARGET VOLUME DELINEATION FOR IGRT

A very high degree of accuracy is required in the target vol-
ume delineation to optimize accurate tumor localization and
maximal margin reduction in the delivery of image guided,
intensity-modulated radiotherapy (IMRT) for lung cancer. Respi-
ratory motion-related image degradation observed in FB PET/CT
may have an impact on the accuracy of target volume delin-
eation for sophisticated treatments, such as IGRT. In the plan-
ning of stereotactic ablative radiotherapy (SABR) for early-stage
NSCLC, FB PET-target volumes often do not entirely encompass
tumor motion, as FB-PET tumor volumes are often smaller than
ITVs generated from the maximum intensity projections (MIP)
obtained from 4D CT (23). Thus, target volumes delineated on FB-
PET may increase the risk of geometric misses. This is especially
problematic for image guided SABR, because of the high reliance
on accurate tumor localization and the potential consequences of
severe toxicity due to such misses. However, this problem may be
corrected by 4D PET/CT imaging (22).

With the utilization of 4D FDG-PET or PET/CT, the most PET
active subvolumes within the tumor may be more consistently
identified for dose painting (24). In addition, missing disease
undetectable on FB PET due to image degradation may be pre-
vented with 4D PET/CT in the planning of thoracic IGRT in order
to achieve the maximal TCP (25). 4D PET MIP for ITV delineation
was described in detail by Lam et al. (18). ITV generated from 4D
PET MIP was found to better correlate with that generated from
4D CT MIP than FB-PET-based ITV in this study. Furthermore,
better definition of the extent of tumor in the vicinity of mobile
structures, such as the diaphragm, the heart, and the chest wall
with 4D PET was demonstrated, which can potentially improve
the accuracy of tumor target definition and the sparing of normal
tissue that is of similar density to the tumor.

Similarly, 4D PET-based ITV generation may improve the
identification of tumor motion in the hilar and mediastinal
regions over CT alone. Respiratory motion has been known
to affect mediastinal and hilar lymph nodes (26). However,
the similar tissue density between nodal disease and surround-
ing normal tissue in the mediastinal region may pose a chal-
lenge to ITV definition based on 4D CT alone. In a com-
parison of ITV generation based on 3D PET and 4D PET,
a 1.3cm expansion was required for ITV3;p to include 91%
of the nodal disease (27). Further analysis of the ITVsp with
4D PET demonstrated the inclusion of 45+ 34 cm® non-PET-
avid tissues in the 3D PET volume. Therefore, 4D PET-based
nodal ITV may further improve the accuracy of nodal disease
definition, leading to the sparing of additional normal tissue
adjacent to regional nodal disease. This may further improve
the therapeutic ratio, especially with IGRT in the treatment of
lung cancer.

The current evidence, described above, suggests that target vol-
ume delineation based on 4D PET/CT information may be the best
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approach currently available for the delineation of tumor volumes
for lung cancer. It warrants further investigation in future prospec-
tive studies, especially in the setting of dose escalation. In our
opinion, its use in the clinical setting whenever possible is strongly
encouraged, as it may improve patient treatment outcome in the
setting of IGRT for lung cancer.
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Image guidance allows delivery of very high doses of radiation over a few fractions, known
as stereotactic ablative radiotherapy (SABR). This treatment is associated with excellent
outcome for early stage non-small cell lung cancer and metastases to the lungs. In the
delivery of SABR, central location constantly poses a challenge due to the difficulty of
adequately sparing critical thoracic structures that are immediately adjacent to the tumor
if an ablative dose of radiation is to be delivered to the tumor target. As of current, various
respiratory motion management and image guidance strategies can be used to ensure
accurate tumor target localization prior and/or during daily treatment, which allows for
maximal and safe reduction of set up margins. The incorporation of both may lead to
the most optimal normal tissue sparing and the most accurate SABR delivery. Here, the
clinical outcome, treatment related toxicities, and the pertinent respiratory motion man-
agement/image guidance strategies reported in the current literature on SABR for central

lung tumors are reviewed.

Keywords: stereotactic ablative radiotherapy, SABR, central location, non-small cell lung cancer, metastases

INTRODUCTION

In the past, thoracic radiotherapy has constantly been limited by
toxicity to the normal tissue, such as the lungs and the esophagus,
which hinders dose escalation to the gross disease to a desired ther-
apeutic level (1-3). This is mainly due to the utilization of large
planning target volume (PTV) margins to compensate uncertain-
ties from respiratory motion and/or in daily patient set up (4, 5).
In recent years, advances in imaging technology have enabled us to
not only more accurately delineate the gross tumor volume (GTV)
and the clinical target volume (CTV), but also given us more infor-
mation on the location of tumor in relation to critical structures
throughout the entire respiratory cycle (1, 2, 4-7). Thus, a PTV
margin reduction is possible through accurate delineation of the
internal target volume (ITV), which allows for dose escalation to
the gross tumor. Tumor localization can be further verified with
additional in-room imaging prior to daily treatment to ensure
accurate radiation delivery (8). With image-guided radiotherapy
(IGRT), ablative doses of radiation can be delivered to treat early
stage non-small cell lung (T1-3, NO, M0) or lung metastases, a
technique known as stereotactic ablative radiotherapy (SABR) or
stereotactic body radiation therapy (SBRT), with excellent clinical
outcome consistently observed (9), while local control of over 80%
at 3 years have been observed following SABR for oligometastases
to the lungs (10, 11).

Despite the rapid clinical adaptation of SABR worldwide, the
feasibility of SABR in the treatment of centrally located lung
lesions continues to be controversial. The central location is
defined as a region that is within 2 cm of the proximal bronchial
tree (12). In a phase I prospective study on SABR for T1-2,N0, M0
NSCLC, 60-66 Gy was delivered in three fractions to the tumor tar-
get, and the 2-year freedom from severe toxicity was much higher
for peripheral lesions when compared to that for central lesions
(83 vs. 54%) (13). A total of 12 Grade 3-5 treatment related tox-
icities were reported at 4 years in this study of 70 patients (14), 5
of which were Grade 5 toxicities. These consisted of pneumonia
(three cases), hemoptysis (one case), and respiratory failure (one
case). On the contrary, excellent clinical outcome with reasonable
toxicity profile has also been reported by others who used dose
fractionation regimens with lower fractional dose and increased
number of fractions (9). However, treatment related lethal toxicity
following SABR for central lung lesions, such as hemoptysis from
SABR-related necrosis in the major airway, is still observed when
the organ at risk (OAR) was in the high dose volume even when
moderate fractionation schedules have been used (15). Therefore,
not only lower fractional dose with increased number of fractions
is necessary, but geometric accuracy and avoidance of immedi-
ately adjacent OARs from being included in the high dose volume
are also critical in achieving optimal target volume dose coverage

www.frontiersin.org

June 2014 | Volume 4 | Article 151 | 27


http://www.frontiersin.org/Oncology
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/editorialboard
http://www.frontiersin.org/Oncology/about
http://www.frontiersin.org/Journal/10.3389/fonc.2014.00151/abstract
http://www.frontiersin.org/Journal/10.3389/fonc.2014.00151/abstract
http://www.frontiersin.org/Journal/10.3389/fonc.2014.00151/abstract
http://www.frontiersin.org/Journal/10.3389/fonc.2014.00151/abstract
http://www.frontiersin.org/Journal/10.3389/fonc.2014.00151/abstract
http://www.frontiersin.org/people/u/96665
http://www.frontiersin.org/people/u/75160
http://www.frontiersin.org/people/u/33497
mailto:achiaz2010@gmail.com
http://www.frontiersin.org
http://www.frontiersin.org/Radiation_Oncology/archive

Chi et al.

Image-guided SABR for central lung tumors

and OAR sparing in the treatment of central lung lesions with
SABR (16). These objectives are further complicated by breath-
ing motion, which leads to variation in tumor location relative to
adjacent critical organs throughout the entire respiratory cycle. As
a result, a high level of image guidance is required to ensure accu-
rate delivery of ablative doses to the tumor target with the smallest
treatment margin possible for optimal OAR sparing. In this situ-
ation, a sharp dose gradient at the edge of the PTV to spare the
immediately adjacent normal organs from receiving an ablative
dose of radiation is also strongly desired. In the following sections,
the key components of image-guided SABR will be discussed in
relation to clinical experience on SABR for central lung lesions.
Furthermore, how currently available respiratory motion man-
agement and image guidance techniques are used for safe delivery
of SABR for central lung lesions, and how to select patients for
SABR in this setting will be explored.

CLINICAL EXPERIENCE WITH SABR FOR CENTRAL LUNG
TUMORS

The clinical experience in delivering SABR for central lung tumors
has been reported together with that for peripheral lung tumors in
multiple studies (12—14, 17-29). In general, no statistically signif-
icant difference in the clinical outcome based on tumor location
was observed following SABR for early stage NSCLC (14, 18, 21,
24,25,27-30). As shown previously, the biologically effective dose
(BED) appears to be a direct predictor of local control following
SABR with increased failures observed when a lower BED is deliv-
ered to the tumor target irrespective of tumor location (12,23, 26).
In recent years, a number of studies have reported the clinical expe-
rience with SABR for central lung lesions alone (30-36). As shown
in Table 1, the local control and overall survival following SABR
for centrally located early stage NSCLC appear to be very similar
to what has been observed following SABR for early stage NSCLC
in general (12). Again, BED appears to be a significant predictor
of local control favoring a BED of >100 Gy [Gy calculated using
an a/f = 10 Gy, BED = total dose x (1 + fractional dose/(at/B))] to
the tumor target (37). These findings corroborate with what have
been observed in the studies including both peripheral and central
lung tumors as mentioned above. Also suggested by studies listed
in Table 1, poorer clinical outcome may be observed in advanced
stage/recurrent NSCLC or metastases to the lungs when compared
with that for early stage NSCLC.

Severe toxicities and deaths following SABR for centrally
located lung lesions have been reported in many studies, which
brought great concern regarding the feasibility of SABR for cen-
trally located lung tumors (13, 14, 17-21, 30, 32-35). In these
studies, large fractional dose, and/or failure to exclude OARs
immediately adjacent to the tumor target from the high dose vol-
ume were frequently observed. Both often associated with deaths
due to pulmonary injury or bleeding in areas of necrosis in the
immediately adjacent organs, such as the esophagus, or the major
airways (Tables 2 and 3). As shown in the Indiana phase II study,
which included both peripherally and centrally located NSCLC
(T1-2,N0,MO0), 8 patients with Grade 3—4 toxicities, and 6 SABR-
related deaths were identified among 70 patients after a median
follow up of 17.5 months when 60-66 Gy was delivered in three
fractions (13). The toxicities were mostly cardio-pulmonary in

nature. The rate of severe toxicity (Grade 3-5, CTCAE version
2.0.) significantly correlated with tumor location initially with an
11-fold increase in the risk of severe toxicity associated with central
location (13). It suggests that centrally located lesions need to be
treated differently even when this correlation lost statistical signif-
icance after a median follow up of 50.2 months due mostly to the
small number of patients included. Death following treatment of
central lung lesions with much lower dose per fraction was initially
reported by Onimaru et al. (17). This occurred when the esoph-
agus was not excluded from the high dose volume. It ultimately
resulted in death due to hemoptysis as a result of an unhealing
esophageal ulcer 5 months after SABR. A hot spot above the pre-
scribed dose on the esophagus was later discovered, which may
have contributed to esophageal ulceration.

Treatment related toxicities causing death have also been
observed in other studies (18—21). As shown in Table 2, death
due to bleeding/hemoptysis has been frequently observed follow-
ing primary or repeat treatments of central lung lesions with
SABR. Bronchial strictures and tissue necrosis have also been
frequently encountered following SABR for lesions that were adja-
cent to or within the airways (18, 19). In one study, partial or
complete bronchial strictures have been observed in 8/9 patients
with centrally located stage I NSCLC after doses from 40-48 Gy/4
to 60 Gy/3 fractions were delivered (18). In their study, severe
pulmonary toxicities associated with partial bronchial stricture
were observed after 40 Gy/4 fractions were delivered. In a different
study, death due to hemoptysis related to bronchial stenosis was
observed after a peri-bronchial lesion was treated with 60 Gy/4
fractions (21). These findings demonstrate the risk for severe tox-
icity due to SABR-related bronchial stricture, which should be
avoided whenever possible.

In studies that evaluated SABR for central lesions only (30—
36), the incidence of severe toxicities was low among the patients
reported. This may be related to lower fractional dose in the
dose fractionation schedules used, patient selection, availability
of cutting-edge technology for image guidance, and respiratory
motion control, as well as many other factors. Among these stud-
ies, 9 deaths were reported following SABR in a total of 287 patients
(Table 3). Again, bleeding due to tissue necrosis of the immedi-
ately adjacent OARs appears to be a common cause of death. Five
deaths occurred after multiple courses of radiotherapy to single or
multiple peri-bronchial lesions (33, 35), while one death occurred
after SABR was delivered to an endobronchial lesion (34). One
potential treatment related death due to a cardiac cause occurred
in a patient with underlying cardiac conditions for whom the PTV
and the heart overlapped (30). One death due to bronchial necrosis
related hemorrhage occurred 10.5 months after SABR to a 5.7-cm
metastasis abutting the left mainstem bronchus (32). The area of
bronchial necrosis was retrospectively found to have received a
maximum dose above the dose prescribed.

Stereotactic ablative radiotherapy for central lung tumors has
been shown to be feasible without any treatment related severe
toxicities by many as well (22-29). No fractional dose of over
12.5 Gy was used among them, which further supports the need
to lower the fractional dose when treating centrally located lesions
to avoid severe late toxicities (Table 4). However, SABR may not
be the best treatment option for endobronchial lesions as it was
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Table 1 | Clinical outcome following SABR for centrally located lung tumors alone.

Reference No. of Median Histology Median FU Dose Local control DFS/PFS/CSS oS Severe toxicities
patients age (months)
Haasbeek 63 74 (47-87) NSCLC:T1-3, NO, 35 60 Gy/8 frx byears: 92.6% 5years-DFS: 71% 5years: 49.5% Acute: 1 Grade 3 chest wall
et al. (30) MO pain
Late: 2 Grade 3 dyspnea
1 Grade 3 chest wall pain
1 Grade 3 rib fracture
2/9 Deaths potentially
related to SABR
Nuyttens et al. 56 73 (34-88) NSCLC: 69.6%; 23 45-60 Gy/5 frx 2years: 76% (early ~ 3years-CSS (early 2 years: 60% (early Acute: 4 Grade 3
(31) metastases: 30.4% 48 Gy/6 frx stage NSCLC: 85%) stage NSCLC): 80% stage NSCLC: 53%)  pneumonitis
Late: 6 Grade 3 pneumonitis
Rowe et al. 47 72 (41-90) NSCLC: 59%; 1.3 50 Gy/4 frx (57%) Two local failures 4 Grade 3 dyspnea within
(32) metastases: 41% observed 2-4 months after SABR
One SABR-related death
Oshiro et al. 21 71 (35-89) Recurrent/metastatic 19.8 25-35 Gy/1 frx 2 years: 59.6% 2years-PFS: 23.8%  2years-OS: 62.2% Acute: none
(33) NSCLC: 95% 40-48 Gy/4 frx Late: 1 Grade 3 productive
Stage 1A: 1 40-50 Gy/5 frx cough due to bronchial
Stage IV: 8 48 Gy/8 frx stenosis requiring dilatation
Recurrent 50-60 Gy/10 frx 1year after treatment
rl: 4 39 Gy/3 frx 1 Grade 3 dyspnea
rllA: 1 18 months after SABR,
which was preceded by
three courses of RT to
bilateral tumors
One SABR-related death
Unger et al. 20 ~(23-82) Hilar lesions 10 30-40 Gy/5 frx 1year: 63% 1year: 54% Acute: 1 Grade 3 radiation
(34) abutting or invading pneumonitis 8 months after

the mainstem
bronchus.
Metastases: 85%

SABR
One SABR-related death

(Continued)
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One brachial plexopathy

Three failures

40-50 Gy/4 frx

NSCLC 17

27

Chang et al.

(36)

with partial arm paralysis

following 40 Gy
delivered; no

Stage 1 48.15%

after significant volume of

Recurrent 51.85%

the brachial plexus received

40 Gy

failures in the 50 Gy

group

DFS, disease-free survival, PFS, progression-free survival, CSS, cause-specific survival; OS, overall survival; SABR, stereotactic ablative radiotherapy; oligomet, oligometastasis; frx, fraction.

frequently found to result in bronchial necrosis related compli-
cations, causing death (18, 19, 34). In addition, re-irradiating
central lung lesions with hypofractionated dose fractionation reg-
imens needs to be considered very carefully given the already
increased risk of normal tissue injury from prior treatment
(20, 33, 35).

As suggested by the clinical experience summarized above, the
following are of pertinent importance in minimizing the risk of
severe toxicities following SABR for central lung tumors: the use of
dose fractionation schedules with relatively lower fractional dose
while increasing the number of fractions accordingly to main-
tain an adequate BED; carefully respecting the dose constraints
for the immediately adjacent OARs during treatment planning;
and validation of accurate tumor localization through daily image
guidance to ensure that the immediately adjacent structures are
kept outside of the high dose region in the context of respi-
ratory motion. Furthermore, sharp dose gradient at the PTV’s
edge through intensity modulation is strongly desired to optimize
conformal avoidance of the immediately adjacent OARs when
treating central lesions with SABR (12). This makes image guid-
ance even more critical in the delivery of daily treatments. In the
following sections, the current available respiratory motion man-
agement/image guidance techniques that can be used to optimize
the safe and accurate delivery of SABR to treat central lung lesions
in the context of the clinical studies described above will be further
described and assessed.

RESPIRATORY MOTION MANAGEMENT IN LUNG SABR
Patient immobilization, respiratory motion management, and
appropriate image guidance are closely integrated in thoracic
IGRT. Multiple image guidance techniques are currently in use
to ensure accurate tumor localization during lung SABR and these
are closely related to the strategy for respiratory motion manage-
ment that is used in conjunction with them. Tumor motion due
to respiration in various locations of the lungs has been previ-
ously described by Seppenwoolde et al. (4). The greatest motion
was observed in lower lobe tumors that were not attached to rigid
structures in the cranio-caudal direction (12 4= 2 mm), while the
lateral motion appears to be much less (2 & 1 mm). The tumors
were found to be more stable and spending more time in the expi-
ratory phase of respiration. In addition, hysteresis of 1-5 mm has
been observed commonly (4).

A more detailed description of respiratory motion can be found
in a report by AAPM task group 76 (38), which further illus-
trates that patients’ breathing patterns are irregular, and are highly
variable in magnitude, and period. They not only vary intra-
and inter-fractionally, but also vary between different patients. As
shown by Wulf et al., a uniform ITV margin of 5 mm in transverse
and 10 mm cranio-caudally still led to partial misses of tumor tar-
gets in 12-16% of the patients even in the setting of stereotactic
body frame usage (39). Therefore, individually accounting for res-
piratory motion with patients breathing in a repeatable fashion is
essential for the most accurate and precise capturing of internal
organ motion. Furthermore, tumor location needs to be verified
under daily image guidance to ensure appropriate dose distribu-
tion during actual treatment to justify small PTV margins for the
most optimal OAR sparing.
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Table 2 | Deaths following SABR for central lung tumors in studies including both peripheral and central lesions.

Reference Median FU No of central  Lesions associated Dose schedule Cause of death/time
(months) lesions/study  with death associated with death of death
Fakiris et al. (14) 50.2 22 A pericarinal and a 60-66 Gy/3 frx Hemoptysis (19.5 months after
pericardial NSCLC SABR) and pericardial effusion
Onimaru et al. (17) 18 9 A 3.5-cm metastasis from 48 Gy/8 frx Bleeding from an unhealing
melanoma posterior to the R esophageal ulcer 5 months after
mainstem bronchus SABR
Esophageal dose
parameters
Maximum dose: 50.5 Gy
Mean dose: 10.6 Gy
1cc dose: 42.5 Gy
Song et al. (18) 26.5 9 Endobronchial NSCLC in the 48 Gy/4 frx Hemoptysis, aspiration, and
mainstem bronchus pneumonia from treatment induced
complete bronchial stricture
13 months after SABR
Stauder et al. (19) 15.8 47 A recurrent NSCLC that is 48 Gy/4 frx Pulmonary failure caused by
obstructing the L mainstem progressive bronchial obstruction
bronchus (pneumonectomy due to tumor necrosis 7.5 months
on the contralateral side after SABR
17 years ago)
Peulen et al. (20) 12 1 Bilateral hilar metastases 40 Gy/4 frx, then 40 Gy/5 Hemoptysis 10 months after second
from RCC, then R hilar frx course of SABR
recurrence 3 years later 40 Gy/4 frx to the primary Hemoptysis/hemorrhage 6 weeks
L hilar NSCLC encasing a disease followed by after second course of SABR
lobar bronchus 33 Gy/3 frx 13 months later A fistula between G-tube and
Carinal recurrence from 40 Gy/5 frx following trachea developed 10 months after
esophageal cancer chemotherapy followed by  second course of SABR; local
40 Gy/5 frx 29 months later  progression 13 months after second
SABR was treated with 40 Gy/5 frx,
then again 42 Gy/7 frx 8 months
later; The patient was found to have
developed SVC syndrome due to
severe RT induced fibrosis 7 months
after third course of SABR and died
of an Ml during stent placement
Bral et al. (21) 16 17 Peri-bronchial early stage 60 Gy/4 frx Hemoptysis related to Grade 3

NSCLC

dyspnea due to bronchial stenosis.
The patient died during stenting

Frx, fractions; RCC, renal cell carcinoma.

Respiratory motion management strategies currently in use are
usually separated into five different categories: motion encompass-
ing, respiratory gating, breath hold, forced shallow breathing with
abdominal compression and breath-synchronized, or real time
tumor tracking techniques (38). Among them, motion encom-
passing techniques to estimate the range of tumor motion have
been most commonly used in the treatment of central lesions with
SABR (Table 5). These include slow CT scanning, ITV generation
with inhalation and exhalation breath hold CTs combined with
free-breathing CT, and 4D or respiration corrected CT. A slow CT

is generated with a speed that would allow multiple respiratory
cycles to be captured per slice to generate a tumor encompass-
ing volume, which depicts tumor location throughout the entire
respiratory cycle. This approach is limited by the lack of con-
trast between tumor from normal tissue when it is located in the
vicinity of the mediastinum, the diaphragm, or the chest wall as
a result of respiration related blurring. Alternatively, FDG PET
registered to the planning CT has been used by some to aid tar-
get volume delineation due to the enhanced resolution of tumor
in areas of soft tissue associated with image registration; and the
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Table 3 | Deaths reported in studies on SABR for central lung tumors only.

Reference Dose prescribed Immediately Dose to critical Cause of death/time
adjacent organs organs of death
Haasbeek et al. (30) 60 Gy/8 frx Pericardium overlapping Unknown Cardiac event 2.5 years after

Rowe et al. (32)

Oshiro et al. (33)

Unger et al. (34)

Milano et al. (35)

50 Gy/4 frx to a metastasis from
melanoma

25 Gy/1 frx?

30-40 Gy/5 frx to an
endobronchial lesion from
mesothelioma

49.5 Gy/11 frx to one central
NSCLC followed by 48 Gy/4 frx
15 months later

the target volume
R hilum

L mainstem bronchus

Hilum of unknown side

Unknown mainstem
bronchus

Bronchus

Bronchus and trachea

Airway point dose: 54.2 Gy

Airwaysc. dose: 12.7 Gy
(overall: 14.7 Gy)

Unknown

Maximum point dose:
49 Gy

Bronchus received 98 Gy
cumulatively

SABR
Respiratory failure

Hemorrhage with bronchial
necrosis in the region of the
maximum point dose

10.5 months after SABR

Hemoptysis 18 months after
SABR

Bronchial fistula related,
7 months after SABR

Hemoptysis 6.5 months after
second course of SABR

50 Gy/10 frx to one central and
one peripheral NSCLC followed
by 50 Gy/10 frx to three new
central lesions and one bulky
recurrence of the previously
treated peripheral lesion

11 months later

35-50 Gy/10 frx to five central
NSCLC

35 Gy/14 frx then 18 Gy/6 frx to
three central NSCLC and

50 Gy/10 frx to one peripheral
NSCLC

from tumor)

Bronchus and trachea

Bronchus (0.5cm from
tumor) and trachea (1 cm

Unknown Dyspnea 2 weeks after
second course of SABR

Unknown Bronchitis 6 months after
second course of SABR

Unknown Dyspnea 4 months after SABR

sAfter previous intra-tracheobronchial brachytherapy to bilateral hilar lesions and SABR to the apical area of the same lobe.

volume encompassing effect associated with the relatively slower
speed of a PET scan (Table 5). The inhalation and exhalation
breath hold CTs have been used to estimate the extremes of breath-
ing motion. Respiration monitoring may be used in this setting to
confirm that the breathing range is constant and the ITV generated
adequately encompasses the tumor at the time of actual treatment.
Both methods provide less detail on tumor motion than 4D CT. As
shown in Table 5,4D CT was used for motion management in 7/14
studies in which motion encompassing techniques were used (19,
23,25,29,30,32,36). It can estimate the mean tumor position and
the range of tumor motion in relation to adjacent normal thoracic
organs with increased sophistication when compared to the other
two approaches, which is critical for target volume delineation in
central locations of the thorax. The use of 4D CT in the treatment
planning of lung SABR has been described in detail by Slotman
et al. (40). As shown by Wang et al., 4D CT based target volume
delineation consistently resulted in smaller PTV volume in lung
SABR, which may potentially lead to an increase in normal tissue
sparing (41).

Other respiratory motion management techniques are also
used in the treatment of central lung tumors with SABR. The
breath hold technique has been used by Song et al. and Milano
et al. in the delivery of SABR, while respiratory gating has been
used by Song et al. and Oshiro et al. in their patients (18, 33, 35).
Forced shallow breathing with abdominal compression has been
commonly used to reduce respiratory motion in the pre-4D CT
era, when SABR began to become a treatment option for early stage
NSCLC (14, 39, 42). Both deep inspiration breath hold (DIBH)
and end expiratory breath hold (EEBH) can be used for the breath
hold technique while the DIBH approach can potentially improve
the sparing of the normal lung tissue (35, 38). However, breath
holding requires a high degree of patient cooperation and is often
limited to the delivery of 3D-CRT and step-and-shoot IMRT due
to the short duration of breath holding of <30s.

Respiratory gating refers to the delivery of radiation within
a particular portion of a patient’s respiratory cycle. The respira-
tory cycle can be monitored through external respiratory signal
or internal fiducial markers, while the gating criteria can be set

Frontiers in Oncology | Radiation Oncology

June 2014 | Volume 4 | Article 151 | 32


http://www.frontiersin.org/Radiation_Oncology
http://www.frontiersin.org/Radiation_Oncology/archive

Chi et al.

Image-guided SABR for central lung tumors

Table 4 | Studies on lung SABR reporting no severe toxicity associated with central location.

Reference Median FU No of central Dose fractionation Severe toxicities
(months) lesions/total lesions schedule used

Xia et al. (22) 27 9/43 50 Gy/10 frx None

Guckenberger et al. (23) 14 22/159 48 Gy/8 frx@ None
26 Gy/1 frx
375 Gy/3 frx

Baba et al. (24) 26° 29/124 44-52 Gy/4 frx None

Olsen et al. (25)¢ N 19/130 45-50 Gy/5 frx@ None

16 54 Gy/3 frx
13

Andratschke et al. (26) 21 24/92 35 Gy/5 frx@ None
40 Gy/4 frx@
30-45 Gy/3 frx

Takeda et al. (27) OLTs from CRC 29 33/232 50 Gy/5 frx None

OLTs from other origins 15
NSCLC 24

Stephans et al. (28) 15.3 7/94 50 Gy/5 frx@ None
60 Gy/3 frx

Janssen et al. (29) 13.8 29/65 40-48 Gy/8 frx@ None
375 Gy/3 frx

#Dose fractionation schedule for central lesions.

b For living patients only.

°Median FU based on dose fractionation schedule used.
OLTs, oligometastases; frx, fractions.

by either displacement (33), or phase based on a certain pre-set
displacement distance or phase window, respectively. This tech-
nique requires respiration to be continuously monitored using
surrogate markers of breathing motion (18, 33, 43). Although it
can potentially spare more normal tissue compared to the motion
encompassing method, it requires a high degree of quality assur-
ance to validate the accurate representation of tumor motion by
the external signal and the internal fiducial markers (38). In addi-
tion, treatment time is increased with gating as radiation is only
delivered when the target is in the gated window.

Real time tumor tracking is different from the other techniques
of respiratory motion management in that the radiation beam
moves in synchrony with the tumor as the patient is breathing. The
use of this technique is commonly observed with lung SABR deliv-
ery by the CyberKnife (CK, Accuray Corp.), a device that attaches
a linear accelerator to a robotic arm to allow for beam adaptation
to full three-dimensional motion of the tumor under close image
guidance (31, 34). This is achieved through the intermittent mon-
itoring of internal fiducial markers or the tumor itself, coupled
with the continuous monitoring of external respiratory markers
(44). Although the treated volume can potentially be reduced with
this highly automated approach, the treatment time is usually long
(60-90 min), and the localization of centrally located lung tumors
on in-room x-rays may be difficult without the use of internal
fiducial markers (44).

IMAGE GUIDANCE IN THE DELIVERY OF LUNG SABR
Regardless of the motion management strategy used, image guid-
ance during daily treatment is essential in ensuring the accurate
localization of the target volume in relation to adjacent normal
structures. This allows for smaller PTV margins to be used, espe-
cially for centrally located lung tumors, with optimal dose volume
coverage and OAR sparing. Image guidance strategies are on-
board, peripheral, or integrated on various treatment delivery
systems (1). Despite the ability to achieve very sharp dose gradient
for normal structure sparing in SABR for central lung lesions, the
clinical use of helical tomotherapy (a image-guided IMRT delivery
system integrating a six MV linear accelerator with a helical CT)
for this purpose has not be extensively reported (12). However, the
first two strategies are widely adopted in SABR delivery.
On-board image guidance is conducted when the imaging
device is attached to the actual treatment delivery system. The
most commonly used on-board imaging device for the delivery of
lung SABR is the cone beam CT (CBCT), which is re-constructed
from a series of x-ray projections obtained in a single rotation
of the source and detector around the patient (45). In the most
commonly available CBCT systems, the imaging axis is chosen to
be 90° to the treatment beam. CBCT provides 3D information of
the tumor in relation to the critical normal structures for online
verification of tumor localization prior to the delivery of daily
treatment. It can be obtained with either MV or KV imaging. KV
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Table 5 | Treatment planning, immobilization, and image guidance in SABR for central lung tumors.

Reference Respiratory FDG PET Dose calculation/TPS Technique Immobilization Image guidance
motion for target
management definition
Haasbeek et al. (30) e —/BrainLab 3D - ExacTrac system
Nuyttens et al. (31) RTT —/CyberKnife IMRT - Fiducial marker tracking per CyberKnife
system
Rowe et al. (32) e AAA/— 3D, IMRT Full length vacuum cushion ~ CBCT
Osbhiro et al. (33) ¢ —/Eclipse (Varian) 3D Individualized body casts Gated KV-radiographs
Unger et al. (34) RTT Non-isocentric inverse planning IMRT - IR emitting external markers and
algorithm with heterogeneity internal fiducial markers used for real
correction/CyberKnife time tumor tracking with CyberKnife
Milano et al. (35) d Y —/BrainLab Arcs - ExacTrac system
Chang et al. (36) € —/— 3D - CT-on-rail with orthogonal radiographs
to confirm isocenter
Fakiris et al. (14) a —/— 3D SBF with abdominal Daily treatment guided by external
compression markers on SBF
Onimaru et al. (17) b 3D RTP with heterogeneity correction 3D No immobilization cradles Orthogonal radiographs on the first day
Song et al. (18) acd —/Render 3D system (Elekta) or - Vacuum fitted SBF CBCT
Eclipse (Varian)
Stauder et al. (19) e Y —/Eclipse (Varian) 3D BodyFix vacuum system CBCT
Peulen et al. (20) a Pencil beam algorithm with 3D SBF with abdominal CT prior to each treatment
heterogeneity correction/— compression
Bral et al. (21) be Y —/BrainLab 3D Low density cradle with IR ExacTrac-like system using both
skin markers on the thorax external and internal markers
Xia et al. (22) f N1 LN Body gamma knife planning system MLC based Vacuum bag from head to -
delineation gamma knife pelvis
Guckenberger et al. (23) € Collapsed cone algorithm/— 3D SBF or BodyFix systems CT, in-room CT, then CBCT since 2005
Baba et al. (24) b ? AAA/eclipse (Varian) 3D BodyFix system -
Olsen et al. (25) € Superposition convolution algorithm 3D SBF system or alpha cradle ~ CBCT
with heterogeneity correction/—
Andratschke et al. (26) f Unknown algorithm with 3D/arcs Vacuum couch and low CT prior to each treatment, then CBCT

heterogeneity correction/—

pressure foil

since 2008

(Continued)
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Image guidance

Immobilization

Corset

Technique
DCMAT

Dose calculation/TPS
Superposition algorithm with

FDG PET
for target
definition

ITVv
Y

Respiratory
management
f

motion

Table 5 | Continued

Reference
Takeda et al. (27)

heterogeneity correction/XiO (CMS)

ExacTrac system

BodyFix system

IMRT

Unknown with heterogeneity

correction/BrainLab

Stephans et al. (28)

CBCT

SBF with abdominal

compression

Janssen et al. (29)

@Forced shallow breathing with abdominal compression.

®Inhalation and exhalation breath hold CTs used to generate ITV.

°Respiratory gating.

9Breath hold/active breathing control

e4D CT.

fSlow CT.

SBE, stereotactic body frame; DCMAT, dynamic conformal multiple arc therapy; RTT, real time tracking, Y, yes; ITV refers to that generated with motion encompassing technique or that accounted for when generating

the PTV: —, unknown.

imaging is superior to MV imaging in providing better soft tissue
resolution with low to moderate imaging doses, which potentially
improves patient set up accuracy and alignment of tumor target
volume in relation to adjacent critical structures (46). This may
be especially helpful in the treatment of central lung lesions with
SABR, as a high degree of anatomical information is necessary for
the most optimal tumor localization. However, KV CBCT requires
regular quality assurance for the alignment of the imaging and
treatment beams (46).

Both 2D and 3D imaging are used in peripheral in-room image
guidance strategies. The advantage of using imaging devices not
directly attached to the treatment delivery system is that respira-
tory motion may be monitored during the delivery of radiation.
However, they need to be carefully calibrated with the treatment
beam’s isocenter to minimize additional geometric uncertainties
(1). CT-on-rails/in-room CT has been used for online image guid-
ance with the treatment table moved to the imaging position after
the patient is set up on the treatment table. Diagnostic quality CT
images can be obtained with this approach for the best resolution
of soft tissue structures prior to each treatment. However, addi-
tional set up errors may be introduced during patient movement
between the imaging and treatment positions (46). Both CBCT
and CT-on-rails/in-room CT have been used in image-guided
SABR for central lung lesions. These strategies are frequently used
with the motion encompassing method of respiratory motion
management with low incidence of severe toxicities in the set-
ting of primary irradiation, and tumor not directly involving the
normal critical structure at risk (18, 19, 22, 23, 25-27, 29, 32, 36).
As shown by Grills et al., small PTV margin accounting for sys-
temic and random error may be consistently maintained when
CBCT in conjunction with appropriate immobilization were used
during SABR delivery for early stage NSCLC (47). In this study,
the PTV margin may be reduced to <5 mm with the patient in a
stereotactic body frame and to ~5 mm with a regular alpha cra-
dle. Their findings were corroborated in a study by Guckenberger
et al., which showed that the PTV margin can be reduced from
12 to <5 mm when KV CBCT is used in addition to a stereotactic
body frame (48). In another study, the mean lung dose and the
V2o (volume of the normal lung receiving 20 Gy) were reduced
by 47-77.3%; while the spinal cord dose was reduced by 55.2—
58.5% for central lung lesions when CBCT image guidance was
used with active breathing control (a breath hold technique) in
the delivery of lung SABR as a result of reduction in treatment
set up margins enabled by combining image guidance and respi-
ratory motion management (49). In this study, pre-correction set
up margins of 14.1 mm in the cranial-caudal direction was able
to be reduced to 4.7 mm, while pre-correction set up margins of
~10 mm in the left-right and anterior—posterior directions were
reduced to 3.2 and 3.5 mm, respectively. More recently, 4D CBCT
has been under investigation to better capture tumor motion at
the time of treatment, which may allow for small PTV margins of
within 3 mm (50-52). Although fairly accurate with respiratory
motion of <5mm, 3D CBCT was shown to be less accurate in
capturing respiratory motion than 4D CBCT as motion artifacts
increase with increased tumor motion (53, 54). In addition, accu-
rate localization of the target volume during daily treatment may
provide information for adaptive adjustment of the PTV margin
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and adaptive planning daily. Further exploration in this area is
definitely warranted.

Commonly used 2D-imaging based peripheral strategies, such
as the Novalis ExacTrac and Synchrony for CK, usually monitor
external markers of respiration continuously with periodical veri-
fication of tumor location through x-rays of internal tumor mark-
ers. With the Novalis ExacTrac system, respiratory motion can be
captured by continuous monitoring of infra-red (IR) reflecting
markers attached to the patient’s abdomen, while KV x-rays can
be matched to digitally re-constructed radiographs for localiza-
tion verification of internal tumor markers (43, 54). This system
can be used for respiratory gating, which may potentially limit the
amount of normal tissue irradiated as the gating window can be
limited to as small as 2mm (43). When used to delivery SABR
for central lung tumors (21, 28, 30, 35), low incidence of severe
toxicities have been observed when re-irradiation was excluded
in general (14, 17-21, 30, 32-35). However, Grade 5 toxicities
related or potentially related to SABR for lesions in close prox-
imity to the major airway and the heart were reported with this
approach of image guidance (21, 30). This suggests that online
correction with 3D imaging may be beneficial in certain situ-
ations due to the increased amount of 3D geometric detail of
critical normal structures in relation to the PTV it provides to
avoid non-intended inclusion of critical structures in the high
dose volume.

Real time tumor tracking of the CK system is accomplished in
a way that is very similar to the ExacTrac system (43, 44). With
the Synchrony system, the internal and external marker motions
appear to be highly correlated (55). However, external marker
based tumor motion prediction are influenced by multiple fac-
tors, and its correlation with tumor motion may deteriorate with
prolonged treatment duration (56). In addition, a high rate of
pneumothorax has been observed after thoracic fiducial marker
placement with frequent marker migration (57, 58). Clinically,
CK-based SABR has been correlated with excellent clinical out-
come (59). It was used to deliver SABR for central lung tumors with
only one Grade 5 toxicity encountered when an endobronchial
lesion in the mainstem bronchus was treated to the prescribed
dose among a total of 76 patients reported in two studies (31, 34).
The safe delivery of SABR with CK for central lesions, and espe-
cially hilar lesions with relative low incidence of severe toxicity
may be due to the fact that relatively smaller PTV can be used
with real time tumor tracking as no ITV is needed in this situa-
tion (60, 61). When compared with linac-based systems, CK may
also be associated with improvement in the sparing of the nor-
mal lungs from low dose irradiation for anteriorly located tumors
(60, 61). This location-based difference was mostly due to the sys-
tem’s inability to deliver radiation from underneath the patient.
However, these findings suggest that it may provide an advantage
in the delivery of SABR for relatively more anterior central lung
tumors.

CONCLUSION AND FUTURE DIRECTIONS

As shown above, image guidance techniques integrated with res-
piratory motion management enhances tumor localization in the
delivery of SABR for central lung tumors, which are mobile as
a result of respiration. As result, very small PTV margin can be

safely used to achieve optimal dose coverage of the tumor target
and sparing of the adjacent critical normal structures. This makes
SABR for central lung lesions feasible when the following criteria
are met: primary irradiation of a limited number of lung lesions;
dose constraints of the critical structures are strictly respected; and
no direct overlap between the PTV and any immediately adjacent
OARs. Therefore, the integration of respiratory motion manage-
ment and image guidance is warranted in future clinical trials on
SABR for centrally located lung tumors.

Particle therapy, such as proton therapy, has been increasingly
investigated and utilized for the treatment of lung cancer in recent
years due to the finite range of charged particles, which may pro-
vide an advantage over photon therapy in normal tissue sparing
(62). Clinical experience in the delivery of stereotactic body proton
therapy has been excellent without any severe toxicity reported in
the treatment of central lesions (63, 64). Large smearing margins
may be necessary to achieve the most optimal dose distribution in
the delivery of passively scattered beams (PT), which may impair
OAR sparing in situations of complex geometry (65). Active spot
scanning, or intensity modulated proton therapy (IMPT) has been
shown to provide a dosimetric advantage in the treatment of cen-
tral lung lesions over PT and photon therapy (66, 67). However,
dose distribution in IMPT is very sensitive to beam and tumor
motion, as well as set up uncertainties. Methods to minimize inter-
play uncertainties have been proposed, which warrants further
investigation in the future (65, 68, 69).
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Radiation dose in the setting of chemo-radiation for locally advanced non-small cell lung
cancer (NSCLC) has been historically limited by the risk of normal tissue toxicity and this has
been hypothesized to correlate with the poor results in regard to local tumor recurrences.
Dose escalation, as a means to improve local control, with concurrent chemotherapy has
been shown to be feasible with three-dimensional conformal radiotherapy in early phase
studies with good clinical outcome. However, the potential superiority of moderate dose
escalation to 74 Gy has not been shown in phase Il randomized studies. In this review,
the limitations in target volume definition in previous studies; and the factors that may be
critical to safe dose escalation in the treatment of locally advanced NSCLC, such as respira-
tory motion management, image guidance, intensity modulation, FDG—positron emission
tomography incorporation in the treatment planning process, and adaptive radiotherapy,
are discussed. These factors, along with novel treatment approaches that have emerged
in recent years, are proposed to warrant further investigation in future trials in a more

e-mail: achiaz2010@gmail.com

comprehensive and integrated fashion.

Keywords: image guidance, intensity-modulated radiotherapy, NSCLC, adaptive radiotherapy, proton therapy

INTRODUCTION

Concurrent chemo-radiation is the standard of care in the man-
agement of non-small cell lung cancer (NSCLC) after its supe-
riority over radiotherapy alone or sequential chemo-radiation
has been demonstrated in multiple phase III randomized trials
(1-5). In a meta-analysis of 1205 patients with locally advanced
NSCLC from six randomized studies, concurrent chemo-radiation
decreased loco-regional progression by 6.1% at 5 years when com-
pared with sequential chemo-radiation (28.9 vs. 35.0%, p=0.01)
(6). This resulted in an improvement in overall survival of 4.5% at
5years (15.1 vs. 10.6%, p = 0.004) and as suggested by the authors
of this study, survival may be directly related to loco-regional
control. The risk of regional failure, i.e., in the mediastinum, is
relatively low after chemo-radiation to a dose of approximately
60 Gy with conventional fractionation (5, 7); in contrast, the rate
of local failure remains relatively high. As such, it seems reason-
able to propose that techniques to improve primary tumor control
through dose escalation may be one strategy to improve treatment
outcome in locally advanced NSCLC.

Dose escalation in the treatment of stage I-III NSCLC has
been shown to be feasible in multiple institutional and early phase
prospective studies (8—11). Among them, the radiation dose has
been found to be a significant predictor of local control and
survival by many (8-10). Based on the clinical outcome from a

University of Michigan study, 84.5 Gy was found to be required
to achieve a local progression free survival (LPFS) of 50% at
30 months in patients with NSCLC (12). Further radiobiological
modeling has suggested that a biologically effective dose (BED) of
over 100 Gy is required to achieve a LPFS of >80% at 30 months
in the treatment of NSCLC (13). This has been validated clinically
in the treatment of early stage NSCLC with stereotactic ablative
radiotherapy (SABR), which is also referred to as stereotactic body
radiation therapy (SBRT) (14-16). In locally advanced NSCLC,
every 1 Gyjo in dose escalation was found to be associated with a
4% increase in survival and a 3% increase in loco-regional control
in past chemo-radiation trials conducted by the Radiation Ther-
apy Oncology Group (RTOG) (17). When combined with weekly
carboplatin and paclitaxel, a maximally tolerated dose (MTD)
of 74 Gy delivered with three-dimensional (3D) technique was
found in a phase I/II RTOG study, RTOG 0117 (18). Inoperable
patients with stage I-III NSCLC were included in this study, and a
median survival of 21.6 months was observed in stage III patients.
In a similar phase II study, a median survival of 24.3 months
in stage III NSCLC patients was observed after induction car-
boplatin/paclitaxel followed by concurrent carboplatin/paclitaxel
and radiation to 74 Gy (19).

Based on early clinical evidence, a phase III randomized dose
escalation trial (RTOG 0617) was conducted by the RTOG. In
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this study, patients were randomized to chemo-radiation to 60
vs. 74 Gy, and with or without Cetuximab (four arms) (20).
Despite the anticipated improvement in clinical outcome with
dose escalation, it actually resulted in inferior median survival
(19.5 vs. 28.7 months, p=0.0007) and an increase in local fail-
ure at 18 months (34.3 vs. 25.1%, p=0.0319). In addition, dose
escalation also resulted in an increase in grade 3 esophagitis (20.9
vs. 7.0%, p =0.0003). The causes of poorer outcome in the 74-Gy
arms remain to be discerned. However, several factors may poten-
tially contribute to this finding, such as, larger-than-necessary
planning target volume (PTV) in patients receiving 3D conformal
radiotherapy (3D-CRT), which potentially leads to increased nor-
mal tissue toxicity; suboptimal target volume delineation when
18F-fluorodeoxyglucose (FDG) positron emission tomography
(PET) information is not incorporated in the treatment planning
process; failure to account for tumor shrinkage during the course
of radiotherapy; and delayed tumor cell repopulation associated
with prolonged overall treatment time. These can potentially be
minimized with image-guided, intensity-modulated radiotherapy
(IG-IMRT), and adaptive radiotherapy (ART), which may improve
the efficacy of dose escalation in the treatment of locally advanced
NSCLC in future clinical trials.

TARGET VOLUME IN RELATION TO CLINICAL OUTCOME AND
TOXICITIES

In the treatment of locally advanced NSCLC with chemo-
radiation, large tumor margins are often used to account for
respiratory motion and set up uncertainties in the era of conven-
tional and 3D radiotherapy (Table 1). With the addition of elective
nodal irradiation (ENI), an even larger volume of normal tissue is
included within the treated volume. As shown in Table 1, multiple
clinical trials investigating the efficacy of sequential and concur-
rent chemo-radiation frequently used margins of 1.5-2 cm for the
primary tumor. ENI was often carried out in these studies with
inclusion of the bilateral hilum, mediastinum, and the ipsilateral
supra-clavicular fossa in the initial radiation field, which extended
4-5 cm below the carina (35, 21-23). In these studies, dose to the
gross disease has been limited to approximately 60 Gy with poor
clinical outcome and fatal treatment related toxicities reported.
Concurrent chemo-radiation prior to RTOG 0617 often led to
a local control of 60-83%, while the median survival with con-
current chemo-radiation often increased to >15months (3-5).
Among them, seven late fatal pulmonary toxicities were observed
in RTOG 9410, which demonstrated no significant improvement
in local control and only marginal improvement in median sur-
vival with concurrent chemo-radiation over sequential chemo-
radiation (5). These findings suggest that the large tumor volumes
treated in the past not only precludes dose escalation to the pri-
mary tumor, but also increase the risk of severe treatment related
toxicity.

Elective nodal irradiation, which for the most part involves
treating areas of mediastinum that do not exhibit tumor as deter-
mined by imaging, has been shown to be unnecessary in the era of
3D-CRT. For example, a study by Rosenzweig et al. only identified a
6.1% elective nodal failure among 524 NSCLC patients who under-
went radiotherapy to a mean dose of 66 Gy after a median follow up
of 41 months (24). In arandomized prospective study by Yuan et al.

no statistically significant difference in the rate of elective nodal
failure at 5 years following ENI (4%) and involved field irradiation
(7%) was observed in stage III NSCLC patients who received con-
current chemo-radiation (25). However, involved field irradiation
led to a reduction in radiation pneumonitis (RP) (mainly grade
2-3) from 29 to 17% (p =0.044), and dose escalation from 60—
64 to 68—74 Gy. This dose escalation led to statistically significant
improvement in local control (55 vs. 38%, p = 0.016) and median
survival (20.0 vs. 15.0 months, p = 0.048). With omission of ENI,
dose escalation to 74 Gy with 3D techniques was found to be fea-
sible in RTOG 0117 and CALGB 30105 (18, 19). However, a high
rate of severe toxicity was still observed (Table 1). In this regard,
the increased toxicity associated with dose escalation was corrob-
orated by findings in RTOG 0617. This may be associated with the
limitations of 3D techniques as 3D-CRT without image guidance
was allowed in RTOG 0617, which often resulted in sizable gross
tumor volume (GTV) to PTV expansion margins (26). Based on
these studies, it is proposed that increasing expansion size may
also increase the risk of severe treatment related toxicity in the
high dose arm of RTOG 0617, which could potentially contribute
to the observed decrease in patient survival.

STRATEGIES TO IMPROVE TARGET VOLUME DEFINITION
THROUGH ADAPTIVE IMAGE-GUIDED IMRT
RESPIRATORY MOTION AND IMRT
The high incidence of loco-regional failures in NSCLC following
radiotherapy may be associated with a high rate of tumor local-
ization error during treatment (27). Such geometric errors may
be minimized when respiratory motion is taken into considera-
tion. Lung tumor motion associated with respiration has been well
illustrated in multiple studies. In this regard, Seppenwoolde et al.
showed that lower lobe tumors, not attached to any rigid thoracic
structures, had increased cranial-caudal motion, as compared to
upper lobe tumors or tumors attached to rigid structures dur-
ing treatment (12 £ 6 vs. 2+ 2 mm, p=0.005) (28). In addition,
anterior—posterior tumor motion of >5mm could be observed
in tumors located in the anterior or middle thorax and tumor
motion was further complicated by hysteresis. In another study
by Liu et al., cranial-caudal motion of >5mm and >1cm can be
observed in 30 and 10% of patients with stage III NSCLC, which
is associated with diaphragmatic movement of 1.53 cm on average
(29). In a report by the AAPM task group 76, several strategies
have been recommended to account for and control respiratory
motion, which may be distinct for each individual patient (30).
One commonly used strategy to account for respiratory motion
in the treatment of locally advanced NSCLC is 4D CT based treat-
ment planning. Through 4D CT based planning, the range of
tumor motion and changes in tumor volume through the entire
breathing cycle can be more appropriately and reliably accounted
for (29,31-33). Also, it can potentially decrease the volume of nor-
mal tissue included in the PTV and this might be one technique to
safely allow for dose escalation to the primary tumor (31). As such,
it seems reasonable to suggest that improved accuracy in tumor
localization throughout the respiratory cycle could improve tumor
control probability (TCP) as “geometric tumor miss” is reduced.
In this regard, the maximum intensity projections (MIP) recon-
structed from a 4D data set, which reflects the brightest object
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Table 1 | Target volume, toxicity, and clinical outcome in selected phase lll randomized trials and phase I/1l dose escalation trials combining

chemotherapy and radiation for locally advanced NSCLC.

References Radiotherapy Tumor margin/ ENI Radiation Severe RT related Local control Median survival
technique target volume dose toxicity (months)
expansion
PHASE llI
Dillman et al. (21) 2D 1.5cm Yes 60Gy 1% (esophagitis, OR: ChemoRT ChemoRT 13.7
pneumonitis) in each arm  56% (p=0.034)
RT 43% RT 9.6
(p=0.092)
Sause et al. (22) 2D 2cm Yes 60, Two radiation related RT 11.4
69.6 Gy (bid) deaths on ChemoRT and ChemoRT 13.2
hyperfrx arms (1 on each (p=0.04)
arm) Hyperfrx RT 12
Le Chevalier et al. (23) 2D 1-1.5¢cm Yes 65Gy Eight treatment related At 1year: RT 10
fatal toxicities RT 17% ChemoRT 12
ChemoRT 15% (p=0.02)
Furuse et al. (3) 2D 1.5¢cm Yes 56Gy No >grade 3 esophagitis, OR: concurrent Concurrent 16.5
1 grade 4 pulmonary 84.0% (p=0.03998)
toxicity on each arm Sequential 66.4%  Sequential 13.3
(p=0.0002)
Zatloukal et al. (4) 3D 1.5-2cm Yes  60Gy Severe acute esophagitis  Local only Sequential 12.9
(p=0.009): (p=NS): Concurrent 16.6
sequential 4% sequential 42%
Concurrent 18% Concurrent 60%
Curran et al. (5) 2D 2-2.5¢cm Yes 63; 69.6Gy Acute esophagitis Sequential 61% Sequential 14.6
(bid) (p <0.001): Concurrent 70% Concurrent 17.0
sequential 4% Concurrent Concurrent
Concurrent 22% hyperfrx 71% hyperfrx 15.6
Concurrent hyperfrx 456%  (p=NS)
Late severe pulmonary
toxicities: no difference
between three arms
(13-17%)
Seven late fatal
pulmonary toxicities
observed in this study
Nyman et al. (7) 3D CTV: 1.5-2¢cm No  64.6 Gy (bid); Severe esophagitis: Concurrent Concurrent
60 Gy concurrent hyperfrx 20%  Hyperfrx 78% Hyperfrx 17.69
Concurrent, daily 8% Concurrent, daily ~ Concurrent, daily
Concurrent, weekly 19% 78% 17.68
Severe pneumonitis: Concurrent, Concurrent,
concurrent hyperfrx 0 weekly 83% weekly 20.63
Concurrent, daily 3%
Concurrent, weekly 3%
Bradley et al. (20) 3D/IMRT CTV:0.5-1cm; No 60Gy; Increased grade 5 toxicity  18-month local 60 Gy 28.7
ITV (no 4D): 74 Gy observed with 74 Gy failure: 60 Gy 74 Gy 19.5
0.5-1cm 25.1%
PTV: 0.5-1cm 74 Gy 34.3%
(p=0.0319)
(Continued)
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Table 1| Continued

References Radiotherapy Tumor margin/ ENI Radiation Severe RT related Local control Median survival
technique target volume dose toxicity (months)
expansion
PHASE L Il
Bradley et al. (18) 3D GTV-PTV: No 74 Gy Grade 5 acute toxicity 21.6 (stage IIl)
1-1.5cm 4%
Late grade 3-4 toxicities
20%
Socinskietal. (19) 3D CTV 0.5-2cm; No 74 Gy Grade 3 acute 54% 24.3

PTV: 1cm

esophagitis 16%
Grade 3-5 pulmonary
toxicity 16%

NSCLC: non-small cell lung cancer; ENI: elective nodal irradiation, 2D: two-dimensional; 3D: three-dimensional; IMRT: intensity modulated radiotherapy; Hyperfrx:
hyperfractionated; bid: twice daily; RT: radiotherapy; ChemoRT: chemo-radiation; OR: objective response.

along each ray on the projection image, may be used for the gener-
ation of the internal target volume (ITV) (34) that includes tumor
motion into the radiation planning process. However, the outer
excursion of respiratory motion may be underestimated by MIP
in more advanced tumors and in the setting of irregular breath-
ing patterns by approximately 20% as reported in previous studies
(35-37). Thus, the ITV should be generated based on all available
4D CT data.

The utility of 4D CT combined with thoracic IMRT in the
treatment of locally advanced NSCLC with chemo-radiation was
shown to lower treatment related toxicity and improve patient sur-
vival when compared to 3D-CRT in a study from MD Anderson
Cancer Center (38). This may be associated with dosimetric advan-
tages of IMRT over 3D-CRT in dose conformity and the sparing
of normal organs at risk (OARs) (39-41). As shown by Lievens
et al,, IMRT can result in significant reduction in the dose to the
normal lungs and the spinal cord when compared to 3D-CRT (41).
This led to the safe escalation of the prescribed dose (66 Gy in 33
daily fractions) by 8.6—-14.2 Gy. Therefore, IMRT may be a strategy
for dose escalation in the treatment of locally advanced NSCLC
in selected patients through its ability to control radiation dose
to critical OARs. This is also suggested by a quality of life (QoL)
analysis of RTOG 0617, which demonstrated that the use of IMRT
in the setting of dose escalation may improve patients’ QoL, which
has been correlated with overall survival (42). Dose escalation with
the use of IMRT alone remains to be further investigated in future
studies.

IMAGE GUIDANCE WITH CONE-BEAM CT (CBCT)

Intensity modulated radiotherapy can be used to achieve highly
conformal dose distribution with sharp dose gradients and careful
daily tumor localization should ensure accurate dose delivery with
maximal reduction of treatment margins used for target volume
delineation (43—-45). This is especially important for dose escala-
tion as radiotherapy often requires 6 weeks or greater to complete
in the setting of chemo-radiation for locally advanced NSCLC.
In this regard, various image guidance strategies have been pro-
posed and are in clinical use currently (30, 46). Tumor volume,

its geometric relation to surrounding OARs, and any anatomical
changes during a course of radiotherapy are best imaged with vol-
umetric imaging techniques such as kV or MV cone-beam CT
(CBCT). KV CBCT often provides superior soft tissue resolution
with compared with MV CBCT due to the prevalence of photoelec-
tric absorption interactions associated with lower beam energies
(47). However, MV CBCT may be more helpful in the imaging of
regions with high density materials, which produce artifacts in kV
CT images (46, 47). As shown by Bissonnette et al., kV CBCT can
reduce the set up margin for geometric uncertainties to 3 mm for
locally advanced NSCLC patients (48). Such small margin can be
safely used under daily image guidance, which reduce set up errors
of >5 mm from 20—43 to 6% when compared with less-than-daily
image guidance (49). Thus, daily image guidance is critical for
the safe maximal reduction of set up margins when IGRT, or I1G-
IMRT is delivered; which will also maximize the possibility of safe
dose escalation to the highest dose possible. When compared to
other forms of image guidance, kV CBCT was found to be asso-
ciated with more reliable tumor localization and smaller set up
errors (50, 51) and this advantage appears to be most prominent
with image registration based on soft tissue in addition to rigid
bony registration (51, 52). However, tissue resolution and motion
artifacts continue to be a concern for the use of CBCT in the
setting of locally advanced NSCLC. These issues may be mini-
mized by 4D CBCT, which remains to be further investigated in
the clinical setting (53). One caveat for the clinical adaptation of
image-guided IMRT is that there is always a risk for underesti-
mating the range of tumor motion at the time of CT simulation
due to the random occurrence of irregular breathing patterns (e.g.,
random deep inspiration) during the actual delivery of a course
of conventionally fractionated radiotherapy. This may potentially
lead to the under-dosing of the gross tumor in selected situations
of dose painting as very sharp dose gradients are generated at the
edge of the tumor targets with intensity modulation. Respiration
motion management strategies, such as forced shallow breathing
with abdominal compression, may reduce the risk for such geo-
metric misses by limiting diaphragmatic motion to within 5 mm
during daily treatment.
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THE ROLE OF FDG-PET IN TARGET VOLUME DELINEATION
FDG-PET/CT has been increasingly incorporated into the treat-
ment planning process to further increase the accuracy of target
volume delineation in recent years. FDG-PET imaging is achieved
through the detection of a pair of y rays (511keV each) that are
produced in positron annihilation, which are emitted in 180° to
each other (54). FDG-PET is associated with superior sensitivity
and specificity (83 and 91%) for tumor detection when compared
to CT (64 and 74%) (55). Therefore, PET may provide information
for target volume delineation that may be otherwise not available
with CT alone.

When compared with CT based treatment planning, PET reg-
istered to the planning CT was shown to alter tumor staging in
31% of the patients with stage I-III NSCLC by Bradley et al.
(56). In this study, the addition of FDG-PET information resulted
in alterations of the treatment volumes in 58% of the patients
who were planned for 3D-CRT. Such alterations resulted from
the identification of additional regional or parenchymal disease;
and the improved tumor definition in the setting of atelectasis,
which decreases the unnecessary inclusion of normal lung tissue
in the GTV and these findings were corroborated in other stud-
ies (57, 58). Also, increased PTV volume, due to the additional
nodal disease found with FDG-PET, does not necessarily increase
the normal tissue complication probability; while PET data may
improve the chance of local control by reducing the likelihood
of geometric misses (57). Therefore, the inclusion of FDG-PET
information in the treatment planning improves the accuracy of
tumor volume delineation, which is critical in the optimization of
TCP through IG-IMRT. In addition, PET may lead to nodal GTV
reduction and lower doses to the OARs for stage IIl NSCLC when
compared with treatment planning with CT alone, possibly lead-
ing to significant iso-toxic dose escalation (59, 60). Based on the
evidence illustrated above, FDG-PET inclusion in the treatment
planning process may be required in future dose escalation trials
for locally advanced NSCLC.

ADAPTIVE IMAGE-GUIDED IMRT

Tumor shrinkage through a course of conventionally fractionated
radiotherapy has been well characterized in multiple studies (61—
64). In one study, a median GTV reduction of 24.7% after 30 Gy,
and 44.3% after 50 Gy was observed in 22 patients with stage I-
III NSCLC (78% stage 111, 68% squamous cell carcinoma, and
68% underwent concurrent chemo-radiation) (63). In an analy-
sis of 4D CT data collected before and during radiotherapy of
at least 6 weeks from patients with stage I-III NSCLC, tumor
shrinkage of >40% by the end of radiotherapy was observed
in 50% of the patients (mainly stage III) (64). Also, increased
tumor motion in the cranio-caudal direction increased in half of
the patients as tumors shrunk. The observed changes may have
an impact on PTV dose coverage and OAR sparing in the treat-
ment of locally advanced NSCLC (62, 65). Therefore, re-planning
or ART based on changes observed through daily image guid-
ance is warranted in the treatment of locally advanced NSCLC,
which may further maximize safe dose escalation to the gross dis-
ease. This may be especially important for IG-IMRT due to the
sharp dose gradient generated and small margins for geometric
uncertainties used.

Altered fractionation has been previously shown to improve
local control and overall survival in the treatment of locally
advanced NSCLC (66). This is also supported by the observed clin-
ical outcome following hypo-fractionated radiotherapy for early
stage NSCLC (16, 67). Altered fractionation is especially appealing
in the setting of dose escalation, as prolonged course of radiother-
apy can lead to increased geometric uncertainties, and impairment
of local control due to accelerated tumor cell repopulation, which
may partially explain the results observed in RTOG 0617 (13, 65).
This is also supported by previous RTOG studies on concurrent
chemo-radiation, which demonstrated a 2% increase in the risk
of death for each day in the prolongation of therapy (68). A dose-
per-fraction escalation strategy has been previously proposed to
overcome the negative impact of tumor cell repopulation encoun-
tered when the total tumor dose is escalated with conventional
fractionation. As modeled by Welsh et al., the TCP can be increased
to >80% with this strategy in approximately 5 weeks, which would
require 100 Gy to be delivered over 10 weeks with conventional
fractionation (69).

Early phase and retrospective studies on altered fractionation
for radiotherapy alone or combined with chemotherapy in the
treatment of stage III NSCLC have shown the feasibility of this
strategy (70—78). This is especially true for chemo-radiation deliv-
ered with IGRT (74-78). As shown in Table 2, excellent median
survival and local control have been frequently observed when
hypofractionated, image-guided IMRT was delivered with con-
current chemotherapy. However, severe RP may occur with this
approach if low dose irradiation of the normal lungs was not care-
fully constrained (74, 75). This was shown by Song et al., who
observed four RP related deaths following image-guided IMRT
delivered with helical tomotherapy (HT) (75). In this study, the
rate of >grade 3 RP increased from 0 to 35%, when the volume of
the contralateral lung receiving 5 Gy (V5) was increased to above
60% (p=0.010). This is corroborated in a study by Kim et al.,
which identified the ipsilateral V5, Vi, V15, and the contralateral
V5 to be significant predictors of RP following HT based IGRT
(79). This observation may be partially due to the fan-beam nature
of IMRT delivery with HT, which leads to increased low dose irra-
diation of the normal tissue (80). However, the importance of
normal lung sparing from low dose irradiation was observed fol-
lowing linac based IMRT as well, suggesting this to be independent
from methods of radiation delivery (81).

One strategy to reduce treatment related toxicities associated
with hypo-fractionated radiotherapy may be simultaneously inte-
grated boost (SIB) to the gross tumor through FDG-PET based
dose painting and the utility of adaptive IG-IMRT. This is sug-
gested in a dosimetric study of 13 patients with stage III NSCLC
(82). In this study, IMRT was shown to reduce the mean lung
dose; furthermore, adaptive IMRT with SIB was shown to be
superior to 3D-CRT or IMRT alone in dose escalation for larger
GTVs, and was able to achieve maximal iso-toxic dose escalation
of 17.1 £ 10.1%, which increased TCP by 17.2% on average. This
is consistent with image-guided IMRT with the SIB technique that
has been previously shown to be feasible by Song et al. (75), and
the utilization of adaptive IG-IMRT with SIB in the treatment of
locally advanced NSCLC warrants further investigation in future
dose escalation trials.
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Table 2 | Chemo-IGRT for locally advanced NSCLC.

Reference RT technique Dose Clinical outcome Toxicity
Bral et al. (75) HT PTV 70.5 Gy/30 MS: Late lung toxicity
fractions Stage llIA vs. Il B (21 vs. Grade 2 23%
12 months, p=0.03). Grade 3 16%
2-year LPFS: 50% Two deaths due to grade 5 RP
Song et al. (76) SIB with HT GTV: 60-70.4 Gy Stage IlI Acute: 14% with grade 3
(2-2.4 Gy/fraction) 2year LC 62% (78% with C-Ch) esophagitis
PTV: 50-64 Gy MS not reached 2 year OS 59% Late: 11% with grade 5 treatment
(1.8-2 Gy/fraction) (75% with C-Ch) related pneumonitis
Only 1 in-field failure was observed Vs of contralateral lung is a
significant predictor of severe RP
Ostietal. (77) 3D-CRT under kV PTV 60 Gy/20 Local failure: 37% No patient with >grade 3 treatment
CBCT image guidance fractions MS (stage Ill): 13 months related toxicities
Bearz et al. (78) HT 60 Gy/25 fractions ORR: 84% No RP reported
MS: 24 months® No >grade 3 esophagitis
Donato et al. (79) HT 67.56-68.4 Gy/30 Progression in 26% Acute grade 3 RP 10%

fractions

MS 24.1 months (C-Ch)

Late grade 3 RP 5%

No >grade 3 toxicity observed

2Induction+ concurrent chemotherapy; SIB, simultaneously integrated boost;
chemotherapy; LC, local control; OS, overall survival, MS, median survival; LPFS,

NOVEL USE OF A STEREOTACTIC BOOST AND PROTON
THERAPY
Tumor shrinkage after a course of conventionally fractionated
radiotherapy may allow for the delivery of a stereotactic boost
to the primary tumor in selected patients. In a study by Feddock
et al., 10 Gy x 2 fractions, or 6.5 Gy x 3 fractions were delivered
following chemo-radiation to a median dose of 59.4 Gy in the
treatment of stage II-III NSCLC (83). Although well tolerated in
patients with peripheral primary tumors, two deaths due to fatal
pulmonary hemorrhage occurred in patients with central lesions.
Six local recurrences were observed among 35 patients after a
median follow up of 13 months, which corresponds to an actu-
arial local control of 82.9%. These preliminary results suggest the
feasibility of this treatment approach in selected patients, however,
patient selection and the most optimal dose fractionation schedule
to be used in this setting remains to be further investigated.
Proton therapy has been increasingly investigated in the treat-
ment of lung cancer in recent years due to its advantage in normal
tissue sparing over photon therapy (84). In the interaction with
tissue, protons enter with lower dose than photon, and deposit
the majority of their energy at a certain depth (Bragg peak)
with very little exit dose. To be clinically useful, several Bragg
peaks can be super-positioned to create a spread-out Bragg peak
(SOBP) to cover a specific tumor volume with a desired dose.
When compared with photon therapy (3D-CRT or IMRT), pro-
ton therapy was shown to significantly reduce the dose to the
thoracic OARs, which allowed dose escalation from 63 to 74 Gy
within the boundaries of accepted normal tissue dose constraints
in stage III NSCLC (85). Intensity-modulated proton therapy

HT, helical tomotherapy, 3D-CRT 3D conformal radiotherapy; C-Ch, concurrent
local progression free survival, RF radiation pneumonitis.

(IMPT) may further improve OAR sparing in stage IIIB NSCLC
patients, which increases the possibility of dose escalation when
compared to IMRT (63-83.5 Gy), and passive scattering proton
therapy (PSPT) (74-84.4 Gy) (86). ART may also be indicated in
the delivery of PT to improve OAR sparing and target volume cov-
erage (87). In a retrospective study of PT for patients with stage
II-IIT NSCLC, local control of 88.6% was achieved following a
median follow up of 16.9 months (88). In this study, a median dose
of 78.3 Gy was delivered without any >grade 3 toxicity observed.
In a phase II study of concurrent chemotherapy and PSPT (74 Gy)
for stage III NSCLC, local control of 79.5% and a median over-
all survival of 29.4 months were observed after a median follow
up of 19.7 months (89). In this study, isolated local failure was
observed in only 9.1% of the patients, while no grade 4-5 toxi-
city was observed. While comparable to what is observed in the
standard arm of RTOG 0617 in median survival, this may be fur-
ther improved with adaptive IG-IMPT, which needs to be further
investigated in future studies. Due to the unique physical proper-
ties of protons, dose distribution in IMPT is very sensitive to tumor
motion in relation to the treatment beam scanning motion, which
is known as the interplay effect (90). Range uncertainties produced
by the interplay effect may lead to under-dosing of the tumor or
increased dose to the OARs immediately beyond the range of the
proton beam. To account for interplay uncertainties, 4D treat-
ment planning, larger spot size, and fractionated dose schedules
have been advocated (91-93). Recently, image guidance for range
verification during proton therapy has been shown to be feasible
with in-room PET imaging (94). This along with strategies to over-
come interplay uncertainties in proton therapy warrants further
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investigation. However, early clinical experience with proton ther-
apy in the setting of dose escalation for locally advanced NSCLC
appears promising.

Although not widely studied, delivering SABR to small periph-
eral primary tumors and conventionally fractionated radiother-
apy combined with concurrent chemotherapy to regional nodal
disease in selected cases of locally advanced NSCLC has been
endorsed and clinically used by many thoracic Radiation Oncolo-
gists. The local control of the primary tumor may be potentially
improved as suggested by clinical outcome from SABR for early
stage NSCLC (16). At the same time, the regional disease can
be addressed with concurrent chemo-radiation. SABR combined
with concurrent chemo-radiation, as definitive treatment or a
boost to the primary disease, will be suitable for a selected group of
patients only. As the mediastinum contains many critical normal
structures, which may be at a risk for overdosing along with the
lungs if the primary tumor is in their proximity.

CHEMOTHERAPY IN THE SETTING OF DOSE ESCALATION
Combining chemotherapy with radiotherapy has been shown to
improve local control and patients’ overall survival in previous
trials (1, 95). However, chemotherapy, especially taxane-based reg-
imens, has been associated with increased incidence of severe RP
(96-99). Severe RP was observed in 47% of the patients treated
with concurrent weekly docetaxel and conventionally fraction-
ated radiotherapy to 60—66 Gy delivered with 2D techniques in
a phase II study (96). This observation was dose independent,
but correlated with the size of initial radiation portals. Consolida-
tion docetaxel was also found to be correlated with increased risk
of grade 2-5 RP (14.6 vs. 3.6%, p=0.015) following concurrent
chemo-radiation in the retrospective review of the dosimetric data
from a randomized prospective study (97). In this study, the mean
lung dose was also significantly correlated with the incidence of
RP. Furthermore, the increased risk of RP with chemotherapy may
be more prominent in patients who are older (98, 99). Therefore,
special attention may be necessary to keep the treated volume
to as small as possible to minimize the amount of normal lung
tissue irradiated to the full dose, which may be especially impor-
tant in patients who are older than 65 years (99). For the purpose
of dose escalation in the setting of chemo-radiation, this may be
best accomplished with modern techniques of respiratory motion
management and image guidance used in the context of various
emerging treatment strategies discussed above.

CONCLUSION

Adaptive, image-guided IMRT, when delivered with appropriate
respiratory motion management strategies, can effectively reduce
the tumor target volume while accurately localize the tumor dur-
ing a course of chemo-radiation. This allows for dose escalation
to the gross disease in the treatment of locally advanced NSCLC
as less normal tissue is being irradiated to the prescribed dose.
This strategy can be further enhanced with the incorporation
of FDG-PET in target volume definition. The utility of stereo-
tactic ablative therapy as a boost or definitive treatment for the
primary tumor appears to be feasible in selected patients, while
proton therapy, and especially IMPT, appears to be promising
and may be superior to photon therapy in dose escalation for

the treatment of locally advanced NSCLC. These new treatment
approaches remain to be further studied in future clinical trials.
Here, we propose the following strategies to be further investi-
gated in selected patients in future trials with respiratory motion
management and the incorporation of FDG-PET in the treatment
planning required:

(1) Adaptive image-guided IMRT or IMPT delivered in a simul-
taneously integrated fashion with concurrent chemotherapy.

(2) Stereotactic boost to the primary tumor to be delivered prior
or after a standard course of concurrent chemo-radiation
to 60 Gy, or given in between a split course of concurrent
chemo-radiation that is hypofractionated, image-guided, and
intensity modulated.

(3) Stereotactic ablative radiotherapy to the primary tumor to
be followed by concurrent chemotherapy and image-guided
IMRT to the regional nodal disease.
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INTRODUCTION

Purpose: To assess clinical outcomes and toxicities in patients with stage Ill unresectable
non-small cell lung cancer (NSCLC) treated with a moderately escalated hypofraction-
ated radiotherapy delivered with Helical Intensity-Modulated Technique in combination with
sequential or concurrent chemotherapy.

Materials and Methods: Sixty-one consecutive patients considered non-progressive after
two cycles of induction chemotherapy were treated with a moderately escalated hypofrac-
tionated radiation course of 30 daily fractions of 2.25-2.28 Gy each administered in 6 weeks
up to a total dose of 67.5-68.4 Gy (range, 64.5-71.3 Gy). Thirty-two received sequential RT
after two more cycles (total =4 cycles) of chemotherapy, while 29 were treated with concur-
rent chemo-radiation. The target was considered the gross tumor volume and the clinically
proven nodal regions, without elective nodal irradiation.

Results: With a median follow up of 27 months (range 6-40), 1-year and 2-year OS rate for
all patients was 77 and 53%, respectively, with a median survival duration of 18.6 months
in the sequential group and 24.1 months in the concomitant group. No Grade >4 acute and
late toxicity was reported. Acute Grade 3 treatment-related pneumonitis was detected in
10% of patients. Two patients, both receiving the concurrent schedule, developed a Grade
3 acute esophagitis. The overall incidence of late Grade 3 lung toxicity was 5%. No patients
experienced a Grade 3 late esophageal toxicity.

Conclusion: A moderately hypofractionated radiation course delivered with a Helical
Intensity-Modulated Technique is a feasible treatment option for patients with unresectable
locally advanced NSCLC receiving chemotherapy (sequentially or concurrently). Hypofrac-
tionated radiotherapy with a dedicated technique allows safely dose escalation, minimizing
the effect of tumor repopulation that may occur with prolonged treatment time.

Keywords: dose escalation, hypofractionated radiotherapy, chemo-radiation, unresectable NSCLC, helical
tomotherapy

beyond a certain threshold in order to avoid the risk of unaccept-

More than two third of the patients with non-small-cell lung
cancer (NSCLC) in the Western Countries are found to have
locally advanced or metastatic disease at the time of diagnosis (1).
Improving outcomes for patients with stage III disease still remains
a major challenge. Concurrent chemo-radiation is the current
mainstay of treatment for unresectable NSCLC, since two meta-
analyses have confirmed the benefit of concomitant approach
using platinum-based therapy (2, 3). Nevertheless, local control is
achieved in 40% and 5-year survival is 15%. Other than systemic
failures, these poor clinical results can be partly attributed to the
still high rates of thoracic failures with traditional radiation doses
and techniques that cannot allow to deliver the radiation doses

able toxicities. Indeed, while huge research have been devoted on
improving systemic therapy options for patients with advanced
lung cancer, less efforts have been placed on the importance of
increasing the delivered radiation dose beyond 60 Gy, which has
been the standard for over 20 years (4). Martel et al. (5) at the end
of 1990s estimated that the dose to achieve a 50% local control at
2 years should be above 70 Gy. Soon after, improvements in radi-
ation delivery techniques that have the potential to better sparing
of normal tissues as well as advances in tumor volume definition
have focused the attention in the investigation of dose escalation.
By using a conventional fractionation regimen, however, dose esca-
lation is obtained by increasing the number of daily treatments,
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thus resulting in a prolongation of the overall time. Unfortunately
in NSCLC such a long duration of the radiation course has been
shown to be detrimental to tumor control and survival, resulting
in a significantly shortened survival (p =0.016) in four Radia-
tion Therapy Oncology Group (RTOG) prospective randomized
trials (6), with a loss of survival rate of 1.6% per day of prolonga-
tion beyond 6 weeks (7). Therefore, both total radiation dose and
treatment duration (or overall time) should be considered crucial
factors affecting the outcome of radiotherapy in the management
of NSCLC. Relying on a better conformal avoidance of normal
healthy tissues obtained with image-guided rotational IMRT (8),
we applied an alternative strategy that has already been shown (9)
to effectively escalate the dose by increasing dose per day while
reducing the number of treatment fractions and duration of the
treatment course, thus avoiding the risk of lessening the benefit of
the extra dose due to tumor cell repopulation during treatment (6,
10). In this article we retrospectively analyzed data from 61 con-
secutive patients with stage III unresectable NSCLC treated with
a moderately escalated hypofractionated radiotherapy delivered
with Helical Intensity-Modulated Technique in combination with
sequential or concurrent chemotherapy.

MATERIALS AND METHODS

POPULATION

The analysis included 61 patients with stage III unresectable
NSCLC who were considered non-progressive after two cycles of
induction platinum-based chemotherapy, basing on a contrast-
enhanced computed tomography (CT) scan of the chest, brain,and
upper abdomen. The treatment policy was reviewed and approved
by the IRB and carried out in compliance with the Helsinki Dec-
laration of 1975, as revised in 2000. Written informed consent was
obtained from each patient.

PRETREATMENT EVALUATION

Initial workup included bronchoscopy, CT of the lung and upper
abdomen through the adrenal glands, an MRI of the brain
with contrast, and a bone scan. A whole body 18F-deoxyglucose
(FDG) — Positron Emission Tomography (PET) scan was per-
formed in 33 patients (54%). All patients had a Forced Expiratory
Volume in the first second (FEV1) and DLCO (Carbon Monox-
ide Diffuse Capacity) at least 40% of predicted value, adequate
blood tests, consisting in absolute neutrophil count >1500/mL,
hemoglobin count >10 g/dL, platelet count >100,000/mL, serum
creatinine level <1.6 mg/dL, serum bilirubin <1.5 times normal
institutional limits, serum aspartate aminotransferase, and alanine
aminotransferase <2.5 normal institutional limits, and a World
Health Organization Performance Status (WHO-PS) <2. None
of them experienced a weight loss of more than 10% in the last
6 months.

TREATMENT

Treatment plan — chemotherapy

Induction chemotherapy consisted or cisplatin (80 mg/m?) or car-
boplatin (AUC 5) on day 1 and gemcitabine 1250 mg/m? on day 1
and 8, for a total of two cycles repeated every 21 days. Thereafter,
patients candidates for chemo-radiotherapy with curative intent
were those considered non-progressive (RECIST criteria) (11).

In a first phase, the treatment schedule consisted in a sequential
approach, with radiation course intended to start at the end of two
more cycles of chemotherapy following the same rules described
above, within 7 days from day 21 of the cycle 4. After a first
report (12) showing only minor complications, all non-progressive
patients after induction chemotherapy were treated with con-
current chemoradiation. In the concurrent schedule cisplatin-
vinorelbine (cisplatin 40 mg/m? day 2 and 9, vinorelbine 15 mg/m?
day 2 and 9, cisplatin 40 mg/m? day 23, vinorelbine 15 mg/m? day
23 and 30) was used, and radiotherapy began within 7 days after
the completion of induction chemotherapy (within 7 days from
day 21 of the cycle 2).

Treatment plan — radiotherapy

Simulation. All patients were positioned supine on a wing board
and immobilized by means of thermoplastic frames. CT scan for
planning from the level of the cricoid cartilage through the whole
liver volume was acquired in shallow breathing mode at 3 mm slice
thickness, ensuring that the amplitude of respiration, that was
checked under fluoroscopy, was kept within maximum 15 mm.
The gross tumor volume (GTV) included the primary tumor and
the pretreatment involved lymph nodes as defined on CT imaging
(short axis >1 cm or necrosis) or on FDG-PET. For the clinical tar-
get volume (CTV) a margin of 5 mm incorporating microscopic
disease around GTV was used (13). Depending on the tumor loca-
tion, the planning target volume (PTV) included the CTV plus a
total margin of at least 1 cm to the superior-inferior dimensions
and at least 0.8 cm in the axial plane, unless the PTV expansion
extended outside of the skin, or into the spinal canal. In this case,
PTV margins were limited. Automatic contouring of the lungs
and heart was performed using the Pinnacle3 treatment planning
system (version 8.0 h; Philips Radiation Oncology Systems, Fitch-
burg, MA, USA), with manual corrections allowed. Planning risk
volumes (PRV) were constructed with a 3-mm margin for the
spinal cord and 5-mm for the esophagus.

Dose schedule, constraints, and treatment delivery. Dose pre-
scription to the median dose point of the entire PTV was 30
fractions of 2.25-2.28 Gy each up to a total dose of 67.5-68.4 Gy
(range, 64.5-71.3 Gy). According to the linear-quadratic model,
the corresponding normalized total dose at 2 Gy per fraction
(EQD?2) is approximately 70 and 72 Gy, considering an alfa/beta
ratio of 10 Gy for tumor and acutely responding normal tissues
and 3 Gy for late complications, respectively. The optimization was
driven with the aim of delivering the prescribed dose to at least
95% of the PTV, according to ICRU 50/62 guidelines (14). DVH’s
points and penalties were setted to best meet the constraints for
organs at risk (OARs) without compromising PTV coverage. Spe-
cific dosimetric guidelines for OARs in accordance to the Quantec
(15) dose-volume model were applied and rescaled on fractiona-
tion’s change as follows: V19 for lungs <30%, MLD (volume of
both lungs minus GTV) <19 Gy; a maximal dose (Dpax) of 47 Gy
on the spinal cord; mean esophageal volume <32 Gy, V33 <50%,
V47 <40%; mean heart volume <33 Gy, V38 <80%, V57 <30%.
Dose computation and treatment delivery were performed on
the TomoTherapy HiArt II system (TomoTherapy Inc., Madison,
WI, USA). Image-Guided Radiotherapy (IGRT) was performed
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by means of a Megavolt Computed Tomography (MVCT) before
each daily session in the same shallow breathing modality adopted
on CT simulation, and positioning was done using the integrated
registration with the planning CT to account for set-up uncer-
tainties. The delivery parameters usually used for treatment plan-
ning and optimization were: 2.5 cm (field width); 0.287 (pitch);
2.5 (modulation factors); 0.215 cm x 0.215 cm; (dose calculation
grid). Treatment replanning was never performed considering
that tumor shrinkage during the radiation course is small and
might be counteracted by the risk of delivering inadequate dose
to the tumor rind, where residual cancer clonogens may still be
present (16).

RESPONSE AND TOXICITY EVALUATION

Patients were seen weekly during treatment and at a 3-monthly
interval during the first 2 years of follow up and every 6 months
thereafter. Toxicity monitoring was focused on treatment-related
esophageal and pulmonary adverse events and assessed by the
RTOG grading system (17). Any increase in grade form baseline
was considered toxicity related to the treatment and calculated
for the acute (90 days from start of RT) and late phase (beyond
90 days). Assessment of tumor response relied upon RECIST cri-
teria (11). Progressive disease that developed within or at the
margin of the PTV, as well as recurrences in another lobe of the
ipsilateral lung, was scored as loco-regional failure, whereas pro-
gression in the contralateral lung or extrathoracic sites was defined
as distant failure. Overall survival was calculated by the Kaplan—
Meier method from the initiation of treatment and patients were
censored at the time of the specific event.

RESULTS

This report includes 61 enrolled patients with locally advanced
stage IIT unresectable NSCLC treated between 2008 and 2011,
with a median follow up of 27 months (range 6-40). All patients
were considered non-progressive after two cycles of induction
platinum-based chemotherapy. Among them, 32 received sequen-
tial RT after two more cycles (total =4 cycles) of chemotherapy,
while 29 were treated with concurrent chemoradiation. All patients
but one, who discontinued treatment due to a decline in perfor-
mance status, finished the scheduled course, with a median of
42 days (range, 42—45 days). One patient died prematurely from
non-cancer and non-treatment-related causes within 3 months
after completion of the radiation course. Details on the baseline
disease, patients, and treatment characteristics are summarized in
Table 1.

TOXICITY

No Grade >4 acute and late toxicity was reported. Acute Grade 3
treatment-related pneumonitis was detected in 10%. In all cases,
acute lung toxicity developed 2—4 months after the completion
of treatment and resolved within 7 months. Two patients, both
receiving the concurrent schedule, developed a Grade 3 acute
esophagitis. The overall incidence of late Grade 3 lung toxicity was
5%. No patients experienced a Grade 3 late esophageal toxicity.

LOCAL CONTROL AND SURVIVAL
Among 59 patients evaluable for local control, the overall response
rate was 54% (6% CR, 48% PR). Stable disease was observed in

Table 1 | Baseline characteristics.

Value

PATIENTS CHARACTERISTICS
N Patients 61
Age (year) 67 (Range 40-78)
Sex

Mal 46 (75.4%)

Female 15 (24.6%)
COPD

Yes 39 (64%)

No 22 (36%)
WHO-PS

0 22 (36%)

1 31 (50.8%)

2 8 (13.2%)
Smokers

Never 7 (11.4%)

Quit 46 (75.4%)

Current 8 (13.2%)
DISEASE CHARACTERISTICS
Type of carcinoma

Adenocarcinoma 31 (560.8%)

Sqguamous cell 23 (37.8%)

Unspecified NSCLC 7 (1.4%)
Stage (TNM sixth edition) I11A 35 (57.4%)

I11B 26 (42.6%)

Median GTV size (cc) 81.8 (5.9-598.8)
Tumor location

Upper-middle lobes 47 (77%)

Inferior lobes 14 (23%)
TREATMENT CHARACTERISTICS
Chemotherapy timing

Induction All (100%)

Sequential 32 (62.5%)

Concurrent 29 (47.5%)
Drugs in sequential schedule

Cisplatin-gemcitabine 28 (87.5%)

Carboplatin based 4 (12.5%)
Drugs in concurrent schedule

Cisplatin-vinorelbine 29 (100%)
Total radiation dose 67.95 Gy (64.5-71.3 Gy)
Median OTT (days) 42 (42-45)

20%. Progression was documented in the remaining patients. The
median survival duration was 18.6 months in the sequential group
and 24.1 months in the concomitant group. A summary of the
analysis of patterns of failure is provided in Figure 1. One-year
and 2-year OS rate was 77 and 53% respectively for all patients
(Figure 2), 43% of whom were stage IIIB.

DISCUSSION

The renewed interest in the adoption of dose escalated regimens
has recently prompted the RTOG to open a randomized Phase III
trial, RTOG 0617 (18), to determine whether chemo-radiotherapy
with a higher radiation dose (74 Gy) improved overall survival
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Pattern of failure
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FIGURE 1 | Pattern of failure.
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FIGURE 2 | Overall survival for all patients.

compared with the current standard dose (60 Gy). Unexpectedly,
early findings (19), demonstrated that the higher dose of radiation
did not improve overall survival, and the study was closed to fur-
ther participant enrollment in the high-dose arm. In absence of a
difference between the toxicity rates between the two groups, it can
be speculatively argued that at least two factors may be advocated
for this disappointing outcome: (1) a higher risk of death related to
the effects on the normal lungs and perhaps the heart from high-
dose three dimensional conformal radiotherapy (3D-CRT) and
IMRT; (2) the protraction of the overall treatment time beyond
6 weeks in the high-dose arm, that might have favored tumor
repopulation. These poor results warrant the radioncological com-
munity to move a step backwards in the dose escalated approach.
However the path for dose escalation should not be abandoned
sincelocal failure following concurrent chemotherapy and normo-
fractionated radiation therapy for patients with stage III NSCLC
approximates 85% (20), and the effect of higher radiation doses on
survival is shown to be independent of whether chemotherapy is

given (21). Thus, RT dose intensity remains important despite the
establishment of chemotherapy in Stage III NSCLC, ensuring a 4%
relative improvement in survival and 3% relative improvement in
loco-regional control for every 1 Gy BED increase (22). Over last
decade, radiotherapy schedules other than conventional fraction-
ation have been explored for dose intensification in unresectable
NSCLC: hyperfractionation has been investigated with promising
results and its efficacy has been substantiated in a Meta-Analysis of
Radiotherapy in Lung Cancer (MAR-LC) (23) conducted on 2000
patients affected with NSCLC that found that modified fraction-
ation (accelerated or hyperfractionated radiotherapy) improved
overall survival as compared to conventional radiotherapy, result-
ing in an absolute benefit of 2.5% (8.3—10.8%) at 5 years. Although
increasing the RT dose intensity by accelerating the time may rep-
resent a suitable strategy, its application in the clinical practice
may be challenging and limited by the logistic difficulties of treat-
ing patients multiple times in a day and an expected rates of greater
acute esophageal toxicity. On the other hand, the administration
of higher daily doses (hypofractionated RT) would be certainly
be more attractive, allowing to complete the treatment in fewer
fractions, but has long been discouraged given some concerns on
the potentially increased late adverse effects. Mehta et al. (9) have
developed a dose per fraction escalation schedule in NSCLC using
advanced radiotherapy delivery technologies. The strength of this
approach is the capability of escalating the dose by moderately
increasing the dose per fraction without prolonging the duration
of the treatment course beyond 6 weeks — which might counter-
act the benefit of dose escalation allowing time for the tumor to
begin re-growing. We implemented this alternative strategy in the
context of combined chemo-radiotherapy and we reported 10%
Grade 3 acute lung toxicity, which is consistent with the 8 and
11% encountered by others (24-26) and even lower than major
treatment-related pneumonitis rates observed in some recent tri-
als that have assessed hypofractionated RT regimens in association
with chemotherapy (27, 28). Our findings confirm that moderate
hypofractionation using IGRT techniques, that help to reduce the
total irradiated volume, might not actually increase the risk of radi-
ation pneumonitis in typical “parallel” organs such as the healthy
lungs — with an expected marked volume effect — despite the tumor
fractionation sensitivity is smaller than that of the critical normal
tissue (29). The time course of acute lung toxicity reflected the
typical pattern of behavior of the classical radiation pneumonitis,
having developed 2—4 months after the completion of radiation
and resolved without sequelae within 7 months (30). Then, in two
patients who experienced a Grade 3 acute esophagitis, the maxi-
mum time of discontinuation of treatment did not exceed 3 days,
thus resulting in a very short treatment break. Late toxicity was
mild, with no patients experiencing a >G2 esophagitis. Outcomes
in terms of local tumor control and survival seem to compare
favorably with prospective data from phase II trials (25, 31, 32)
addressing the role of concurrent chemotherapy either in combi-
nation with modern radiotherapy techniques, or in the setting of
dose escalation for various hypofractionation schemes in locally
advanced inoperable NSCLC (33-36) (Table 2).This study does
not lead to any definitive conclusion on the correlation between
overall survival and dose level, but a strong relationship would be
expected given that higher dose is known to improve local control.
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Table 2 | Comparison of reported series of dose escalation or dose escalated hypofractionated radiotherapy in inoperable non-small cell lung

cancer.
Author Patients with RT dose Fraction Toxicity Outcomes
stage Il NSCLC
Kong (33) 60 63-103 Gy 2.15Gy - 5-Years OS, 13%
Median survival, 19 months

Bradley (34) 83 71-90 Gy 2.10 Gy No Group 3-4 acute esophagitis 3-Years OS, 26% (IIA)
Acute Group >3 pneumonitis 6% 15% (I11B)
Late Group >3 esophagitis 0-8%
Late Group >3 pneumonitis 0-16%

Belderbos (35) 42 60-94 Gy 2.25Gy No Group 3-4 acute esophagitis 2-Years OS, 24-40% (GTV </>75cm3)
Acute Group >3 pneumonitis 35% Median survival, 17 months
Late Group >3 pneumonitis 57 %
1 Case of late Group 5 esophagitis

Bral (36) 40 70.5Gy 2.35Gy Acute Group 5 pneumonitis 5% 1-Year OS, 65%
Acute Group 3 esophagitis 2.5% 2-Years OS, 27%
Late Group 3 pneumonitis 16% Median survival, 17 months
No Group 3-4 late esophagitis

Adkison (24) 36 57-80.5 Gy 2.28-3.22Gy  No Group 3-4 acute toxicities 2-Years OS, 46.8%
Acute Group 2 esophagitis 13% Median survival, 18 months
Acute Group 2 pneumonitis 13%

Current 61 675-68.4Gy 2.256-2.28Gy  Acute Group 3 esophagitis 3% 1-Year OS, 77%

Acute Group 3 pneumonitis 12%
Late Group 3 pneumonitis 7%
No Group 3-4 late esophagitis

2-Years OS, 53%
Median survival:18.6 months (seq Group)
24.1 Months (conc group)

Notwithstanding its retrospective nature and a potential bias
due to the accrual of selected (responders-only) patients to the
induction chemotherapy, our findings show that high biologically
effective dose delivered in a standard time frame may be safely
administered with or without chemotherapy, provided that highly
conformal radiotherapy techniques are used. More robust clinical
trials are needed to confirm this strategy.
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Background: To assess the tolerance of patients with small cell lung cancer undergoing
chemoradiation with tomotherapy-based image-guided radiotherapy (IGRT).

Materials and Methods: A retrospective review of the toxicity profile for nine patients
with small cell lung cancer of the limited stage who underwent chemoradiation delivered
with helical tomotherapy (HT) has been conducted.

Results: Acute grade 3-4 hematologic and esophagitis toxicities developed in two and
three patients respectively. One patient developed a pulmonary embolism during radio-
therapy. Seven patients had weight loss ranging from 0 to 30 pounds (median: 4 pounds).
Three patients had treatment breaks ranging from 2 to 12 days. At a median follow-up of
11 months (range: 2-24 months), no patients developed any radiation related toxicities such
as grade 3-4 pneumonitis or other long-term complications. The median survival was esti-
mated to be 15 months. There were two local recurrences, three mediastinal recurrences,
and six distant metastases.

Conclusion: Grade 3—-4 toxicities remained significant during chemoradiation when radi-
ation was delivered with tomotherapy-based IGRT. However, the absence of grade 3-4
pneumonitis is promising and the use of HT needs to be investigated in future prospective

studies.

Keywords: small cell lung cancer, limited stage, chemoradiation, IGRT

INTRODUCTION

Standard of care for small cell lung cancer of limited stage is
concurrent chemotherapy and radiotherapy (1-7). Radiotherapy
usually starts within 30 days of the initiation of chemotherapy
to ensure an optimal outcome (5). Treatment toxicity of the
combined modality is significant because of the volume of the
normal organs irradiated (esophagus and lungs) and the bone
marrow suppression from chemotherapy. Grade 3—4 esophagitis,
pneumonitis, and hematologic toxicity occurred frequently (1-7).
Although there are still controversies about the technique of radi-
ation delivery and the most optimal dose of radiotherapy, most
institutions treated the gross tumor and mediastinum, which is
followed by a cone down to the gross tumor with the three-
dimensional conformal radiotherapy technique (3-D CRT). Some
institutions choose to treat the gross tumor and involved lymph

nodes only to decrease normal tissue toxicity with the risk of recur-
rence in the non-irradiated mediastinal lymph nodes (4). Recently,
new techniques of radiotherapy such as image-guided radiother-
apy (IGRT) has been introduced to help reduce the treatment
margins used to create the planning target volume through more
precise image guidance. This potentially decreases normal tissue
toxicity through reducing the volume of normal tissue included in
the high dose volume. It also allows improved tumor coverage and
the delivery of higher radiation to the target volume which poten-
tially improves loco-regional control without increasing the risk of
normal tissue complications. Preliminary results of IGRT in head
and neck and gastrointestinal cancers have been promising because
of significant sparing of normal organs at risk for radiotherapy
complications (8—12). This has prompted us to conduct this ret-
rospective study on the feasibility of delivering IGRT with helical
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tomotherapy (HT) in the setting of concurrent chemoradiation
for limited-stage small cell lung cancers.

MATERIALS AND METHODS

The medical records of nine patients with limited-stage small cell
lung cancers who underwent concurrent chemoradiation deliv-
ered with HT between September 2009 and February 2012 were
retrospectively reviewed. The University of Arizona Institutional
Review Board (IRB) approved the study and waived the require-
ment for patient consent because of the retrospective nature of the
study. All but one patient underwent platinum-based chemother-
apy with cisplatinum and etoposide (7) or carboplatin and etopo-
side (1). One patient refused chemotherapy because of the fear
of treatment-related toxicities. All patients had mediastinal nodal
involvement (8 N2, 1 N3) at presentation. Six patients had stage
IITA and three patients had stage IIIB disease. Table 1 summarizes
patient characteristics. All patients underwent positron emission
tomography (PET) with computed tomography (CT) as part of
the staging. The PET-CT was also incorporated into the planning
CT to outline the target volume. All patients underwent simulation
and treatment in the supine position with their arms raised above
their heads and were immobilized using a custom-made Vac-Lok
cradle (Medtec, Orange City, IA, USA). For the actual simulation,
a CT scan of the chest with and without intravenous (IV) con-
trast was performed in the treatment position. The thorax area
from the neck to mid-abdomen was scanned with a slice thickness
of 3mm. The CT scan without contrast was used for planning
to avoid possible interference of the contrast density on radio-
therapy isodose distribution. The gross tumor volume (GTV) was
defined as the post-chemotherapy tumor volume after one cycle of
chemotherapy. All patients underwent 4D simulation at the time
of the CT simulation to outline the tumor internal target volume
(ITV). Respiratory motion was accounted for by 4D CT which
retrospectively sums of the CT images collected from evenly sep-
arated time points (10 phases) throughout one breathing cycle.
The clinical target volume (CTV) was created by expansion of the
ITV, PET positive mediastinal lymph nodes, ipsilateral hilum, and
mediastinum with a 0.8 cm margin. For tumor located in the upper
lobes (8), the ipsilateral supraclavicular lymph node area was also
treated prophylactically and the lower mediastinum was excluded.
For tumor located in the lower lobe, the lower mediastinum was
treated but the supraclavicular lymph node area was excluded.
A margin of approximately 0.2 cm was added to create the final
PTV. The PTV and ITV was treated to a total dose of 4500 cGy
in 180 cGy/fraction and 5000 cGy in 200 cGy/fraction respectively.
All target volumes were checked daily before each treatment and
the isodose lines verified to ensure that no excessive radiation was
delivered to the OARs. Patients were simulated and re-planned
at 4000 cGy to account for tumor shrinkage, and/or expansion
of the lungs from resolution of the atelectasis. The residual gross
tumor ITV was boosted for an additional dose of 1000 cGy in
200 cGy/fraction (6) or 1500 cGy in 125 cGy/fraction twice a day
(bid) (3) to achieve a tumor dose of 6000-6500 cGy. The bid frac-
tionation was chosen when the tumor encased the blood vessels to
decrease the risk of hemorrhage as the tumor may already invade
into the adventitia of the blood vessels. Dose constraints for nor-
mal organs at risk for complications were the following: lungs

Table 1 | Patient characteristics.

Patient number 9
Median age 60 (46-84)
Sex

Female 2

Male 7
Histology Small cell
T stage

T

T2 3

T4 2
N stage

N2 8

N3 1
Stage

A 6

1B 3
Tumor location

RUL 4

LUL 3

RML 1

LLL 1
Follow-up 2-24 months (median: 11 months)

RUL: right upper lobe; LUL: left upper lobe;, RML: right middle lobe; LLL: left
lower lobe.

(V20 <30%, V5 <50%); spinal cord: Dpax <40 Gy; cardiac ven-
tricles: V40 <10%, V20 <50%). Minimal target coverage was 95%
for all targets with at least 99% of the prescribed dose delivered
to the gross tumor and mediastinal lymph nodes. Radiotherapy
started on the second cycle of chemotherapy. Weekly complete
blood count (CBC) and blood chemistry to assess renal function
were performed during chemoradiation.

Treatment breaks and weight loss were recorded during
chemoradiation. Acute and long-term toxicities were graded
according to Radiotherapy Oncology Group (RTOG) group sever-
ity scale (http://ctep.cancer.gov). All patients had a follow-up
visit 1 month and regularly 3 months following treatment. Clinical
examination was performed at each follow-up to detect recurrent
disease and possible complications resulting from the treatment.
Patients were asked specifically about their exercise tolerance, dys-
phagia, weight loss, and difficulty to breathe compared to their
pre-treatment baseline. The patients were also monitored during
and following treatment with a team of dietitians because of the
expected grade 3—4 esophagitis. A PET-CT scan was performed
4, 10 months, and yearly after treatment if there was no clini-
cal evidence of disease. Patient with a complete response (CR)
on PET-CT will undergo prophylactic cranial irradiation (PCI).
Survival data was analyzed using Kaplan—Meier estimation.

RESULTS

PTYV target coverage ranged from 96 to 98% (median: 97%). Max-
imum spinal cord dose ranged from 3300 to 4100 cGy (median:
3500 cGy). V20 and V5 for both lungs combined ranged from 6 to
25% (median: 22%) and 30 to 67% (median: 53%) respectively.
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Table 2 | Treatment toxicity.

Weight loss
Treatment break

0-30pounds (median: 4 pounds

Three patients had treatment breaks ranging from
2 to 12 days

Grade 3-4 toxicities

Hematologic 2/9 (22%)
Esophagitis 3/9 (30%)
Pulmonary embolism  1/9 (11 %)

Because of the tumor location in the upper lobes in eight patients,
the cardiac ventricles doses were insignificant. Except for one
patient, all patients had significant shrinkage of the GTV dur-
ing treatment (30% or more of the pre-treatment tumor volume).
For one patient, tumor size increased during treatment and he
developed loco-regional failure later.

Two patients (22%) developed grade 3—4 hematologic toxi-
city. Three patients (33%) had grade 3—4 esophagitis and one
patient (11%) had pulmonary embolism. Median weight loss was
4 pounds (range: 0-30 pounds). Three patients (33%) had treat-
ment breaks ranging from 2 to 12 days (Table 2). Four patients
(44%) had a CR on PET-CT post treatment. However, only one
patient with a CR underwent PCI. The other three declined PCI
because of the fear of late neurotoxicity. Two of these patients
developed multiple brain metastases later and died. Two patients
developed local recurrences (22%) and three patients had medi-
astinal recurrences (33%). Six patients (66%) developed distant
metastasis (brain: 2, liver: 2, bones: 2, adrenals: 1). At a median
follow-up of 11 months (range: 2-24 months), the median and 2-
year survival was estimated to be 15 months and 28% respectively.
No patients developed grade 3—4 acute or late pneumonitis. The
acute esophagitis resolved by 6 weeks following treatment comple-
tion and all patients recovered from their weight loss. No patient
noticed a change of their breathing pattern or physical activity
compared the pre-treatment baseline.

DISCUSSION

Randomized studies of small cell lung cancer with limited stages
revealed poor survival with a high rate of loco-regional recur-
rences and distant metastases (2, 6, 13—17). Radiation therapy
dose ranged from 4500 cGy in 150 cGy bid to 4500-5000 cGy in 25
daily fractions. Despite a low dose of radiation, patients still expe-
rienced grade 3—4 pneumonitis ranging from 3.2 to 6.2% (2, 13,
15, 16). In severe cases death may occur (2, 13, 15). Among long-
term survivors, grade 3—4 pulmonary fibrosis has been reported
in 37-39% of the patients (17). Radiation-induced lung injury
was most likely due to irradiation of a large volume of the nor-
mal lungs with the conventional radiotherapy technique when the
ipsilateral mediastinum was included in the treatment volume.
Preliminary data indicated that by limiting the target volume to
the GTV and adjacent lymph nodes, radiation dose escalation was
feasible to improve local control. With this approach, Bogard et al.
reported that the GTV dose may be increased to 7000 cGy with
grade 3 pneumonitis observed in only 5% of the patients (18).
Thus, a new radiation technique that allows radiation dose escala-
tion without increasing lung toxicity may potentially improve local

control and survival while preserving patient quality of life. The
introduction of intensity-modulated radiotherapy (IMRT) may
allow for decrease normal tissue toxicity because of the rapid dose
fall-off away from the target volume (19). However, when IMRT
was used for elective nodal irradiation in patients with limited-
stage small cell lung cancer, 7% of the patients still experienced
grade 3 pneumonitis despite the fact that two-third of the patients
was treated to 4500 cGy in 30 bid fractions and the target was
limited to the GTV and lymph nodes involved on PET scan (20).
Thus, our study is the first to demonstrate the feasibility of adaptive
IGRT delivered with HT-based image to spare the normal lungs
from excessive irradiation as the GTV was treated to a higher dose
of radiation (6000-6500 cGy) and the ipsilateral mediastinum was
included in the treatment field. The absence of grade 3—4 pneu-
monitis and long-term lung injury in our study may be attributed
to multiple factors. We outlined the GTV post-chemotherapy as
a target volume as Hu et al. (3) observed no difference in local
control if the post-chemotherapy GTV was treated instead of the
pre-chemotherapy GTV. As the tumor shrinks during radiother-
apy, re-planning and boosting to the residual tumor may allow for
sparing of the normal lungs without compromise of target cover-
age (21). All but one of the patients had significant decreased in
size of the tumor which is in agreement with other studies. Hugo
et al (22) reported that the GTV volume decreased by 23% after
5 weeks of radiotherapy in patients with non-small cell lung can-
cer. In addition, compared to conventional IMRT, HT provides
comparable target coverage with a significant reduction of the
lungs V20 (23). We also set high priority to limit the V5 for nor-
mal lung as the patients received concurrent chemotherapy which
may increase radiosensitization of the normal lungs and the risks
of severe pneumonitis (23). The low V5 and V20 in our study
indicated that the normal lungs may be preserved from excessive
irradiation with HT-based IGRT in the treatment of patients with
small cell lung cancer of limited stage. This is true even if elec-
tive nodal irradiation is administered. Thus, dose escalation to
the gross disease with reduced margins may be feasible with HT-
based IGRT. This hypothesis warrants further validation in future
prospective trials with larger number of patients.

We do observe a high rate of grade 3—4 esophagitis which is
unavoidable because the esophagus is included in the ipsilateral
mediastinum. However, all patients recovered following treatment
and resumed a normal physical activity. The addition of a radia-
tion protector such as amifostine may be an option to decrease the
severity of esophagitis and improve patient quality of life during
treatment (24).

The study is limited by the fact that it only includes a small
number of patients and a short follow-up after treatment. Thus,
it can only serve as a preliminary report which warrant further
validation in future prospective studies.

CONCLUSION

Image-guided radiotherapy delivered with HT may potentially
reduce the risk of radiation related severe toxicities, and espe-
cially lung toxicities in the setting of concurrent chemoradiation
for limited-stage small cell lung cancer. This may allow for fur-
ther radiation dose escalation to the gross tumor to improve
treatment outcome. Prospective studies with a large number of
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patients should be conducted in the future to further validate this
hypothesis.
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Magnetic resonance spectroscopy (MRS) is a non-invasive technique to detect metabolites
within the normal and tumoral tissues. The ability of MRS to diagnose areas of high meta-
bolic activity linked to tumor cell proliferation is particularly useful for radiotherapy treatment
planning because of better gross tumor volume (GTV) delineation. The GTV may be targeted
with higher radiation dose, potentially improving local control without excessive irradiation
to the normal adjacent tissues. Prostate cancer and glioblastoma multiforme (GBM) are
two tumor models that are associated with a heterogeneous tumor distribution. Preliminary
studies suggest that the integration of MRS into radiotherapy planning for these tumors is
feasible and safe. Image-guided radiotherapy (IGRT) by virtue of daily tumor imaging and
steep dose gradient may allow for tumor dose escalation with the simultaneous integrated
boost technique (SIB) and potentially decrease the complications rates in patients with
GBM and prostate cancers.
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POTENTIAL ADVANTAGES OF MAGNETIC RESONANCE
SPECTROSCOPY FOR FUNCTIONAL TUMOR IMAGING
Magnetic resonance spectroscopy (MRS) is based on nuclear
magnetic resonance technique to investigate the metabolism of
chemicals in the body. Different chemicals containing the same
nucleus exhibit characteristic chemical shifts in resonance fre-
quency, allowing the chemical form of the element to be identified.
Since the most abundant atom in the body is hydrogen (H), 'H
MRS estimates the concentration of different metabolites within
normal tissues of the body, which are displayed as a spectrum of
resonances (peaks) along the x-axis as parts per million (ppm) and
the amplitude of resonances is measured on the y-axis using an
arbitrary scale. Depending on the clinical question, many major
metabolites can be measured with MRS. In the brain, N-acetyl
aspartate (NAA) is a marker for neuronal and axonal integrity. A
decrease in NAA level is usually associated with neuronal loss or
damage. Choline (Cho) represents the constituents of cell mem-
brane. Increased Cho is associated with increased concentration
of cells and or/cell membrane synthesis such as cancer. Creati-
nine (Cr) is a marker for cell energy metabolism. Decreased in

Cr is associated with tissue death or necrosis. Lactate is a marker
for anaerobic glycolysis. Increased lactate is associated with hypox-
emia and tumors because of their anaerobic metabolism. Increased
lipids concentration is observed in necrotic areas of the tumor.
In gliomas, NAA is reduced because of neurons destruction by
the tumor and Cho is increased because of tumor cell prolif-
eration. Thus, abnormal Cho/NAA ratio is observed in areas of
tumor infiltration such as the area of vasogenic edema around the
gross tumor. Figure 1 illustrates the potential of MRS to outline
the gross tumor volume (GTV) in a patient with glioblastoma
multiforme (GBM).

Magnetic resonance spectroscopy is particularly helpful to
distinguish radiation injury from tumor recurrence after radio-
therapy as both may have similar magnetic resonance imaging
(MRI) appearances (1). Decreased in Cho, NAA, and Cr are usu-
ally observed with radiation injury and high Cho/NAA ratio is
suggestive of tumor recurrence (2). In the prostate, Citrate (Cit)
is produced by the normal prostate epithelium. The prostate has
a high concentration of mitochondrial Zinc (Zn), which inhibits
aconitase, the first enzyme of the Krebs cycle, which normally
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FIGURE 1 | This patient with a glioblastoma multiforme shows the voxel
over the area of interest in the tumor over the sagittal T1 (A) and axial
FLAIR (B) image. Magnetic resonance spectroscopy (C) shows an elevated

b1,0001

choline peak (single arrow) and decreased creatine (double arrow) and
N-acetyl aspartate (NAA) peaks (triple arrow), which is the typical pattern for
tumor (Images courtesy of Dr. Ashok Srinivasan, University of Michigan).

converts citrate to isocitrate leading to a high concentration of
citrate in the prostatic epithelium (3). Cit is often decreased in
area of prostate adenocarcinoma because of the low Zn con-
centration. High Cho and Cr are also observed in tumor areas
because of cancer cells proliferation. Thus, higher Cho + Cr/Cit
ratio is observed in areas of high tumor concentration compared
to normal prostate tissue. Figure 2 illustrates the potential of
MRS to outline the GTV in a patient with biopsy-proven ade-
nocarcinoma of the prostate. Interestingly, areas of high Gleason
score (4+3 or above) associated with tumor poor differentia-
tion may be associated with high Cho+ Cr/Cit ratio suggest-
ing that MRS may be useful to guide prostate biopsy (4, 5). A
high Cho + Cr/Cit ratio is also associated with a large tumor
volume and advanced tumor stage (6, 7). As a result, MRS is
very accurate to detect high grade tumors within the prostate
gland, which may be useful for treatment planning because of
the high recurrence rates of these tumors (8). As prostate can-
cer has a heterogeneous distribution within the prostate gland,
MRS is particularly helpful to guide a second biopsy if the

initial biopsy was negative among patients with a high PSA
level suspicious for prostate cancer (9). MRS can also be used
to assess radiotherapy response or recurrence following prostate
irradiation. As Cit level decreases following prostate cancer
irradiation at a faster rate than Cho or Cr, the Cho level, or Cho/Cr
ratio are often used for radiation response.

A low normalized Cho following radiotherapy may predict
a low PSA (0.5ng/ml or less) at 1year following prostate can-
cer treatment (10). Conversely, high Cho level or Cho/Cr ratio
may detect local recurrences in patients with rising PSA following
prostate cancer irradiation (11-13). The pattern of local recur-
rence following external beam irradiation of prostate cancer is
predominantly within the dominant intra-prostatic tumors sug-
gesting that radiation dose escalation of these focal tumor masses
may improve local control (14).

PRINCIPLES OF IMAGE-GUIDED RADIOTHERAPY
Conventional treatment with three-dimensional conformal radio-
therapy (3D-CRT) has been associated with a higher rate of toxicity
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FIGURE 2 | This patient has a biopsy-proven adenocarcinoma of the
prostate in the magnetic resonance spectroscopy area suspicious for
malignancy. Axial (A), Coronal (B), and sagittal (C) high-resolution

T2-weighted images. Axial diffusion weighted, b=2000 (D) and ADC
map (E). 1H-spectroscopy demonstrating elevated choline/creatine-to-citrate
ratio (F).

with radiation dose escalation because of irradiation of a large
volume of normal tissues (15). The introduction of intensity-
modulated radiotherapy (IMRT) has led to significant reduction
of normal tissue irradiation because of the steep radiation dose
gradient away from the target volume compared to 3D-CRT (16).
However, a significant amount of normal tissues is still irradi-
ated because the inclusion of the tumor and areas at high risk for
invasion with a large rim of normal tissue called planning target
volume or PTV to avoid marginal miss. Recently, image-guided
radiotherapy (IGRT) by combining the steep dose gradient of
IMRT with daily imaging may further improve treatment toxi-
city because of the PTV reduction provided that the gross tumor
and area at risk for tumor invasion can be accurately outlined
with proper diagnostic imaging (17). Functional tumor imaging
such as MRS in combination with conventional diagnostic stud-
ies such as MRI may allow the radiation oncologist to develop
a treatment plan that covers the PTV with a curative radiation
dose while sparing the normal organs with the simultaneous inte-
grated boost (SIB) technique, which delivers different dose levels
within the PTV (18). Thus, the intra-prostatic or GBM GTV
outlined by MRS may be treated with a higher radiation dose
than the PTV for improved local control while the IMRT steep
dose gradient decreases radiation dose to the normal adjacent
organs and potentially reduces long-term complications. The suc-
cess of functional imaging for accurate radiation delivery with
IGRT requires a close collaboration between the diagnostic radi-
ologist and radiation oncologist as MRS is not easy to interpret
because of its limitations even for experienced diagnostic radi-
ologist. As radiation dose escalation with IGRT may be associ-
ated with significant toxicity, it is imperative to outline the GTV
accurately.

POTENTIAL APPLICATION OF MRS FOR IGRT OF
GLIOBLASTOMA MULTIFORME

Multiple studies of radiation dose escalation for GBM have failed
to demonstrate an improvement in survival or local control (19).
However, these studies were based on 3D conformal radiotherapy
(3D-CRT) and MRI imaging. One possible explanation is whether
the high radiation dose was actually delivered to the areas of high
cancer concentration to be effective because of the heterogene-
ity of the tumor distribution within the target volume. Another
possible explanation is the protracted treatment time may not
be effective for local control because of the accelerated repop-
ulation of cancer stem cells, which may be radio-resistant (20).
Thus, a treatment course that delivers a high radiation dose to
the GTV within a short time may be more effective for tumor
control and potentially improve patient quality of life as they will
have more time to spend with their family. Functional imaging
with MRS may allow the radiation oncologist to outline the target
volume accurately and spare the normal brain from unnecessary
irradiation. The potential of IGRT to decrease the planning target
volume (PTV) because of daily imaging coupled with the steep
dose gradient of IMRT may further reduce treatment toxicity. As
a result, the combination of precise tumor targeting and planning
with MRS and effective radiotherapy delivery through IGRT may
improve local control without excessive neurotoxicity. The feasi-
bility of MRS for radiotherapy treatment planning of GBM has
been investigated. The choline to creatinine ratio as an indice of
the tumor activity (3 or higher) was converted on a gray scale,
fused to the MRI images and transferred to the computer tomog-
raphy (CT) scan as GTV in 12 patients with glioma (21). Among
the patients in the study who had GBM, an IMRT plan was devel-
oped to delivered 5940 cGy in 180 cGy to the PTV while limiting
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radiation to the critical radiosensitive structures such as the optic
chiasm and brain stem. Radiotherapy treatment was well tolerated
by all patients without complications. A SIB plan was also gener-
ated but not used for treatment to increase the GTV dose to 7000
cGy based on the choline/creatinine ratio. Despite a higher GTV
dose, the dose to the radiosensitive structures did not increase
and highlighted the safety of radiation dose escalation with the
SIB technique. Another study corroborated the feasibility of MRS
for radiation dose escalation. Thirty-five GBM patients under-
went surgical resection and had MRS to outline the tumor bed
after surgery (22). The voxels within the post-operative T2 MRI
that contained acholine/ N -acetylaspartate ratio of 2 or above were
treated with stereotactic radiosurgery (SRS) to a dose determined
by the Radiation Therapy Oncology Group (RTOG) SRS guide-
lines followed by an additional dose of 6000 cGy with 3D-CRT.
Among the 16 patients of the study who received temozolomide
(TMZ) in addition to the radiotherapy protocol, median survival
was 20.8 months compared to the historical control of 14.6 months
for the ones treated with conventional radiotherapy and TMZ of
the European Organization for Research and Treatment of Can-
cer (EORTC) (23). Grade 3—4 toxicity of the protocol treatment
was acceptable suggesting that radiation dose-escalation based
on MRS for GTV delineation may improve local control with-
out excessive toxicity. Preliminary studies of MRI-based IMRT
treatment of GBM also suggest that radiation dose escalation may
be safe when combined with TMZ. Thirty-eight GBM patients
were treated to a dose ranging from 6600 to 8100 cGy to the
GTV with the IMRT technique. Only three patients with radia-
tion dose exceeding 7500 cGy developed radionecrosis. Among
the 22 patients who had functional imaging with C!! methion-
ine positron emission tomography (MET-PET) before treatment,
seven out of eight patients recurred because of inadequate coverage
of the GTV as defined by MET-PET (24). This study highlights the
potential of MRS to avoid marginal miss and possibly decreasing
complications rates with PTV reduction. IMRT-based IGRT for
GBM has been investigated to shorten the treatment course with
promising results (25-27). Thus, MRS-based IGRT treatment for
GBM merits further investigations in the future to improve local
control and reduce toxicity.

POTENTIAL APPLICATION OF MRS FOR IGRT OF PROSTATE
CARCINOMA

On line IGRT in prostate cancer allows for immediate correction
of daily movement of the prostate secondary to bladder and rec-
tum filling. The ability to increase radiation delivery accurately
avoids unnecessary irradiation of the bladder and rectum and
may decrease radiation side effects. In a study of 275 patients
with prostate cancer treated to a tumor dose of 74-78 Gy, patients
who had IGRT experienced significantly less diarrhea, urinary fre-
quency, and fatigue compared to the ones without IGRT. The
margins and planning constraints were the same for both groups
(28). The reduced morbidity of radiation with daily imaging was
also corroborated in another study of 282 patients with prostate
cancer. Among 154 patients treated with IGRT, rectal pain and
diarrhea were significantly less even though they were treated
to a higher dose compared to the ones who did not have IGRT
(29). Inpatients with intermediate to high risk prostate cancer,

a higher radiation dose may be required to improve local con-
trol and biochemical-free survival if dose escalation does not
lead to increased risk of complications (15). However, in patients
with multiple co-morbidity factors such as the elderly, increasing
radiation dose to the prostate may further increase the risk of rectal
damage because the close proximity of the rectum to the prostate
(30). Thus, increasing radiation dose to the intra-prostatic GTV
may offer the ideal solution of limiting rectal dose while delivering
a curative tumor dose. The feasibility of this treatment strategy
was demonstrated in a dosimetric study of eight patients with
prostate cancer (31). The intra-prostatic GTV as outlined with 8F
Choline PET-CT, a cell proliferation marker with intense accu-
mulation in prostatic cancer cell, was treated up to 90 Gy without
exceeding the dose constraints to the bladder and rectum with
the IMRT technique. Other dosimetric studies corroborated the
feasibility of PET-based GTV dose escalation up to 100 Gy with
IGRT for patients with prostate cancer (32, 33). The potential of
MRS for potential intra-prostatic GTV dose escalation with IMRT
was highlighted in one dosimetric study where the prostate was
treated to 70 Gy at 1.8 Gy/fraction while the GTV was treated to
90 Gyat2.25 Gy (34). Compared to an IMRT plan that convention-
ally treated the prostate to 70 Gy, the rectal dose was 40 and 48 Gy
for the GTV dose escalation plan and conventional plan respec-
tively. Thus, using MRS for potential GTV boost allows for a higher
radiobiologic dose to the tumor while decreasing radiation dose
to the rectum.

The safety of intra-prostatic GTV dose escalation was illus-
trated in a clinical study of 118 patients with intra-prostatic GTV
defined either on MRI or MRS (35). The GTV and PTV were
treated to 81-82 and 78 Gy, respectively with IMRT. No patient
developed grade 3—4 gastrointestinal toxicity. Figure 3 illustrates
the potential of MRS for GTV boost in a patient with prostate ade-
nocarcinoma treated with radical prostatectomy (36). The patient
had two intra-prostatic nodules suggestive of malignancy on pre-
operative MRS and confirmed pathologically after surgery. These
two GTV could have been treated to a high radiation dose to
improve local control while sparing the rectum if the patient had
definitive irradiation instead of surgery. In fact, this patient may be
a good candidate for high dose rate prostate brachytherapy as these
two foci can be treated to a higher dose by increasing the dwell time
of the radioactive source (37). Preliminary clinical study of PET-
based intra-prostatic GTV dose escalation with IGRT has been
very promising because of minimal toxicity (38). As '®F-choline
PET-CT may not be available in most centers, MRS-based GTV
may be a practical method for IGRT dose escalation of prostate
cancer. MRS may also play a significant role in the future because
of its ability to detect recurrence following external beam prostate
irradiation and for possible salvage (39).

LIMITATIONS OF MAGNETIC RESONANCE SPECTROSCOPY

Multiple factors can potentially limit MRS. Inhomogeneities in
the magnetic field can cause peak overlap and poor quantifica-
tion. This can be limited if the magnetic field is shimmed prior to
the MRS study, which helps to correct for magnetic field inhomo-
geneities. Susceptibility artifact can degrade the study if the area
of interest is in a part of the brain close to bone or air, such as
in the paranasal sinuses. Iron and other minerals built up in the
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FIGURE 3 | This patient had a radical prostatectomy
demonstrating two intra-prostatic adenocarcinoma in the
pre-operative magnetic resonance spectroscopy areas suspicious
for malignancy. These two gross tumor volumes could have been
treated to a higher radiation dose (81 Gy) while the prostate received
only 78 Gy with the image-guided radiotherapy technique, thus
improving the chance for local control and decreasing the risk of

3 2147488647 "

long-term rectal damage. (A) The areas outlined in red showed the
cancerous tissue in the right and left lobe in the prostate. (B) The
areas outlined in orange had an abnormal CCr (choline+creatine/
citrate) ratio suspicious for malignancy on pre-operative magnetic
resonance spectroscopy. (Images courtesy of Dr. Shigeo Horie, Teikyo
University, and Dr. John G. Delinasios, International Institute of
Anticancer Research.)

paranasal ganglia can also cause susceptibility artifact that causes
distorsion. In a similar fashion, if the spectrum is obtained in an
area of the brain close to the scalp, scalp lipids can degrade the
spectrum. Each box in an MRS exam called a voxel, is limited
in spatial selectivity, and when using multivoxel MRS technique,
there is a certain degree of overlap within each voxel from the
adjacent voxels. In general, spatial resolution is also limited due to
a low signal to noise ratio.

CONCLUSION

Functional imaging with MRS may allow radiation dose escala-
tion with IGRT for GBM and prostate carcinoma while sparing
the adjacent normal organs. MRS should be integrated in future
prospective studies to assess its potential to reduce long-term com-
plications and possibly improving local control in patients with
GBM and prostate cancers.
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Treatment of glioblastoma multiforme (GBM) and brain metastasis remains a challenge
because of the poor survival and the potential for brain damage following radiation. Despite
concurrent chemotherapy and radiation dose escalation, local recurrence remains the pre-
dominant pattern of failure in GBM most likely secondary to repopulation of cancer stem
cells. Even though radiotherapy is highly effective for local control of radio-resistant tumors
such as melanoma and renal cell cancer, systemic disease progression is the cause of
death in most patients with brain metastasis. Preservation of quality of life (QOL) of cancer
survivors is the main issue for patients with brain metastasis. Image-guided radiotherapy
(IGRT) by virtue of precise radiation dose delivery may reduce treatment time of patients
with GBM without excessive toxicity and potentially improve neurocognitive function with
preservation of local control in patients with brain metastasis. Future prospective trials
for primary brain tumors or brain metastasis should include IGRT to assess its efficacy to

yahoo.com

improve patient QOL.

Keywords: glioblastoma, brain metastases, image-guided radiotherapy, neurotoxicity

INTRODUCTION

Treatment of glioblastoma multiforme (GBM) and brain metas-
tasis remains a challenge because the poor survival and potential
for brain damage. Despite the fact that GBM is a primary glioma
and brain metastasis represents dissemination to the brain of solid
malignant tumors, median survival for both conditions remains
similar because of the lack of treatment efficacy. Prognosis fac-
tors for both GBM and brain metastasis are age and performance
status based on the recursive partitioning analysis (1, 2). Thus,
given the remote chance for long-term survival, the goal of treat-
ment should be the improvement of quality of life (QOL) for
GBM and brain metastasis patients. New radiotherapy techniques
such as image-guided radiotherapy (IGRT) provides the clinician
with an unique opportunity to shorten the length of treatment
without increasing treatment toxicity by virtue of normal tissue
sparing. Magnetic resonance imaging (MRI) is now integrated
into of radiotherapy planning to improve treatment accuracy.
New imaging modalities such as positron emission tomography
(PET) and diffusion tensor imaging (DTI) may also accurately

delineate the gross tumor volume (GTV) and the areas of radia-
tion brain damage respectively, and complement MRI to decrease
normal tissue toxicity. In the following sections, we will review
the literature to determine how to best combine new diagnos-
tic technology with advanced radiation treatment to improve
patient QOL.

TREATMENT OF GLIOBLASTOMA

Standard treatment for GBM is surgical resection if feasible fol-
lowed by concurrent chemotherapy with temozolomide (TMZ)
and radiation (3). Despite the addition of TMZ, only 9.8% of the
patients survived at 5years. The predominant pattern of recur-
rence is local failure suggesting that improving local control may
improve survival. Many institutions have attempted to increase
radiation dose to the tumor bed for better local control. How-
ever, a randomized study using radiosurgery as a boost dose to
the tumor bed prior to chemoradiation did not demonstrate
any improvement of survival. Two hundred and three patients
with supratentorial GBM were randomized between carmustine
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(BCNU) and standard radiation to 60 Gy or radiosurgery boost
followed by standard radiation. Local failures occurred in 90%
for both groups causing patient death (4). These clinical results
suggest that GBM is both chemo- and radio-resistant. Recent
studies in molecular biology have demonstrated the existence
of cancer stem cells (CSCs) in GBM responsible for treatment
failure. Despite high doses of radiation of 30-60 Gy in a sin-
gle fraction, these CSCs continued to proliferate in cell cultures
following radiation (5). The radio-resistance of GBM cells sug-
gests that radiation dose escalation alone is not feasible to control
tumor growth in the clinical setting because of the excessive neu-
rotoxicity associated with such a high dose. The mechanism of
chemo-resistance of CSCs is complex but one of the principal
mechanisms is the presence of transporters that actively pump
the drugs out of the cells preventing their tumoricidal actions
(6). Thus, unless new therapies are directed toward the control
of CSCs, conventional postoperative chemotherapy and radia-
tion is doomed to fail. A reasonable alternative to the standard
fractionation schedule would be shortening the course of radio-
therapy which may allow the patient to spend quality time with
their family provided that the accelerated course does not increase
toxicity. A randomized trial of TMZ versus standard radiother-
apy versus hypo-fractionated radiotherapy in elderly patients
showed a better survival in patients above 70years treated by
hypo-fractionated radiotherapy or TMZ as compared to standard
radiotherapy (7).

TREATMENT OF BRAIN METASTASES

Even though the optimal treatment for brain metastasis remains
controversial, radiation therapy is very effective to prevent disease
progression even for radio-resistant tumors such as renal cell can-
cer and melanoma. The delivery of a very high radiation dose with
radiosurgery provides excellent local control (8). However, when
there are multiple metastases or when there is evidence of tumor
progression after radiosurgery, whole brain radiotherapy (WBRT)
is required. In patients who had tumor regression following whole
brain irradiation, neurocognitive function, and survival improve
suggesting that local control of the tumor in the brain remains the
most important factor to prevent deterioration of mental status
(9). Even though ultimately all patients experienced deterioration
of their neurocognitive function following radiosurgery alone or
radiosurgery with WBRT, improvement of local control with the
addition of WBRT delayed the time to deterioration emphasiz-
ing the importance of local control on mental status (10). There
are still controversies whether WBRT should be added to radio-
surgery for brain metastasis at initial diagnosis. In one study, the
poor survival observed with WBRT and radiosurgery compared
to radiosurgery alone is most likely due to the delay to initiate
chemotherapy in patients who received WBRT (11). Most of the
patients treated for brain metastasis ultimately died from systemic
disease progression emphasizing the fact that while local control
remains important, chemotherapy remains the main treatment
and should not be delayed unnecessarily (12). Thus, future stud-
ies should focus on decreasing the overall treatment time and the
neurotoxicity of WBRT while optimizing local control of brain
metastases.

RADIATION-INDUCED NEUROTOXICITY

Animal experiments demonstrate normal brain injury following
WBRT. Adult rats exposed to single fraction whole brain irradi-
ation to 25 Gy developed decreased cognitive function compared
to sham-irradiated rats (13). Autopsy of the irradiated rat brains
revealed demyelination with or without necrosis mainly in the
corpus callosum. Increased gliosis was also observed similar to
the one reported in human brains affected by accelerated aging
such as Alzheimer’s disease and multiple sclerosis. Damage to
the normal brain is dose-dependent as adults rats exposed to
whole brain fractionated irradiation to 30 Gy in 10 fractions devel-
oped memory loss without observed microscopic damage (14).
The mechanism of brain injury at the molecular level is com-
plex and is postulated secondary to depletion of oligodendrocytes
leading to demyelination, deletion of neural stem cells (NSCs)
in the hippocampus, cerebral cortex, vascular injury, and more
recently vasculitis (15, 16). The use of MRI-based techniques such
as DTI allows for monitoring of human brain damage following
irradiation. DTI measures water molecule diffusion in the brain
which varies with the direction, density, and myelination of white
matter fibers. Diffusion of water perpendicular and parallel to
white fibers is termed radial diffusivity (RD) and axial diffusivity
(AD) respectively. Increased RD and decreased AD has been cor-
related to decreased myelination and increased gliosis respectively.
Using DTI prior to and 1 month post WBRT in 14 patients with
brain metastases, increased RD was observed in all brain struc-
tures but more prominent in the cingula and fornix suggesting
demyelination of the limbic structures responsible for memory
and behavior (17). Radiation-induced demyelination of the white
matter tract was also corroborated in another study also show-
ing a heterogeneous extent of injury despite a uniform radiation
dose suggesting that some white matter tracts are more sensitive
than others (18). An autopsy case report of a patient dying follow-
ing radiation myelopathy also demonstrated extensive demyelina-
tion and axonal loss without vascular damage corroborating the
DTI report (19). In addition, WBRT or partial brain irradiation
damages the NSCs which usually remain dormant within the sub-
ventricular zone. Following a moderate radiation dose of 4 Gy,
NSCs start to proliferate exposing them to death from apoptosis
with higher radiation doses (20, 21). Animal experiments demon-
strated a direct relationship between radiation damage to NSCs
and neurocognitive dysfunction. Rats receiving WBRT developed
cognitive dysfunction but if they were transplanted with NSCs
in the hippocampus after radiation, the ones who received NSCs
recovered their cognitive function compared to the ones who
had sham surgery (22). The transplanted NSCs migrated exten-
sively and differentiated into glial and neuronal lineages of the
rat brain even though they were from human species suggesting
that 1day, human NSC transplants may be used to treat neu-
rocognitive damage following brain irradiation (22). In another
mouse model delivering a high radiation dose to the whole brain
(20 Gy in 4 Gy/fraction) similar to the clinical whole brain treat-
ment, the mice developed short term memory loss associated with
decreased granular layer of the dentate gyrus of the hippocampus.
However, if the irradiated mice received NSCs administered intra-
venously following each radiation treatment, they preserved both
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brain structure and function (23). Autopsy of patients who had
WBRT also demonstrated depletion of neuronal cells in the hip-
pocampus (24). Thus, protecting the limbic system from excessive
radiation may reduce neurocognitive damage following WBRT.

CURRENT IMPACT OF MRI ON RADIOTHERAPY TREATMENT
PLANNING

Because of the non-ionizing technique that uses a strong magnetic
field to provide high resolution anatomic information, MRI is now
integrated into the radiotherapy planning for brain tumors. The
accuracy of MRI to demonstrate tumor invasion of the normal
organs has led to the development of MRI-based linear accel-
erators. Institutional preference dictates the choice of either T2-
weighted MRI or FLAIR MRI to outline the GTV and surrounding
edema as CTV. Traditionally T2-weighted MRI has been used as
GTYV delineation because biopsy of the area of MRI T2 abnor-
mality demonstrated tumor cells outside of contrast enhanced CT
abnormality. However, T2 weighting causes cranial spinal fluid
(CSF) to be brighter which may potentially impair visualization
of the GTV. The FLAIR sequence nullifies the CSF signal and may
provide better GTV delineation. An expansion of 2 cm of the CTV
is used to outline PTV. The FLAIR PTV is usually larger than the
T2 PTV and may potentially increase normal tissue toxicity (25).
On the other hand FLAIR images provides better tumor-to-CSF
contrast compared to T2 and T1 weighted sequences and may be
valuable for stereotactic planning of brain gliomas and metastases
(26). Thus, incorporating FLAIR sequence into radiotherapy plan-
ning may potentially improve tumor targeting for radiation dose
escalation.

The introduction of higher field strength MRI (3.0 T) (3T MRI)
compared to the conventional 1.5T (1.5T MRI) may potentially
increase radiotherapy delivery accuracy because of higher image
resolution. In a study of 138 patients with brain metastases, 22%
were found to have a higher number of metastases with 3 T MRI
compared to 1.5 T MRI. All patients were treated with radiosurgery
with the radiotherapy planning based on 3 T MRI and would have
had geographic miss if 1.5T MRI was used for treatment plan-
ning (27). Patients with multiple brain metastases are more likely
to have additional lesions seen on 3T MRI (28). The superior-
ity of 3T MRI for radiosurgery planning compared to 1.5 T MRI
was also corroborated in another study (29). Thus, even though
these studies are only preliminary, 3 T MRI may have an increasing
importance in the future for radiotherapy planning.

POTENTIAL ROLE OF 0-(2-["8F]-FLUOROETHYL-L-TYROSINE
POSITRON EMISSION TOMOGRAPHY IN RADIOTHERAPY
PLANNING AND TREATMENT OF GBM

Accurate tumor delineation is the first step in radiotherapy plan-
ning to avoid marginal miss and to decrease excessive radiation
dose to the critical structures adjacent to the tumor. Standard
imaging for neurologic oncology has been MRI with gadolin-
ium contrast. The extent of contrast enhancement on MRI is
used to determine the GTV or as an indicator of therapeutic
response. However, contrast enhancement due to the transient
blood brain barrier breakdown following surgery, may mimic
tumor progression and interfere with the GTV delineation. O-
(2—[18F]—ﬂuoroethyl—L—tyrosine (FET) is an amino acid analog

radiolabeled with fluorine 18. After crossing the blood brain bar-
rier, FET is taken by LAT2 transporters located on the membranes
of the GBM cells. Thus, high uptake of FET by the tumor cells
allows for better visualization of the tumor compared to the
normal brain. The advantages of FET include its long half-life
(110 min), its ease for synthesis, its fast brain and tumor uptake
kinetics, and low accumulation in non-tumor tissues making this
radiotracer an ideal imaging technique in the outpatient setting
(30). Because the tumor uptake of FET is independent of blood
brain barrier disruption, FET-PET may be complementary to MRI
to outline the exact extension of the tumor and serve as func-
tional imaging for IGRT. In a study of 17 patients with biopsy
proven GBM, FET-PET was compared to MRI for GTV delin-
eation. The GTV based on FET-PET was larger in 10 patients,
smaller in three, and the same in the remaining four (31). Per-
haps, the major advantage of FET-PET over conventional MRI for
radiotherapy planning is its ability to detect areas of high tumor
activity within the GTV which manifest as a high standard uptake
value (SUV) (32). These high SUV areas can be targeted with a
higher radiation dose compared to the dose delivered to the GTV,
thus potentially increasing tumor control without increasing radi-
ation dose to the normal brain tissue. The main weaknesses of the
clinical studies which failed to demonstrate a survival benefit for
dose escalation in GBM are their reliance on MRI for target delin-
eation and the radiotherapy technique employed which delivered
a uniform dose across the GTV. The tumor concentration within
the GTV is heterogeneous and areas with high concentration of
actively dividing tumor cells may have residual tumor cells after
radiation. On the other hand, increasing tumor dose to improve
local control may lead to severe complications because of excessive
irradiation of the adjacent normal brain tissue. Thus, a radiation
technique that allows radiation dose escalation within the tumor
without increasing the dose to the normal brain would be ideal.
Integrating FET-PET into IGRT planning may be a solution to
avoid neurotoxicity. As an illustration, the dosimetric advantage
of IGRT with the simultaneous integrated boost (SIB) technique
to spare the normal brain compared to the conventional sequen-
tial (SEQ) boost technique for primary brain tumors was reported
recently (33). Other advantages of FET-PET are its better accu-
racy compared to MRI allowing better local control because of
decreased risk of marginal miss and better ability to detect tumor
after radiation (31, 34). FET-PET will likely play a prominent role
in future IGRT studies for brain tumors.

TECHNOLOGIES OF IGRT DELIVERY

There are currently two systems for IGRT delivery which are
grouped into radiation-based (kV and MV) and non-radiation
based (ultrasound, electromagnetic) (35). Visualization of the
tumor is either direct or through fiducial markers inserted into
the tumor. The images acquired before the treatment are then
compared to the ones acquired during radiotherapy planning. A
shift in patient position is performed if there is any discrepancy in
the set up and another set of images is obtained to verify treatment
accuracy. Thus, daily imaging minimizes the risk for marginal miss
due to positioning and patient movement during treatment. It is
unclear which imaging modality is optimal for IGRT delivery. The
choice of the IGRT technology most likely depends on clinician
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preference, the types of tumors most commonly treated at the
radiation oncology institution, and budget constraints.

In the radiation based system, the image acquired prior to
treatment are either 2-dimensional (2D) or 3-dimensional (3D).
The quality of image is superior with kV imaging compared to
MYV imaging. Image acquisition in the 2D system relies on elec-
tronic portal imaging devices (EPIDs) where the treatment beam is
captured on a flat panel behind the patient (Clinac, Elekta Oncol-
ogy Primus) and stereotactic imaging. The stereotactic imaging
relies on two kV X-ray sources mounted on ceiling or floor which
provides orthogonal images and real time imaging (CyberKnife,
Novalis TX, BrainLab). Even though the image quality is excel-
lent, stereotactic imaging relies on bony landmarks or surrogate
markers and does not provide soft tissue information. The kVCT
(fan beam) imaging uses a diagnostic CT scan along side the lin-
ear accelerator (CT on rails, Siemens Medical Systems; ExaCT,
Varian Medical Systems). Soft tissue information is excellent with
the kVCT fan beam but the couch needs to be displaced between
imaging and treatment which may lead to positioning error. The
kVCT (cone beam) uses an gantry mounted kV source and a flat
panel detector. A series of kV X-rays are taken when the gantry
rotates and a 3D image is reconstructed. Even though the soft tis-
sue special resolution is good, the image quality is inferior to fan
beam kV CT (Synergy, Elekta; On Board Imager, Varian Medical
Systems; Artiste, Siemens Medical Systems). In the MV CT fan
beam system, the imaging is performed by the treatment beam
which rotates around the patient while the couch moves (Helical
Tomotherapy). There is no metal artifacts but the image quality is
inferior to kV CT.

In the non-radiation based system, an ultrasound is performed
before the treatment for target localization (usually prostate). The
system is simple, non-invasive, inexpensive but operator depen-
dent (Varian Medical Systems, B Mode Acquisition, and Tar-
geting; Nomos, Elekta Oncology). Another non-radiation based
system relies on the implantation of electromagnetic transponders
inserted in the target (usually prostate) which provides tracking of
the tumor motion (Calypso). The last non-radiation based system
which is just approved by the US Food and Drug Administration
involves a hybrid MRI and Cobalt linear accelerator (ViewRay)
may have promising potential for brain tumors because of the
imaging quality but needs to be confirmed in future clinical trials.

CLINICAL STUDIES DEMONSTRATING THE POTENTIAL ROLE
OF IGRT IN THE TREATMENT OF GBM

The combination of better tumor delineation, daily treatment
imaging, and sharp dose gradient makes IGRT an ideal tool for
radiotherapy because of the potential for dose escalation and
reduced toxicity to the normal brain compared to 3-dimensional
conformal radiotherapy (3D-CRT). As most studies failed to
demonstrate an improvement in local control and survival in
GBM patients with radiation dose escalation because of the tumor
radio-resistance, accelerated radiation treatment may provide the
patient with a better QOL and more quality time with their loved
ones if the shortened treatment is equally effective compared to
the conventional fractionation (30 days of radiotherapy). Prelim-
inary studies of intensity-modulated radiotherapy (IMRT) for
GBM demonstrated the feasibility of this treatment alternative.

A total of 24 patients with resected GBM received postoperative
hypo-fractionated IMRT to the surgical cavity and residual tumor
to 60 Gy in 10 fractions (6 Gy/fraction) and concurrent TMZ. The
median survival was 16 months comparable to historic control in
patients treated with conventional fractionation (36). Other stud-
ies also corroborated the efficacy and safety of hypo-fractionated
IMRT for GBM (37). Compared to IMRT, IGRT may allow for
reduction of the planning target volume because of daily pre-
treatment imaging and the accuracy of the technique. Thus, IGRT
is particularly useful when the tumor is located close to critical
radiosensitive structures such as the optic chiasm, optic nerves, and
brain stem. IGRT has been used as a boost dose for these indica-
tions to deliver a high dose to the tumor bed without increasing the
risk of complications (38). Patients with GBM close to radiosen-
sitive structures can also be treated with IGRT through the whole
course of treatment with the SIB technique delivering a higher
dose to the tumor (66 Gy instead of 60 Gy) without any compli-
cations (39). The course of radiotherapy can also be reduced to
three to six treatments with IGRT without excessive toxicity (40).
Other studies also corroborated the efficacy and safety of hypo-
fractionated IGRT for GBM with fractionation ranging from one
to eight treatments (41, 42).

The best illustration of the indication for IGRT in the treat-
ment of GBM may be its role in the re-irradiation of recur-
rent tumor following standard chemoradiotherapy. Depending
on tumor size, a single or multiple fractions may be delivered
with IGRT for salvage. The steep dose gradient between the
tumor and surrounding tissues decreases the risk of brain radio-
necrosis. Median survival following salvage IGRT ranges from
7 to 11 months with or without chemotherapy (43—47). Toxic-
ity of IGRT for re-irradiation remains acceptable. As most IGRT
studies for recurrent GBM were based on MRI for tumor delin-
eation, it would be interesting to see if integrating FET-PET into
radiotherapy planning would improve local control and survival.
A preliminary study PET study using !'C Methionine, a radiola-
beled amino acid with a shorter half-life compared to FET, suggests
that the median survival of patients with recurrent GBM under-
going molecular imaging for radiotherapy planning is superior
to the ones of patients who had conventional MRI (48). Median
survival was respectively 9 and 5 months for IGRT with and with-
out biological imaging. The data is intriguing and merits further
investigation.

CLINICAL STUDIES DEMONSTRATING THE POTENTIAL ROLE
OF IGRT IN THE TREATMENT OF BRAIN METASTASIS

As survival of patients with brain metastasis depends on the con-
trol of systemic disease, it would be logical to provide radiotherapy
within a short time frame to avoid delay in initiating chemother-
apy. Radiosurgery would be one option because treatment would
be delivered in one fraction. The caveat of radiosurgery is the high
risk of recurrence in the non-treated areas of the brain. Adding
WBRT may decrease the risk of recurrence in other areas of the
normal brain but may worsen neurocognitive function and delay
chemotherapy. The ideal treatment for brain metastases would be
a combination of high radiation to the tumor, a reasonable treat-
ment time to allow chemotherapy initiation, and preservation of
neurocognitive function if feasible.
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Preliminary studies of whole brain IGRT with SIB to the brain
metastases have been very encouraging. A phase I study of 48
patients with one to three brain metastases reported no increased
toxicity when the whole brain was treated to 30 Gy in 3 Gy/fraction
while the brain metastases were treated on a dose escalation sched-
ule ranging from 35 Gy (3.5 Gy/fraction) to 60 Gy (6 Gy/fraction).
Only 8 out of 48 patients (14%) developed progressive disease in
the brain (49). A later pooled analysis of 120 patients with brain
metastasis confirmed the safety of this approach. Seventy patients
with one to three brain metastases were treated according to the
previous protocol of 30 Gy in 3 Gy/fraction to the whole brain and
50 patients with one to six brain metastases were treated to 20 Gy
in 4 Gy/fraction to the whole brain and 40 Gy in 8 Gy/fraction to
the brain metastases (50). Twenty-one patients (23%) died from
intracranial disease progression. Three patients developed tumor
necrosis but there was no death from treatment toxicity. Thus,
whole brain IGRT with SIB seemed to achieve good local control
for patients with one to six brain metastases within 1-2 weeks
of radiotherapy. The absence of toxicity of whole brain IGRT
with SIB was also corroborated in another study. Twenty-nine
patients with one to four brain metastases were treated to 30 Gy
in 3 Gy/fraction to the whole brain and 40 Gy in 4 Gy/fraction to
the brain metastases (51). QOL and neurocognitive function were
also tested. Three patients (13%) developed local failures. There
was no impairment of neurocognitive function but QOL deteri-
orated 3 months after treatment. The cause of death in all three
IGRT whole brain studies were predominantly systemic disease
progression emphasizing the need for systemic disease control in
patients with brain metastasis.

To protect long-term survivors from neurocognitive dysfunc-
tion following WBRT, sparing of the limbic system from excessive
radiation should be considered. Technically, it is feasible to spare
the hippocampus and NSCs compartment with IGRT without
under-dosing the target volume (52, 53). Animal experiments
demonstrated the feasibility of NSC sparing IMRT. Mice receiving
NSC sparing IMRT developed less damage to the NSC com-
pared to a non-sparing NSC technique (54). Thus, it would be
interesting to combine whole brain IGRT with SIB and hippocam-
pus sparing in patients with brain metastases to improve local
control and preserve neurocognitive function in future clinical
trials.

We emphasize that radiation dose escalation for brain tumors
and brain metastasis should not be performed without appropriate
image guidance because of the potential for increased neurotox-
icity. Preliminary evidence suggests that when combined with
advanced tumor imaging such as PET scan, IGRT may provide
excellent loco-regional control while sparing normal organs from
excessive radiation toxicity in patients with locally advanced head
and neck cancer (55,56). Asan illustration, even a small organ such
as the cochlea can be shielded from radiation when the gross neck
nodes were treated to a curative dose of radiation (70 Gy). This
may potentially decrease the risk of hearing loss (57). Similarly,
IGRT, when applied incranially, may potentially maximizing nor-
mal neuro-tissue sparing, and potentially improves the patient’s
QOL in patient with primary brain tumors and brain metastasis
and needs to be investigated in future prospective studies.

CONCLUSION

Image-guided radiotherapy is a promising technique to reduce
treatment time in patients with GBM. In the future FET-PET
may further improve treatment accuracy of IGRT and potentially
improve local control. In patients with brain metastases, whole
brain IGRT with SIB may allow improvement of local control
and early initiation of systemic therapy for better survival. Spar-
ing of the hippocampus with whole brain IGRT is intriguing and
merits further investigation to preserve neurocognitive function.
Prospective studies should be performed to investigate the feasi-
bility of IGRT to improve QOL in patients with GBM or brain
metastasis.
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BACKGROUND

Purpose: Benign tumors that arise from the meninges can be difficult to treat due to their
potentially large size and proximity to critical structures such as cranial nerves and sinuses.
Single fraction radiosurgery may increase the risk of symptomatic peritumoral edema. In
this study, we report our results on the efficacy and safety of five fraction image-guided
radiosurgery for benign meningiomas.

Materials/Methods: Clinical and radiographic data from 38 patients treated with five
fraction radiosurgery were reviewed retrospectively. Mean tumor volume was 3.83 mm3
(range, 1.08-20.79 mm3). Radiation was delivered using the CyberKnife, a frameless robotic
image-guided radiosurgery system with a median total dose of 25 Gy (range, 25-35 Gy).

Results: The median follow-up was 20 months. Acute toxicity was minimal with eight
patients (21%) requiring a short course of steroids for headache at the end of treat-
ment. Pre-treatment neurological symptoms were present in 24 patients (63.2%). Post
treatment, neurological symptoms resolved completely in 14 patients (58.3%), and were
persistent in eight patients (33.3%). There were no local failures, 24 tumors remained
stable (64 %) and 14 regressed (36%). Pre-treatment peritumoral edema was observed in
five patients (13.2%). Post-treatment asymptomatic peritumoral edema developed in five
additional patients (13.2%). On multivariate analysis, pre-treatment peritumoral edema and
location adjacent to a large vein were significant risk factors for radiographic post-treatment
edema (p=0.001 and p=0.026 respectively).

Conclusion: These results suggest that five fraction image-guided radiosurgery is well
tolerated with a response rate for neurologic symptoms that is similar to other standard
treatment options. Rates of peritumoral edema and new cranial nerve deficits following
five fraction radiosurgery were low. Longer follow-up is required to validate the safety and
long-term effectiveness of this treatment approach.

Keywords: radiosurgery, meningioma, toxicity, fractionation, treatment outcome

been appropriately utilized, results have been excellent, demon-

Meningiomas are commonly benign tumors with a generally favor-
able prognosis (1). However, without treatment they may progress
locally, compressing adjacent structures and causing neurologic
deficits. They pose a unique clinical challenge due to their large
size and variable anatomical locations within the skull (1). Surgical
resection of the entire tumor, when possible without neurologic
injury, is the standard of care with a 10-year local control of 80% or
higher (2-9). For subtotally resected or recurrent tumors, conven-
tionally fractionated radiation therapy (1.8-2.0 Gy per fraction)
to approximately 54 Gy improves local control (2, 4, 6-8).

More recent experience suggests a role for single fraction stereo-
tactic radiosurgery (SRS) (12-18 Gy) as a primary treatment for
well selected, small meningiomas or as adjuvant treatment for
residual disease (10-12). In cases where single fraction SRS has

strating equivalent local control to both conventional radiation
therapy and surgical resection for select groups of meningioma
patients (10, 11). Patients with large tumors (>7.5 cc) have a poor
prognosis with this approach, and unacceptably high rates of local
failure (10, 11).

Single fraction radiosurgery, however, may increase the risk
of symptomatic peritumoral edema and/or cranial nerve injury
(10, 12, 13). This risk of peritumoral edema may be increased in
tumors that are large, recurrent, adjacent to large veins, and/or
basally located (10, 13-19). Conventional fractionated radiation
therapy has been employed to treat these patients. The gross tumor
volume (GTV) is typically targeted with a margin of 2-5 mm to
adjust for set-up inaccuracy. Due to these large planned treatment
volumes (PTVs), treatment is generally fractionated over 25-30
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sessions to limit toxicity to adjacent normal structures. Due to the
long natural history of this disease, it is essential to maximize post-
treatment quality of life by preventing treatment related adverse
outcomes while minimizing neurological symptoms associated
with tumor progression. It is possible that some of the adverse
effects of single fraction radiosurgery for large tumors may be
mitigated by limited fractionation.

The CyberKnife is an image-guided, frameless, SRS platform.
The frameless configuration allows for staged treatment, and it
has been successfully utilized to treat a wide variety of intracra-
nial tumors including meningiomas (8, 9, 20). In this retrospec-
tive study, we report our preliminary results with five fraction
image-guided radiosurgery as a treatment for meningiomas, either
as monotherapy or as an adjuvant to surgical resection. This
treatment was conducted with the belief that its accurate and
highly conformal delivery would minimize peritumoral edema
and cranial nerve toxicity.

MATERIALS AND METHODS

PATIENT SELECTION AND TREATMENT

We performed a retrospective review of patients with benign
meningiomas treated with CyberKnife SRS from December 1st,
2007 to February Ist, 2011 by SPC and BTC. Patients who had
undergone SRS for intracranial meningiomas with or without
surgical resection were included in the present study. Patients with
atypical or malignant meningiomas were excluded from this study.
All patients were treated by an interdisciplinary team of radiation
oncologists and neurosurgeons. High resolution CT images were
obtained from all patients for pre-treatment planning with tar-
get volumes, and critical structures were manually delineated by
the treating neurosurgeon (Figure 1). The treating isodose and
prescription dose were determined by the treating radiation oncol-
ogist in consultation with the treating neurosurgeon, and took into
account the target volume, proximity to critical structures, and
previous treatment history. In most cases, the dose was prescribed
to the isodose surface that encompassed the margin of the tumor.
Treatment plans were generated using an inverse planning method
by the CyberKnife treatment software (Multiplan, Accuray).

FIGURE 1 | Fifty-three-year-old man with a right Meckel cave
meningioma. He presented with right facial pain. The decision was to
proceed with radiosurgery. Treatment planning axial (A) and sagittal (B)
computed tomography images demonstrating the GTV (red), brainstem
(blue), and chiasm (yellow). Isodose lines shown as follows: blue 79%
(prescription) and purple 50%. Note proximity of the meningioma to the
brainstem. The tumor was treated with 2500 cGy in five fractions and his
pain resolved.

OUTCOMES ASSESSMENT

Patients were tracked as part of routine clinical follow-up by the
interdisciplinary team. MRI scans were obtained at pre-defined
intervals, every 6 months for the first year, and then yearly there-
after, unless acute changes in neurological status warranted imme-
diate imaging. Neurological symptoms were clinically assessed and
recorded by the treating neurosurgeons. Peritumoral edema was
assessed on T2 weighted and FLAIR MRI sequences. Patient steroid
requirements were assessed at each clinical follow-up visit.

STATISTICAL ANALYSIS

All statistical analyses were performed utilizing SPSS Statistics
v19 (IBM). Statistical analysis was performed in order to iden-
tify pre-treatment and treatment variables that correlated with
post-treatment peritumoral edema. Due to the relatively small
sample size, Fisher’s Exact Test was used for categorical variables,
while Spearman’s Rho was employed for examining the interaction
between continuous variables and post-treatment peritumoral
edema. For analysis of volume and dose, due to the small sample
sizes, patients were stratified as being over or under the median
and a Chi-square test was employed. Alpha was set to 0.05 to yield
a 95% confidence interval (CI) for all statistical tests.

RESULTS

PATIENT AND TREATMENT CHARACTERISTICS

Thirty-eight patients were identified as having undergone treat-
ment for intracranial meningiomas and were subsequently
included in the current study (Table 1). Twenty-nine (79%) of
the patients were female and nine (24%) were male. The median
age at time of treatment with radiosurgery was 64 years. Thirteen
(34%) patients had undergone prior surgery, of which five were
classified as gross total resection and eight were classified as subto-
tal resections. The remaining 24 patients had received no previous
surgical or non-surgical interventions and were treated without
pathologic confirmation. Twenty-seven (71%) of the tumors were
primary, while 11 (29%) were recurrent. The tumors occurred

Table 1 | A summary of patient characteristics for patients included in
the study.

Characteristic N =38 (%)
Race/ethnicity
Caucasian 24 (63)
African American " (29)
Hispanic 1 (3)
Asian 2 (5)
Gender
Female 29 (76)
Male 9 (24)
Age at radiosurgery
Mean 62
Median 64
Extent of resection
Gross total 5 (13)
Subtotal 8 (21)
No surgery 24 (63)
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Table 2 | A summary of tumor characteristics for all tumors included
within the study.

Table 3 | A summary of treatment characteristics for patients treated
on a frameless stereotactic radiosurgical system.

Characteristic N =38 (%) Characteristic N =38 Characteristic N =38
Primary vs. recurrent Rx dose (cGy) Percent tumor covered
Primary 27 (71) Min 2500 Min 974
Recurrent 1 (29) Max 3500 Max 99.9
Location: general Mean 2691 Mean 99.3
Basal 22 (58) Median 2500 Median 99.5
Non-basal 16 (42)  Isodose line (%) Non-zero beams
Location: specific Min 70 Min 88
Bifrontal 1 (3) Max 90 Max 259
Cavernous sinus 7 (18) Mean 82 Mean 175
Cerebellopontine angle 5 (13) Median 82 Median 174
Falcine 2 (5) Homogeneity index Collimator (mm)
Falcotentorial 1 (3) Min 1 Min 5
Lateral ventricle 1 (3) Max 1.39 Max 15
Meckel's cave 2 (5) Mean 1.22 Mean 1
Middle cranial fossa 1 (3) Median 1.2 Median 10
Parafalcine 2 (5) New conformality index
Parasagittal 5 (13) Min 1.32
Parietal convexity 1 (3) Max 2.25
Parietal lobe 1 (3) Mean 1.66
Petroclival 2 (5) Median 1.61
Posterior fossa 1 (3)
Sphenoid wing 2 (5) . i .
Suprasellar 1 3) Table 4 | A summary of changes in neurological deficits.
Temporal lobe 3 () Deficit Pre- Improved Recurrence Continued
Volume (cc) SRS  post- after initial Sx
Min 1.08 SRS improvement post-SRS
Max 20.79
Mean 6.22 Facial pain 9 5 2 2
Median 3.84 Hearing loss 1 0 0 1
Diplopia 4 4 0 0
Proptosis 2 0 0 2
at a variety of intracranial sites (Table 2), with an almost even  vertigo 2 2 0 0
number of basal and non-basal tumors, 22 (58%) and 16 (42%)  Facial numbness 4 3 0 1
respectively. The median tumor volume was 3.83 mm?> (range, Reduced visual acuity 2 0 0 2

1.08-20.79 mm?). The median isodose was 82% (70-90%) which
was treated with a median prescription dose of 2500 cGy (2500—
3500 cGy) and resulted in a median percent tumor coverage of
99.5% (Table 3).

COMPLICATIONS AND NEUROLOGICAL SYMPTOMS AFTER SRS

Acute toxicity after SRS treatment included symptoms such as
headaches, fatigue, and nausea. Headaches were the most com-
mon complication with nine patients (23.7%) complaining of
headaches at the end of treatment. Four patients (10.5%) experi-
enced fatigue, and only one patient (2.6%) complained of nausea.
Twenty-four patients (63.2%) presented with neurological symp-
toms prior to therapy (Table 4). These neurological symptoms
included facial pain, hearing loss, diplopia, proptosis, vertigo,
facial numbness, and reduced visual acuity. After SRS, neurological
examination revealed complete resolution of neurological symp-
toms in 14 patients (58.3%), continued symptoms in eight patients
(33.3%), and recurrence of symptoms after initial improvement
in two patients (8.3%). Only one patient (2.6%) developed a

All neurological deficits were noted by the treatment team on either clinical exam
or through direct questioning of the patient.

new deficit, facial numbness, immediately after radiation, which
resolved after a few days. Otherwise, no new neurological deficits
were observed after SRS.

Facial pain was the most common presenting neurological
symptom pre-SRS treatment. Of the nine patients (37.5%) who
presented with facial pain, five patients (55.6%) were asympto-
matic after radiation, two patients (22.2%) had continued symp-
toms, and another two patients (22.2%) had recurrent facial pain
after initial improvement. Diplopia, vertigo, and facial numbness
improved in the majority of patients. Proptosis and reduced visual
acuity did not improve with treatment.

LOCAL CONTROL RATE AND PERITUMORAL EDEMA
Twenty-four patients (63.2%) who underwent SRS showed no
change in tumor size, while 14 patients (36.8%) showed a decrease
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Table 5 | (A) A comprehensive table detailing individual patient outcomes with regards to pre-treatment therapies, radiation dosage, and

subsequent clinical outcomes. (B) A summary of individual patient factors and whether patients had pre-treatment or post-treatment

peritumoral edema.

(A)
Patient Location treated Surgery Cumulative Local outcome Acute toxicity Post-radiation
dose steroids

1 Temporal lobe None 3000 Decreased Headache Yes
2 Tentorial None 3500 Decreased No No
3 Posterior Temporal lobe Subtotal 3000 Stable No No
4 Cavernous sinus Subtotal 2500 Decreased No No
5 CPA None 2750 Stable No No
6 CPA None 2750 Stable No No
7 Cavernous sinus None 2500 Stable No No
8 Cavernous sinus None 2500 Stable Headache Yes
9 Parasagittal Gross total 2500 Stable Fatigue No
10 Parietal falcine Subtotal 2500 Stable No No
1 Parietal Parasagittal Gross total 2500 Stable Headache No
12 Petroclival Subtotal 2500 Stable Fatigue No
13 Medial sphenoid wing Subtotal 2500 Stable Fatigue and headache No
14 Middle cranial fossa None 3000 Stable Headache Yes
15 Petroclival None 2500 Stable Headache Yes
16 Cavernous sinus Subtotal 2500 Decreased No No
17 Frontal parafalcine None 2500 Decreased No No
18 Sphenoid wing None 2500 Decreased No No
19 CPA None 2500 Stable No No
20 Parietal convexity None 2500 Stable No No
21 CPA None 2500 Stable No Yes
22 Anterior parafalcine None 3000 Decreased Headache and nausea Yes
23 Bifrontal None 3000 Stable No No
24 CPA None 3000 Decreased Headache No
25 Anterior falcine Gross total 3000 Decreased No No
26 Cavernous sinus None 2500 Decreased No No
27 Falcotentorial Subtotal 2500 Stable No No
28 Posterior fossa Subtotal 3000 Stable No No
29 Posterior Parasagittal Gross total 2500 Stable No No
30 Cavernous sinus None 2500 Stable No No
31 Parafalcine None 2500 Decreased No No
32 Anterior temporal Gross total 3000 Decreased Headache Yes
33 Lateral ventricle None 3000 Stable No No
34 Suprasellar None 2500 Stable Fatigue Yes
35 Cavernous sinus None 2500 Decreased Hypesthesia No
36 Meckel’s cave None 2500 Stable No No
37 Meckel’s cave None 2750 Decreased No No
38 Parietal lobe Gross total 3000 Stable No No
(B)

Patient Anatomical Volume (cc) Recurrence Adjacent Pre-treatment Post-treatment

classification to vein peritumoral edema peritumoral edema

1 Non-basal 1.08 No No No No
2 Non-basal 1.6 No Yes No Yes
3 Non-basal 16.7 Yes No Yes Yes
4 Basal 5.66 Yes Yes Yes Yes
5 Basal 1.37 No No No No
6 Basal 2.56 No Yes No No

(Continued)
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Table 5 | Continued

Patient Anatomical Volume (cc) Recurrence Adjacent Pre-treatment Post-treatment
classification to vein peritumoral edema peritumoral edema
Basal 4.05 No No No No
Basal 12.19 No No No No
9 Non-basal 11.24 Yes No Yes Yes
10 Non-basal 6.48 Yes No No No
1" Non-basal 6.44 Yes Yes No No
12 Basal 2.12 Yes No No No
13 Basal 20.17 No No No No
14 Basal 2.14 No Yes No Yes
15 Basal 20.79 No No No No
16 Basal 13.82 No Yes Yes Yes
17 Non-basal 6.43 No No No No
18 Basal 5.48 No No No No
19 Basal 10.84 No No No No
20 Non-basal 3.24 No No No No
21 Basal 12.13 No No No Yes
22 Non-basal 1.17 No No No No
23 Non-basal 6.59 No No No No
24 Basal 1.53 No No No No
25 Non-basal 3.59 Yes Yes Yes Yes
26 Basal 13.07 No No No No
27 Non-basal 4.68 No No No No
28 Basal 11.83 Yes No No No
29 Non-basal 2.63 Yes No No Yes
30 Basal 2.65 No No No No
31 Non-basal 2.611 No No No Yes
32 Non-basal 3.04 Yes Yes No No
33 Non-basal 3.628 No Yes No No
34 Basal 2.62 No No No No
35 Basal 1.38 No Yes No No
36 Basal 4.97 No No No No
37 Basal 1.90 No Yes No No
38 Non-basal 1.89 Yes Yes No No

Table 6 | A statistical analysis of variables associated with peritumoral

edema.

Pre-treatment characteristic Likelihood ratio p-Value
Pre-treatment peritumoral edema 15.77 0.001
Anatomical classification 1.28 0.293
Adjacent to vein 4.83 0.045
Volume (cc) 0 1
Recurrence 2.77 0.116
Cumulative dose 0.002 0.968

p-Values are for two-sided Fisher's Exact Test.

in tumor size resulting in a crude radiographic local control rate
of 100% of the meningiomas treated with SRS (Table 5).
Intracranial edema is commonly managed with oral steroids,
and oral steroid requirements were measured as a surro-
gate for post-radiation peritumoral edema. Symptomatic, acute,
post-radiation edema requiring steroids occurred in six patients

(15.8%). In addition, two patients (5.3%) were given steroids due
to evidence of post-radiation edema on MRI, but without any
clinical signs of toxicity (Table 5).

Pre-SRS radiographic peritumoral edema continued to be
observed in five patients (13.2%) on follow-up MRI imaging.
Of these patients, four (10.5%) had recurrent tumors following
a subtotal or gross resection, and three (7.9%) had a radio-
logical tumor volume greater than 10.0 cc (Table 5). A total of
10 patients had post-treatment radiographic peritumoral edema,
with new onset being observed in five patients (13.2%). On uni-
variate statistical analysis, only pre-treatment peritumoral edema
(p=10.001) and adjacency to a large vein (p =0.045) correlated
with post-treatment peritumoral edema (Table 6).

DISCUSSION

Our results show that fractionated SRS may provide similar
local control with minimal toxicity and excellent quality of
life. Headaches, fatigue, and nausea were the only three acute
complaints, all of which resolved over time. Headaches were the
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most common complication, present in 23.7% of our patients,
which is consistent with other studies (12). Nausea was the least
common, present in only one patient. This trend has also been
observed in previous studies (21, 22).

In this study several patients presented with neurological symp-
toms and the majority responded to treatment with minimal
toxicity at 2 years of follow-up. The present response rate of neu-
rological symptoms compares favorably to similar studies with
Gamma Knife (17, 21). Kondziolka et al. noted that five patients
in their series of 99 cases had new or worsened deficits occurring
3-31 months after radiosurgery, while Chang et al. reported two
cases out of 140 experiencing worsened deficits. Most tellingly,
Kondziolka et al. reported that 67 out of 70 patients reported that
their treatments were subjectively “successful” on an outcomes
questionnaire, indicative of a high preservation of quality of life
post-SRS (21). Uniquely, we have found an excellent response of
tumor-associated facial pain to five fraction radiosurgery. While
documented in other studies involving single fraction radio-
surgery, our results suggest that a five fraction approach can also
yield a beneficial reduction in tumor-associated trigeminal neu-
ralgia (23-25). Other studies have suggested that recurrence of
these symptoms typically occurs within 2 years, and is more likely
to recur for malignant skull base tumors, with the mechanism of
relief being decompression of affected nerve roots (24, 25).

Stereotactic radiosurgery was well tolerated with few post-
treatment complications. As previously mentioned, other studies
have suggested a relationship between tumor volume and post-SRS
edema and complications (26). However, we found no correlation
found between tumor volume, margin dose, and the presence of
complications, which is similar to findings in other studies (12,
14, 22). Furthermore, it may be that if such a relationship does
exist between large tumor volume and complications, that it may
be mitigated in part through dose fractionation like in the present
study.

Atroughly 2 years, none of the patients developed local failures,
and 14 showed a decrease in tumor size that may be correlated
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favorably with local control, although this has not been conclu-
sively shown (27). There is a high degree of variability in volume
reduction post-radiosurgery with studies reporting rates less than
20% and over 60%, ultimately the implications and the time course
of post-radiosurgery volume reduction need to be further stud-
ied to ascertain its prognostic implications (21, 28). With regards
to local control, control rates for meningiomas post-radiosurgery
typically require longer follow-up for thorough assessment, with
many studies placing the 10-year rate of local control at 84% (11,
22,29).

Only 13% of the patients developed new onset post-SRS
peritumoral edema, with 26% of patients developing it over-
all. In addition, only 2.6% of the patient group receiving
five fraction radiosurgery had symptomatic peritumoral edema.
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moral edema, which may be in fact more due to the inter-
face between meningioma and cortical tissue rather than gross
volume (21, 32).

CONCLUSION

Stereotactic radiosurgery is a safe and effective treatment for
benign intracranial meningiomas with or without surgical resec-
tion. Dose fractionation is well tolerated, and may offer equivalent
local control to single session SRS. Fractionation may offer par-
ticular benefit to patients with large tumors located in critical
locations or in other high-risk patients. Further studies are war-
ranted to fully ascertain the potential benefits and risks of dose
fractionation for SRS therapy of meningiomas, and its ultimate
impact on local control.
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INTRODUCTION

Introduction: CT-guided, frameless radiosurgery is an alternative treatment to traditional
catheterangiography targeted, frame-based methods for intracranial arteriovenous mal-
formations (AVMs). Despite the widespread use of frameless radiosurgery for treating
intracranial tumors, its use for treating AVM is not-well described.

Methods: Patients who completed a course of single fraction radiosurgery at The Univer
sity of North Carolina or Georgetown University between 4/1/2005-4/1/2011 with single
fraction radiosurgery and received at least one follow-up imaging study were included.
All patients received pre-treatment planning with CTA+ MRA and were treated on the
CyberKnife (Accuray) radiosurgery system. Patients were evaluated for changes in clinical
symptoms and radiographic changes evaluated with MRI/MRA and catheterangiography.

Results: Twenty-six patients, 15 male and 11 female, were included in the present study
at a median age of 41 years old. The SpetzlerMartin grades of the AVMs included seven
Grade |, 12 Grade I, six Grade Ill, and one Grade IV with 14 (54 %) of the patients having a
pre-treatment hemorrhage. Median AVM nidal volume was 1.62 cm? (0.57-8.26 cm3) and
was treated with a median dose of 1900 cGy to the 80% isodose line. At median follow-up
of 26 months, 15 patients had a complete closure of their AVM, 6 patients had a partial
closure, and 5 patients were stable. Time since treatment was a significant predictor of
response, with patients experience complete closure having on average 11 months more
follow-up than patients with partial or no closure (p=0.03). One patient experienced a
post-treatment hemorrhage at 22 months.

Conclusion: Frameless radiosurgery can be targeted with non-invasive MRI/MRA and
CTA imaging. Despite the difficulty of treating AVM without catheter angiography, early
results with frameless, CT-guided radiosurgery suggest that it can achieve similar results
to frame-based methods at these time points.

Keywords: stereotactic radiosurgery, arteriovenous malformations, image guided radiation therapy, outcomes, CT
angiography

for the treatment of intracranial AVM (5, 6). We report the

Intracranial arteriovenous malformations (AVMs) present one of
the greatest clinical challenges for neurosurgeons, radiation oncol-
ogists, and neurointerventionalists. Classically, the treatment of
these lesions involved careful patient selection followed by large,
open surgical procedures, or more recently endovascular oblitera-
tion, radiosurgery, or a combination of these methods (1-3). This
trend of utilizing increasingly less invasive options, endovascular,
and radiosurgical, has lead to the advent of frameless radio-
surgical devices that do not require the traditional head frame
for stereotaxic guidance (4, 5). Despite the widespread adoption
of these devices for treating both intracranial and extracranial
pathologies, to the author’s knowledge to date there has been
only two reports on the results of frameless radiosurgical devices

retrospective results of two institutions with using CyberKnife
frameless stereotactic radiosurgery (SRS) for the treatment of
intracranial AVM.

METHODS

PATIENT SELECTION AND TREATMENT

We performed a retrospective review of patients with intracra-
nial AVMs treated with CyberKnife SRS from December 1st, 2005
to February Ist, 2011 at Georgetown University Hospital and
the University of North Carolina at Chapel Hill. Patients who
had undergone single fraction SRS for intracranial AVM with
or without endovascular embolization and had received at least
one follow-up imaging study were included. All patients were
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(yellow) can be seen in three planes on pre-treatment planning CTA.

FIGURE 1 | Figure demonstrating treatment planning for a representative case. Planned treatment volume (red), 90% isodose (blue), and 50% isodose

treated by an interdisciplinary team of radiation oncologists and
neurosurgeons. High resolution CTA images with or without MRA
were obtained from all patients for pre-treatment planning. A
planning target volume (PTV) and critical structures were manu-
ally delineated by the treating neurosurgeon with the PTV encom-
passing the contour of the AVM with a 1 mm margin (Figure 1).
All treatment planning was performed on pre-treatment CTA
imaging, and when available, using fused MRA/CTA imaging.
The treating isodose and prescription dose were determined by
the treating radiation oncologist in consultation with the treat-
ing neurosurgeon, and took into account the AVM nidus, overall
volume, proximity to critical structures, and previous treatment
history. Treatment plans were generated using an inverse plan-
ning method by the CyberKnife treatment software (Multiplan,
Accuray).

OUTCOMES ASSESSMENT

Patients were tracked as part of routine clinical follow-up
by the interdisciplinary team. MRA scans with or without
catheter-angiography confirmation were obtained at pre-defined
annual intervals unless acute changes in neurological status war-
ranted immediate imaging. Neurological symptoms were clinically
assessed and recorded by the treating neurosurgeons. Complete
closure was defined as total resolution of the AVM nidus and
draining veins on imaging, with partial closure being defined as a
decrease in size of the nidus with the persistence of large draining
veins.

STATISTICAL ANALYSIS

All statistical analyses were performed utilizing SPSS Statistics
v19 (IBM). Statistical analysis was performed in order to identify
pre-treatment and treatment variables that correlated with AVM
closure. The Kruskal-Wallis test, a non-parametric equivalent to
ANOVA, was utilized for comparison of continuous variables
grouped by AVM closure outcomes. For analysis of volume and
dose, Pearson Chi-square testing was employed. Alpha was set to
0.05 to yield a 95% confidence interval (CI) for all statistical tests.
Averages were all reported as the median value and interquartile
range (IQR), which is a more robust measure of dispersion than
simple range.

RESULTS

PATIENT AND TREATMENT CHARACTERISTICS

Twenty-six patients were identified as having undergone treatment
for intracranial AVM and met all criteria for inclusion in the cur-
rent study (Table 1). Fifteen (58%) of the patients were male and
11 (42%) were female. The median age at time of treatment with
radiosurgery was 41 years (IQR, 26-55years). The AVMs had a
range of Spetzler—-Martin grades with 7 Grade I, 12 Grade 1II, 6
Grade III, and 1 Grade IV. Ten (38%) of the patients were either
current smokers or had a history of smoking, and seven (23%)
of the patients were hypertensive. Fourteen (54%) of the patients
had a pre-treatment hemorrhage, and of the hypertensive patients,
six out of seven (86%) experienced pre-treatment hemorrhage
(p=0.027). The median AVM nidus volume was 1.62 cm® (IQR,
0.57-8.26 cm?). Pre-treatment embolization was performed in 11
patients (42%), with 9 patients being treated with Onyx and the
others with n-butyl cyanoacrylate (NBCA). The median isodose
was 80% (76—83%), which was treated with a median prescrip-
tion dose of 1900 cGy (IQR, 1800-2175 cGy). Seventeen (65%)
of the patients had SRS as monotherapy, while nine underwent
a combination of SRS and embolization or, in one case, surgical
resection.

AVM CLOSURE RATES

At median follow-up for the cohort of 25months (IQR, 19-
36 months), 15 patients had a complete closure of their AVM, 6
patients had a partial closure, and 5 patients were stable (Figure 2).
Time since treatment was a significant predictor of response, fully
closed AVM had, on average, 11 months more follow-up time than
those with partial or no closure (p = 0.03) (Table 2). Nidal volume
and dose did not correlate with AVM closure rate (p = 0.63,0.12).
Spetzler—-Martin Grade did not correlate with AVM closure as well
(p=0.26).

NEUROLOGICAL DEFICITS AND TOXICITY

One patient experienced a post-treatment hemorrhage at
22 months requiring emergent surgical decompression (Table 3).
No other significant post-treatment adverse events were reported.
The most common pre-treatment neurological symptom was
headaches (46%), which improved in most cases after treatment
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Table 1 | Summary of AVM patient characteristics.

Variable Value
Subjects, N 26
Median age, years (IQR) 41 (26-55)
Gender

Male, n (%) 15 (58)

Female, n (%) 11 (42)
Smoking status

Current/prior history, n (%) 10 (38)

Never, n (%) 12 (46)

Unknown, n (%) 4 (15)
Pre-treatment neurological symptoms

Headache, n (%) 12 (46)

Seizures, controlled/uncontrolled, n/n (%/%) 2/2 (8/8)

Motor deficits, n (%) 9 (35)
Pre-treatment hemorrhage, n (%) 14 (54)
Hypertension (%) 7 (27)

Pre-treatment hemorrhage, n (%) 6 (86)

No pre-treatment hemorrhage, n (%) 1(14)
Spetzler martin grade

I, n (%)

I, n (%) 12

I, n (%) 6

IV, n (%) 1
Median Nidus volume, cm? (IQR) 1.62 (0.57-8.26)
Intervention

SRS only, n (%) 17 (65)

SRS + embolization or surgery, n (%) 9 (35)
|Isodose, median % (IQR) 80 (76-83%)

Dose, median cGy (IQR) 1900 (1800-2175)

with only four patients (15%) reporting them at the end of the
study. Pre-treatment, controlled, and uncontrolled seizures were
symptoms in 16% of the patients. By conclusion of the study, 12%
of the patients had controlled seizures on oral medications, and
no patients had uncontrolled seizures.

DISCUSSION

Our results show that frameless SRS is a safe and effective tech-
nique for the treatment of intracranial AVM. A large recent study
by Ding et al. reported an obliteration rate of 30% at 10 years,
and the present study with an obliteration rate of 58% at 3 years
compares favorably to these results (7). The higher rate of clo-
sure in the present study is may be due to generally smaller nidal
volumes, and generally lower grades, yet roughly equivalent mar-
ginal doses (7). It is worth noting that Spetzler—-Martin grading
incorporates size into its calculation of grade (as well as draining
veins and eloquence of cortex), and therefore is unsurprisingly
correlated with obliteration rates. The results of this article with
regards to obliteration rates and dependent factors are consis-
tent with observations made in similar studies of radiosurgical
outcomes for treatment of intracranial AVM with Gamma Knife

FIGURE 2 | (A) Pre-radiosurgery, and (B) post-radiosurgery CT angios and
angiograms for a representative case with follow-up images taken at

2 years post-radiosurgery demonstrating complete nidal obliteration with no
residual draining vein.

(7-10). While other studies have shown a consistent and expected
dependence of AVM closure on dose, volume, grade, and follow-
up time, the present study only demonstrated a dependence on
follow-up time (8). This lack of dependence upon dose and vol-
ume may be attributable to a small sample size and the variance
within these factors, and therefore are negative results due to lack
of statistical power rather than truly negative results.

Our minimally invasive approach of obtaining CTA with or
without MRA for planning purposes prior to frameless SRS does
come with a notable drawback when treating AVM after emboliza-
tion with Onyx. Onyx, an ethylene vinyl alcohol polymer which
is solvated in dimethyl-sulfoxide (DMSO), is radio-opaque and
can cause artifact on CTA, which can make it difficult to properly
visualize the AVM nidus for treatment planning and follow-up.

The distribution of post-treatment neurological complications
in the present group compared similarly to reported series within
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Table 2 | Summary of AVM treatment characteristics and patient outcomes.

Variable Endpoint (p-Value)
Complete closure (n=15) Partial closure (n=6) Stable (n=5)
Median follow-up, months (IQR) 31 (24-39) 17 (11-22) 25 (18-29) 0.03
Spetzler martin grade - - - 0.26
I, n (%) 5 (33) 3(50) 01(0)
I, n (%) 8 (53) 3 (50) 2 (40)
M, n (%) 3(20) 01(0) 3 (60)
IV, n (%) 1(6) 0(0) 0(0)
Median Nidus volume, cm? (IQR) 1.15 (0.54-4.66) 3.42 (0.71-10.24) 4.42 (1.96-9.07) 0.63
Intervention 0.64
SRS only, n (%) 8 (53) 5 (83) 4 (80)
SRS + embolization or surgery, n (%) 7 (47) 1(17) 1(20)
Isodose, median % (IQR) 80 (76-85%) 77 (72-80%) 81 (80-81%) 0.24
Dose, median Gy (IQR) 1800 (1750-1950) 2050 (2000-2175) 2000 (2000-2200) 0.12
Table 3 | Summary of post-treatment adverse events and symptoms.  REFERENCES

Variable Value

Post-treatment hemorrhage, n (%) 1(4)

Post-treatment neurological symptoms

Headache, n (%) 4 (15)
Seizures, controlled/uncontrolled, n/n (%/%) 3/0 (12/0)
Motor deficits, n (%) 3(12)

the Gamma Knife literature as well, with a significant improvement
occurring for major neurological symptoms including seizures and
motor function compared to pre-operative symptoms (9, 11). For
pre-treatment headaches, there was 66% rate of total resolution,
identical to the results of Steiner et al. (11).

Approximately, half of the patients in the present series experi-
enced pre-treatment hemorrhage. Pre-treatment hemorrhage can
vary greatly between studies in the literature, with some cohorts
consisting almost entirely of patients with hemorrhage, and others
entirely without (7, 11). Recent studies have shown that post-
radiosurgery hemorrhage can increase the time until AVM closure,
and previous work by Flickinger demonstrated that pre-treatment
hemorrhage can have a lasting impact on the resolution of neu-
rologic sequelae, although this last finding has been disputed
(7,12,13).

CONCLUSION

This small pilot series demonstrates that frameless SRS is a safe
and effective measure for treating intracranial AVM in utilizing
the traditional single fraction approach. Due to advanced imaging
and motion tracking technologies, it can achieve equivalent results
to traditional frame-based methods without the need for pins and
a stereotaxic frame. With further research, we may be able to max-
imize the benefits of this novel technology for the treatment of
intracranial AVM.
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INTRODUCTION

Prostate cancer is currently detected at an early stage because of
routine screening for prostate specific antigen (PSA) in elderly
males (1). Patients with low-risk early stage prostate cancer
(PSA < 10, Gleason score < 5) demonstrate optimal results when
treated with surgery or radiotherapy. However, in high-risk early
stage prostate cancer patients (PSA > 20, Gleason score > 7), the
current recommendation is androgen suppression therapy com-
bined with radiotherapy because of potential for local recur-
rences and distant metastases (2). Increasing radiation dose to the
prostate may improve local control and survival of these patients
(3). However, normal organs adjacent to the prostate specifically
the rectum, and bladder also receive a high radiation dose with
dose escalation using the conventional three-dimensional confor-
mal radiotherapy (3D-CRT) technique, which leads to a higher risk
of complications (3). Thus, a radiotherapy technique that allows
radiation dose escalation to the prostate while minimizing radia-
tion to the rectum and bladder may improve the therapeutic ratio.
Intensity-modulated radiotherapy (IMRT) has been introduced

ever, high rectal and bladder dose with conventional three-dimensional conformal radio-
therapy may lead to excessive gastrointestinal and genitourinary toxicity. Image-guided
radiotherapy (IGRT), by virtue of combining the steep dose gradient of intensity-modulated
radiotherapy and daily pretreatment imaging, may allow for radiation dose escalation and
decreased treatment morbidity. Reduced treatment time is feasible with hypo-fractionated
IGRT and it may improve patient quality of life.

Keywords: prostate cancer, high-risk, image-guided radiotherapy, hypofractionation

recently to decrease excessive radiation dose to the normal organs
near the prostate cancer because of the steep dose gradient away
from the target (4). Compared to 3D-CRT, IMRT may increase sur-
vival rates in patients with high-risk disease because of reduced
rectal volume irradiated over 70 Gy and significantly decreased
gastrointestinal (GI) toxicity, thus allowing radiation dose esca-
lation to the tumor (5). However, in radiation dose escalation
trials for prostate cancer, patients who had higher rectal doses
during IMRT were still at an increased risk of long-term rectal
complications (6). Inclusion of a large rectal volume in the IMRT
planning treatment volume (PTV) may be required to avoid a mar-
ginal miss and therefore lead to excessive rectal irradiation. The
introduction of image-guided radiotherapy (IGRT), which com-
bines the normal tissue sparing effect of IMRT and daily imaging,
has been proven to decrease further radiation dose to the normal
organs without compromising local control in head and neck can-
cer (7-9). Thus, IGRT may allow for radiation dose escalation in
patients with early stage high-risk prostate cancer and improve
biochemical-free survival while reducing treatment toxicity.
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TECHNIQUES OF PROSTATE CANCER RADIATION THERAPY
DELIVERY WITH IGRT

Currently, many systems are used for daily imaging and may
be classified as invasive and non-invasive. In the invasive sys-
tems, metallic markers are implanted into the prostate as fiducial
markers (FM) to guide radiation delivery. Usually, three seeds
are implanted under ultrasound (US) guidance into the prostate
before CT planning. Daily MV or kV CT are performed to align
the seeds to the planning CT before each treatment. Alternatively,
the seeds can be tracked in real time imaging with a robotic sys-
tem (Cyberknife) or through electromagnetic waves emitted by
the transponders (Calypso System), and allow accurate radiation
delivery even though the prostate moves during treatment. In the
non-invasive system, the prostate position before treatment can
be detected either by US or by CT scan. The patient is shifted for
set-up discrepancies and additional images are obtained to ver-
ify treatment accuracy. The US system is inexpensive, simple, and
non-radiation-based, but is operator-dependent. The CT system
provides either kV or MV imaging. Fan beam kV CT uses a diag-
nostic CT scan alongside the linear accelerator. Cone beam kV CT
uses a gantry mounted kV source and a flat panel detector. A series
of kV X-rays are taken when the gantry rotates and a 3D image
is reconstructed. Image quality is superior with fan beam kV CT
compared to cone beam CT, but the couch needs to be displaced
between imaging and treatment, which may lead to positioning
error. In the MV CT system, the imaging is performed by the
treatment beam that rotates around the patient while the couch
moves (helical Tomotherapy).

Image quality is inferior with MV CT compared to kV CT, but
there are no metal artifacts, which may be helpful if the patient
has hip prosthesis. The latest technology for tumor imaging is
based on magnetic resonance imaging (MRI), which involves a
hybrid Cobalt linear accelerator and an MRI (ViewRay). This is a
promising technology for prostate cancer IGRT, as MRI provides
better imaging of the prostate gland compared to CT scans. Fur-
thermore, MRI allows visualization of gross tumor volume (GTV)
inside the prostate and may enable a higher radiation dose using
the simultaneous integrated boost (SIB) technique.

REDUCTION OF PROSTATE CANCER TREATMENT MORBIDITY
ASSOCIATED WITH ACCURATE IMAGE GUIDANCE

Preliminary evidence suggests that better visualization of the
prostate during radiotherapy leads to improved patient quality of
life (QOL) because of the increased accuracy of radiation delivery.
In a study of 282 prostate cancer patients treated with 3D-CRT
with (n=154) and without image guidance (n=128), procti-
tis severity was significantly reduced with image guidance (10).
Patients who had image guidance underwent prostate FM place-
ment and MRI imaging before radiotherapy planning to outline
the target volume. Rectal and urinary dysfunction during radio-
therapy was assessed with QOL questionnaires. Despite a higher
tumor dose to the prostate, patients treated with image guidance
experienced less diarrhea and rectal pain compared to the ones
who did not undergo IGRT. During radiotherapy, the prostate
position changes daily depending on bladder and rectal filling.
Accurate target localizing with intra-prostate FM instead of bony
landmark fusion leads to a decreased volume of bladder and

rectum being irradiated to a high dose and therefore a reduction
of acute morbidity. Gill et al. (11) reported significant reduction
in severe urinary frequency, diarrhea, and fatigue in patients with
prostate cancer who were treated with IGRT (n = 265) compared
with patients not treated with IGRT (n = 26). Both groups were
treated with IMRT using the same constraints and PTV mar-
gins. The prostate dose was higher for the group treated with
IGRT (78 Gy) compared to those treated without IGRT (74 Gy).
Thus, regardless of the radiotherapy technique, accurate localiza-
tion of the prostate before treatment decreases treatment toxicity
by eliminating the geographic miss of the prostate, which would
lead to an excessive radiation dose to the adjacent non-involved
normal structures. Other studies have corroborated the image
guidance effects on sparing normal organs in patients with prostate
cancer (12, 13).

RADIATION DOSE ESCALATION FOR HIGH-RISK PROSTATE
CANCER PATIENTS TREATED WITH IGRT AND
CONVENTIONAL FRACTIONATION

In patients with high-risk prostate cancer, long-term follow-up
suggests that a radiation dose >80-81 Gy to the tumor bed may
be required for long-term biochemical control (14, 15). The effect
of radiation dose escalation may be independent of hormonal
therapy (15). Radiation doses up to 86.4 Gy were determined to
be feasible with limited toxicity in prostate cancer patients treated
with IMRT (16). Inastudy of 1,002 prostate cancer patients treated
to 86.4 Gy with IMRT, late grade 3 GI and genitourinary (GU) tox-
icities were reported (0.7 and 2.2%, respectively). However, acute
grade 3—4 toxicities were not reported in the study. Thus, IGRT
may allow for radiation dose escalation and further reduction of
normal tissue toxicity by combining IMRT and daily imaging.
Indeed, preliminary evidence suggests that IGRT as a safe radio-
therapy technique for radiation dose escalation in patients with
prostate cancer. Takeda et al. (17) reported no acute grade 3—4
toxicities in 141 patients with intermediate or high-risk localized
prostate cancer when the radiation dose was increased from 76 Gy
(n=13) to 80 Gy (n=128). Only two patients developed long-
term grade 3 toxicities. Kok et al. (18) compared late toxicities
among 311 patients treated with IMRT for prostate cancer with-
out image guidance (74 Gy) and with image guidance (78 Gy).
Despite a higher radiation dose in this study, late GI toxicities were
significantly reduced in patients with image guidance. In a similar
study comparing IGRT (78 Gy) and 3D-CRT (76 Gy) for high-
risk prostate cancer, late GI and GU toxicities were significantly
decreased for patients treated with IGRT (19).

RADIATION DOSE ESCALATION FOR HIGH-RISK PROSTATE
CANCER PATIENTS TREATED WITH IGRT AND
HYPOFRACTIONATION

Prostate cancer cells are characterized by a low a/f ratio rang-
ing from 0.8 to 2.2 Gy, suggesting that delivering a radiation dose
higher than the conventional fractionation of 1.8-2 Gy/day may
be more effective for cancer cell killing. On the opposite side
is the risk of normal tissue injury associated with high dose
hypofractionation. However, if the volume of rectal and blad-
der tissue exposed to a high radiation dose can be reduced with
high precision radiation delivery, hypofractionation may be an
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ideal radiation technique to reduce treatment time while poten-
tially improving the biochemical control in patients with high-risk
prostate cancer. Jerekzek-Fossa et al. (20) compared the acute tox-
icity of 179 prostate cancer patients treated with IGRT [70.2 Gy
in 2.7 Gy/fraction (84.2 Gy dose equivalent in 2 Gy/fraction)] and
174 patients treated with 3D-CRT (80 Gy in 2 Gy fraction). There
was no significant difference in toxicity between the two groups
of patients. In a follow-up study, QOL of the patients treated
with hypo-fractionated IGRT was not significantly affected long-
term, thus illustrating that IGRT may be beneficial in patients with
high-risk prostate cancer (21). A similar radiation dose escalation
study was performed in 48 prostate cancer patients using regimens
of 68.04 Gy at 2.52 Gy/fraction (n=132), 70 Gy at 2.5 Gy/fraction
(n=5), and 70.2 Gy at 2.6 Gy/fraction. No patients developed
grade 3—4 late toxicities (22). The safety of IGRT for hypofrac-
tionation was also corroborated in another study where patients
with high-risk prostate cancer were treated up to 74.2Gy in
2.65 Gy/fraction with the SIB technique. Only 1 out of 70 patients
developed an acute grade 3 rectal reaction (23). A preliminary
report from a randomized study comparing high dose hypofrac-
tionation to conventional fractionation with IGRT suggests that
hypo-fractionation may allow for a higher radiobiologic dose
without increasing treatment toxicity for high-risk prostate can-
cer patients. Patients (n = 124) were recruited and treated to 76 Gy
in 2 Gy/fraction (n=>57) and 63 Gy in 3.15 Gy/fraction (n=67)
equivalent to 84 Gy in 2 Gy/fraction to the prostate with the SIB
technique (24). There was no significant difference in acute tox-
icities between the two arms suggesting that IGRT may confer
effective normal tissue sparing but long-term follow-up is needed
as complications may develop later.

The extreme hypo-fractionation scheme for high-risk prostate
cancer involves continuous tracking of the prostate with two
orthogonal X-ray imagers that allow a tight PTV margin pos-
teriorly (3 mm) while multiple non-coplanar beams improve the
plan conformity compared to IMRT (Cyberknife) (25). Total treat-
ment time can be reduced to 1 week instead of the conventional
8-9weeks of treatment as the volume of rectum and bladder
exposed to high radiation dose can be minimized. In addition,
if treatment toxicity can be reduced, a high dose to the prostate
may be feasible to improve local control. Oliai et al. (26) reported
the acute toxicity and long-term complications of 70 patients with
low- to high-risk prostate cancer treated with radiation dose esca-
lation by Cyberknife (CK) ranging from 35 Gy in 7 Gy/fraction
(n=5), 36.25Gy in 7.25 Gy/fraction (n=36), and 37.5Gy in
7.5 Gy/fraction (n = 29). Acute and late grade 3 GU toxicities were
4 and 3%, respectively. None of the patients experienced grade 3—4
toxicities at a median follow-up of 31 months. Katz et al. (27) also
corroborated the low toxicity of CK for prostate cancer. Among 304
patients with low (n=211), intermediate (n=81), and high-risk
(n=12) prostate cancer treated with CK to 35 Gy in 7 Gy/fraction
(n=>50) and 36.25 Gy in 7.25 Gy/fraction (n =254), none of the
patients developed acute grade 3—4 toxicity. At a median follow-
up of 60 months, only 2% of the patients developed long-term
grade 3 GU toxicity. A follow-up study suggested that prostate
cancer patients treated with this fractionation on CK had QOL
similar to that observed in conventional fractionation (28). Even
though most patients treated with CK hypo-fractionation had low

to intermediate risk prostate cancer, late grade 3 GI and GU toxi-
cities ranged from 0 to 3%, which confirmed the safety of CK for
radiation dose escalation (29-34). The high radiobiologic equiva-
lent dose of 92 Gy (corresponding to 35 Gy in 7 Gy/fraction with
an o/p ratio of 1.5) or higher with hypo-fractionated CK sug-
gests that this radiotherapy technique may be potentially effective
for high-risk prostate cancer. However, this hypothesis will need
to be tested in future prospective trials. It is encouraging that in
a pooled analysis of patients with prostate cancer treated with
hypo-fractionated CK, a 5-year PSA relapse-free survival of 81%
was suggested for high-risk patients.

ROLE OF BRACHYTHERAPY IN RADIATION DOSE
ESCALATION IN PATIENTS WITH HIGH-RISK PROSTATE
CANCER

Brachytherapy may be the ideal modality of radiation dose esca-
lation for prostate cancer either alone or as a boost. The radioac-
tive seeds or high dose rate (HDR) brachytherapy catheters are
inserted inside the prostate, thus prostate motion is not an issue for
brachytherapy compared to external beam radiation. In addition,
the radiation dose decreases proportionally to the square of the
distance away from the radioactive sources and allows significant
sparing of the rectum and bladder. Because of the risk of extra-
capsular extension of the tumor, brachytherapy is frequently given
as a boost following external beam radiation, but brachytherapy
without external beam radiation has been reported with excel-
lent local control and survival in selected studies when combined
with androgen deprivation therapy (35-37). A higher dose to the
prostate ranging from 10,000 to 12,000 cGy may be achieved as
a boost after external beam radiation with low dose rate (LDR)
brachytherapy (38, 39). As a result, long-term biochemical-free
survival has been observed with LDR brachytherapy boost for
high-risk prostate cancer (40). Brachytherapy with HDR begins
to play a prominent role in the management of high-risk prostate
cancer because of the technical issues associated with LDR perma-
nent seeds implant: discrepancy between planned and actual seeds
distribution, inability to correct seeds position or to optimize the
dose delivered once the seeds are in place, which may be related
to the radiation oncologist technical skills. The HDR catheters are
relatively easy to visualize with US and may be safely implanted
outside the prostate capsule and into the seminal vesicles without
the risk of seeds migration. Uncertainty over target dose associ-
ated with prostate volume changes, which occurs following LDR
seeds implant is not an issue with HDR brachytherapy. Perhaps the
most important advantage of HDR over LDR brachytherapy is the
real time dose modulation, which provides immediate feedback to
the physician and physicist for optimal catheter distribution and
dwell time. Preliminary results of HDR monotherapy or com-
bined with external beam radiotherapy were very encouraging
with excellent biochemical-free survival and acceptable toxicity
(35-37, 41, 42). Dose escalation with HDR boost after external
beam radiotherapy was feasible and was reported to be associ-
ated with a higher biochemical-free survival in high-risk prostate
cancer patients (43, 44). As most studies reported 3D-CRT with
HDR brachytherapy, it would be interesting to combine IGRT and
HDR brachytherapy for high-risk prostate cancer to decrease long-
term complications in future prospective studies. Nevertheless,
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brachytherapy is an invasive procedure with its complications and
may not be indicated for all patients. The optimal radiation dose
for disease control in high-risk prostate cancer has not been elu-
cidated when combined with androgen deprivation therapy and
needs to be investigated in future clinical trials.

CURRENT CONTROVERSIES IN THE MANAGEMENT OF
HIGH-RISK PROSTATE CANCER

ROLE OF PELVIC RADIOTHERAPY IN THE TREATMENT OF HIGH RISK OF
PROSTATE CANCER

As high-risk prostate cancer patients may have occult pelvic lymph
nodes metastases that are not detected with current diagnostic
technologies, pelvic lymph nodes irradiation may improve loco-
regional control and survival. However, these patients also received
androgen deprivation therapy that may affect micrometastases.
On the other hand, treating the prostate and seminal vesicles only
allows radiation dose escalation without the toxicity of pelvic irra-
diation. Radiation dose escalation from 64 to 74 Gy to a local field
with 3D-CRT and neoadjuvant androgen deprivation has been
reported to improve biochemical-free survival in a randomized
study (45). Using the Roach formula to estimate the risk of pelvic
lymph nodes metastases, a matched-pair analysis did not report
the benefit of adding pelvic radiotherapy in patients at high risk
(>15%) of lymph nodes metastases (46). Two randomized studies
also corroborated the lack of survival benefit when the pelvis was
radiated compared to irradiation of the prostatic bed only (47,
48). As an illustration, excellent local control and survival were
observed in studies where HDR brachytherapy to the prostate were
combined with hormonal therapy without pelvic irradiation (35—
37, 49). The rate of distant metastases or pelvic failures did not
increase in those studies. Thus, pelvic irradiation may not be nec-
essary for high-risk prostate cancer when combined with androgen
deprivation therapy and may increase treatment toxicity because
of the increased volume of normal tissues in the radiation fields.

PROSTATE MOTION AND OPTIMAL PTV FOR IGRT

Prostate motion depends on rectal and bladder filling. In the
supine position for treatment, prostate position is less affected
by bladder filling because of bladder extension anteriorly. How-
ever, in the prone position, pressure on the bladder may push
the prostate posteriorly and the prostate position is affected by the
patient breathing pattern (50). Prostate motion ranged from 1.5 to
3.7 mm, 0.7 to 1.9 mm, and 1.4 to 3.6 mm in the antero-posterior
(AP), left-to-right (LR), and superior—inferior (SI) dimension,
respectively (51-55). The magnitude of prostate motion also
depends on the individual patient. Choice of a PTV also depends
on whether the institution includes pelvic lymph node irradiation
or not as it would be difficult to tract the motion of two inde-
pendent systems. In that sense, radiation dose escalation would
be technically easier without pelvic irradiation. PTV margins for
the lymph nodes may need to be enlarged to avoid under dosing
the pelvic lymph nodes if the set up needs to change because of
prostate motion secondary to rectal filling. The choice of the PTV
margins also depends on the prostate tracking system used by the
institution, either with FM or electromagnetic transponders (inva-
sive method), or with soft tissue fusion based on CBCT or MVCT.
For the non-invasive method, once an optimum PTV has been

selected by the institution, adaptive therapy performed for the first
week or two of treatment based on observed prostate motion on
an individual patient may allow the clinician to reduce the PTV for
example if the established PTV may be too generous. These efforts
may reduce interfraction motion but will not reduce intrafrac-
tion motion that occurs during treatment. Unless the institution
uses an online tracking system for treatment delivery such as the
robotic CK, PTV margins should take into account intrafraction
motion, which may be dependent on treatment time. The use of
an endorectal balloon may decrease intrafraction prostate motion
and may reduce further rectal dose by pushing the posterior rectal
wall away from the high dose area (56). Another factor to take
into consideration is the deformation of the prostate, which may
be related to peristalsis, degree of pelvic musculature contrac-
tion, and breathing pattern. Any prospective trial on radiation
dose escalation should take into consideration the degree prostate
deformation during treatment as under dosing of the prostate may
occur in patients with a large degree of prostate deformation (more
than 10% of prostate volume) (57).

In summary, PTV margins should be determined by the type of
IGRT image tracking and radiation treatment delivery. For exam-
ple, published recommended LR, AP, and SI margins ranged from
3.6, 3.7, and 3.7 mm and 2.46, 2.28, and 2.56 mm for FM and
CBCT, respectively (58, 59).

DOSE PRESCRIPTION COMPARISON AMONG INSTITUTIONS USING
PROSTATE IGRT

Currently, there is no standard recommendation on how to pre-
scribe radiation dose for patients undergoing prostate IGRT. Each
institution set up a specific protocol making dose comparison dif-
ficult among various institutions to assess long-term local control,
and complications. In addition, there were different dose sched-
ule fractionation, and various PTV margins based the technology
used for image tracking. As an illustration, Norkus et al. (24)
reported the following protocol in a randomized study of dose
escalation using hypofractionation and CBCT for image guid-
ance. The prostate PTV was treated to a total dose of 76 Gy at
2 Gy/fraction and 63 Gy at 3.15 Gy/fraction, respectively, with a
PTV margin of 10 mm except posteriory (7 mm). The dose was
optimized so that 95-108% of the PTV received the prescribed
dose. On the other hand, Takeda et al. (17) treated the prostate
PTV to a total dose of 80 Gy in 2 Gy/fraction using FM with a PTV
margin of 5mm except posteriorly (3 mm). The dose was pre-
scribed to cover 95% of the target volume. At another institution,
even though FM was used for image guidance, the prostate PTV
margin was 10 mm except posteriorly (6 mm). The prescribed dose
was 86.4 Gy to a maximum isodose encompassing the PTV (60).
As the preliminary results from these institutions are excellent for
local control with acceptable toxicity, it would be very difficult to
set up a standard recommendation for PTV margins and dose.

FUTURE DIRECTIONS OF IMAGE-GUIDED RADIOTHERAPY
FOR RADIATION DOSE ESCALATION IN PATIENTS WITH
HIGH-RISK PROSTATE CANCER

Patient with high-risk prostate cancer often have a heterogeneous
tumor distribution within the prostate with areas of concen-
trated cancer cells responsible for disease recurrence following
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radiotherapy (61). These intra-prostatic tumor nodules may
require a higher dose to achieve local control. The conventional
radiotherapy technique with IMRT or IGRT for prostate cancer
consists of a homogeneous radiation dose distribution within
the prostate. Thus, previous studies of radiation dose escalation
increased the total dose to the prostate, which may account for the
risk of late GI and GU complications. New imaging techniques
such as diffusion-weighted (DW), MRI, magnetic resonance spec-
troscopy (MRS), and positron emission tomography (PET)-CT are
more accurate for detection of these intra-prostatic tumor nod-
ules and may allow for radiation dose escalation within the prostate
(62—64). Dosimetric studies suggest that radiation dose escalation
for intra-prostatic tumors nodules with IGRT is feasible and may
allow significant reduction of the rectal dose (65). In a clinical
study of 118 patients with prostate cancer, the GTV defined by
MRI or MRS was treated to 80-81 Gy while the prostate dose was
limited to 78 Gy with IMRT. No patients developed grade 3—4 GI
toxicity (66). Thus, IGRT may be a promising technique for radia-
tion dose escalation on intra-prostatic nodules as significant rectal
toxicity has been observed in patients who had hypo-fractionated
IGRT up to 50 Gy in 10 Gy/fraction (67).

CONCLUSION

Image-guided radiotherapy is a promising technique to reduce
treatment toxicity in patients with early stage high-risk prostate
carcinoma and may improve biochemical-free survival associated
with radiation dose escalation. Reduced treatment time with hypo-
fractionated IGRT may improve patient QOL as they will have
more time to spend with their family. Future clinical trials focused
on improving tumor imaging with MRI, MRS, and PET-CT to
reduce long-term complications associated with high dose prostate
irradiation are warranted.
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Despite advances in treatment for metastatic prostate cancer, patients eventually progress
to castrate-resistant disease and ultimately succumb to their cancer. Androgen depriva-
tion therapy (ADT) is the standard treatment for metastatic prostate cancer and has been
shown to improve median time to progression and median survival time. Research sug-
gests that castrate-resistant clones may be present early in the disease process prior to
the initiation of ADT. These clones are not susceptible to ADT and may even flourish when
androgen-responsive clones are depleted. Stereotactic body radiation therapy (SBRT) is a
safe and efficacious method of treating clinically localized prostate cancer and metastases.
In patients with a limited number of metastatic sites, SBRT may have a role in eliminating
castrate-resistant clones and possibly delaying progression to castrate-resistant disease.
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STEREOTACTIC BODY RADIATION THERAPY

Radiation oncologists strive to maximize tumor control while
minimizing normal tissue toxicity. Over the past several years,
advances in image-guided radiation treatment (IGRT) have
allowed the treatment of tumors with increased efficacy and
reduced toxicity (1-4). For example, stereotactic body radia-
tion therapy (SBRT) may improve tumor control and reduce
treatment-related toxicity through improved targeting and man-
agement of tumor motion (5). Accurate tumor targeting means
that radiation may be delivered with relatively narrow margins
to account for uncertainty in target position. This allows for
high-dose, extremely hypofractionated treatment courses (1-5
fractions) that may be more radiobiologically effective and are
certainly more convenient for patients (6, 7). For example, the
CyberKnife Radiosurgical System (Accuray) is capable of localiz-
ing the prostate and adjusting the radiation beam accordingly in
real time throughout a treatment fraction (8). This feature allows
for a reduction in the planning target volume (PTV) and therefore
better limits the dose to adjacent rectum and bladder (Figure 1).
Multi-institutional experience demonstrates that this technology

Abbreviations: ADT, androgen deprivation therapy; CRPC, castrate-resistant
prostate cancer; DVH, dose-volume histogram; GTV, gross target volume; IGRT,
image-guided radiation treatment; LHRH, luteinizing hormone-releasing hormone;
PAP, prostatic acid phosphatase; PSA. prostate-specific antigen; PTV, planning target
volume; SBRT, stereotactic body radiation therapy; TURP, transurethral resection
of the prostate.

allows investigators to administer higher doses to the prostate
with biochemical disease-free survival and toxicity rates similar
to conventional treatments (9-14). It is hoped that SBRT will
also positively impact patient outcomes in patients with limited
metastatic disease.

OLIGOMETASTASES

Patients with controlled primaries and “oligometastatic” disease
may experience long-term stability in the number of metasta-
tic sites (15). Oligometastatic prostate cancer has been defined
as five or fewer sites due to the more favorable outcomes seen
in these patients (Figure 2) (16). Hellman and Weichselbaum first
proposed the existence of oligometastatic disease as a clinically sig-
nificant state separate from polymetastatic disease and suggested a
more causal relationship between the size or grade of a tumor and
its propensity for metastatic spread (17). Corbin et al. expanded on
this concept suggesting the development of a specific oligometasta-
tic phenotype over the natural course of a cancer’s evolution that is
less aggressive than other metastatic phenotypes (18). This theory
has been corroborated by microRNA analysis of clinically limited
metastatic disease that accurately characterizes which patients will
remain oligometastatic and which patients will proceed to poly-
metastatic disease (19). For patients with limited metastatic sites,
SBRT to the oligometastases may offer long-term disease control
and impact survival (20). Data are emerging that patients with lim-
ited asymptomatic metastases may experience improved disease-
free survival and quality of life after SBRT (21). We hypothesize
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FIGURE 1 | Prostate SBRT: treatment planning axial computed
tomography images demonstrating the prostate (red line), prostatic
urethra (yellow), and rectum (green line). Isodose lines shown as
follows: 115% of the prescription dose, maroon line; 100% of the
prescription dose, light blue line: 75% of the prescription dose, orange line;
and 35% of the prescription dose, green line.

that in oligometastatic prostate cancer patients, androgen depri-
vation therapy (ADT) would eliminate micrometastatic disease
while SBRT would eradicate large tumor deposits that may be
more likely to develop castrate-resistant clones.

ANDROGEN DEPRIVATION THERAPY FOR METASTATIC
PROSTATE CANCER

The current treatment for newly diagnosed metastatic prostate
cancer is hormone ablation via luteinizing hormone-releasing
hormone (LHRH) analog until disease progression (22). The
response rate for primary hormonal therapy for men with metasta-
tic prostate cancer exceeds 80% and the median duration of
response is approximately 18-24 months (22). Patients with high
volume metastatic disease have a poorer prognosis with a median
time to prostate-specific antigen (PSA) progression of about only
10 months and median time to clinical progression (e.g., worsen-
ing bone metastases) of about 14 months (23). In contrast, patients
with low volume metastatic disease have a 22-month median time
to PSA progression with androgen ablation alone and median time
to clinical progression of more than 3 years (23). The median over-
all survival for men commencing androgen ablation with clinically
evident metastatic disease is about 30 months (22). Survival varies
depending on the extent of disease and location of the bone metas-
tases (16, 23-27). All patients will ultimately progress despite the
initial success of this approach. Castrate-resistant prostate cancer
(CRPC) remains an incurable disease resulting in considerable
morbidity. Alternative hormonal agents or chemotherapy may

4 capsule

FIGURE 2 | Sixty-year-old gentleman with oligometastatic prostate
cancer. He presented with back pain and his PSA was 35 ng/ml. DRE was
abnormal and imaging revealed: (A) Coronal T2-weighted multiplanar

RT Anterior LT

reconstruction MRI image demonstrating extracapsular extension into the
seminal vesicles. (B) Bone scan demonstrating a solitary L5 vertebral body
metastasis.
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be employed at the time of castrate resistance and provide small
overall survival benefits (28).

CHEMOTHERAPEUTIC AGENTS FOR CASTRATE-RESISTANT
PROSTATE CANCER

Early investigation of chemotherapeutic agents for metastatic
CRPC showed that mitoxantrone combined with prednisone
improved pain and quality of life when compared to pred-
nisone alone (29, 30). Unfortunately, mitoxantrone did not pro-
long survival in randomized trials (31, 32). Docetaxel was the
first chemotherapeutic agent able to demonstrate increased sur-
vival in metastatic CRPC in addition to decreased pain and
improved quality of life (33). Median survival increased by
2.9months in the cohort who received docetaxel compared to
mitoxantrone.

The breakthrough with docetaxel has led to subsequent
advances in systemic therapy for metastatic prostate cancer. Mul-
tiple hormonal and non-hormonal agents have emerged in recent
phase III clinical trials that demonstrate increased overall survival
time (outlined in Tables 1 and 2) (34—39). Hormonal agents target
adrenal testosterone production that is shielded from conven-
tional ADT. Abiraterone inhibits androgen production by block-
ing enzymes crucial to testosterone synthesis (34). Enzalutamide
does not lower intratumoral testosterone but is a potent andro-
gen receptor antagonist that acts by blocking androgen activity
within cancer cells (36). Novel non-hormonal agents have also
been efficacious in the setting of CRPC. Sipuleucel-T is a thera-
peutic cancer vaccine that acts as an immunostimulant specifically
targeting the prostatic acid phosphatase (PAP) antigen found on
prostate cancer cells (37). Radium-223 is a radiopharmaceutical
agent that targets bony tissue and destroys metastatic prostate can-
cer cells through alpha particle emission (38). Additional phase III
trials with newer agents are underway. To date, no single agent
has demonstrated a PSA response rate greater than 54% or an
overall survival benefit greater than 5 months, and further inno-
vation through new agents or combination regimens is necessary
to optimize survival.

RATIONALE FOR TREATMENT OF THE PROSTATE IN THE
PRESENCE OF OLIGOMETASTATIC DISEASE

We believe an effective radiotherapeutic approach in the prostate
may improve long-term outcomes with limited toxicity in patients
with oligometastatic disease. The addition of prostate radiother-
apy to ADT has been shown to significantly improve progression-
free survival and overall survival with acceptable morbidity in
patients with locally advanced prostate cancer (40, 41). While a
slight increase in overall bother from urinary and bowel symp-
toms may occur from combined therapy, the difference is minimal
and does not meet the threshold for clinical significance (42). The
SPCG-7/SFUO-3 trial for patients with locally advanced prostate
cancer achieved a 12% reduction in 10-year prostate cancer spe-
cific mortality when radiotherapy was combined with endocrine
treatment (41). The trial observed a 10-year overall survival benefit
of 8.9% consistent with a 7-year overall survival benefit of 8% with
the addition of radiation therapy in the NCIC CTG PR.3/MRC UK
PRO7 trial (40, 41).

The mechanism of such benefit is currently unclear. Castrate-
resistant clones may be present in the prostate prior to the
initiation of ADT and they could be enriched through clonal selec-
tion after testosterone decline (Figure 3) (43). Animal models
support the use of early local treatment to eliminate androgen-
independent clones (44, 45). Radiotherapy, which eradicates
androgen-sensitive and androgen insensitive clones with similar
efficacy, may be effective at eradicating androgen-independent
clones. This has the potential to delay the time to castrate resistance
and hence prolong disease control.

Studies in which routine post-radiotherapy prostate biopsies
have been performed following primary ADT reveal a high rate
of persistence of local disease (46). In the SPCG-7 trial, the post-
radiation therapy biopsy positivity rate was an unacceptable 66%
(46). Local control is important in this malignancy, as problems
resulting from uncontrolled local disease are significant including
urinary obstruction (47). Palliative transurethral resection of the
prostate (TURP) and/or radiation therapy may be less effective
than primary treatment when the disease burden is lower (48, 49).

Table 1 | Prostate-specific antigen response rate of new chemotherapeutic agents for metastatic CRPC.

Trial Treatment Drug class Mechanism of action Control group Treatment Control P-value

group group response group response
rate (%) rate (%)

TAX 327 Docetaxel + Taxoid Microtubule disassembly Mitoxantrone + 45 32 <0.001
prednisone inhibitor prednisone

TROPIC Cabazitaxel + Taxoid Microtubule disassembly Mitoxantrone + 39.2 178 =0.0002
prednisone inhibitor prednisone

COU-AA301 Abiraterone+ Hormonal agent Cytochrome P4S0 17A1 Placebo + 29 6 <0.001
prednisone inhibitor prednisone

AFFIRM En2alutamide Hormonal agent Androgen receptor antagonist  Placebo b4 2 <0.001

IMPACT Sipuleucel-T Cancer vaccine PA2024 activated peripheral-  Placebo 2.6 1.3 Not

blood mononuclear cells significant
ALSYMPCA Radium-223 Radio pharmaceutical Bone-targeted alpha radiation  Placebo 16 6 <0.001
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Table 2 | Overall survival benefit of new chemotherapeutic agents for metastatic CRPC.

Trial Patients Treatment group Control group Median improvement P-value
in overall survival
(months)
TAX 327 1006 Docetaxel 4 prednisone Mitoxantrone + prednisone 2.9 =0.004
TROPIC 755 Cabazitaxel + prednisone Mitoxantrone + prednisone 2.4 <0.0001
COU-AA-301 119S Abiraterone + prednisone Placebo + prednisone 3.9 <0.001
AFFIRM 1199 Enzalutamide Placebo 4.8 <0.0001
IMPACT 512 Sipuleucel-T Placebo 4.1 =0.03
ALSYMPCA 922 Radium-223 Placebo 3.6 <0.001
——) —— —
Progressiqn to ADT-induced regression of Proliferation of
advanced disease hormone-sensitive cells castrate-resistant cells

FIGURE 3 | Development of castrate-resistant prostate cancer. Newly
diagnosed prostate cancer is composed of a group of heterogeneous cells.
The majority is hormone-sensitive. A minority are castration-resistant.

Following the initiation of ADT, castration-resistant cells have a survival
advantage and give rise to a more aggressive castration-resistant prostate
cancer.

It is also evident that local failures can lead to a second wave of
distant metastases (50). Achieving improved local control within
the prostate therefore carries promise of reducing the sequelae
attributable to uncontrolled local disease as well as the prevention
of new metastases.

Prostate cancer growth is dependent on androgen activation of
androgen receptors. ADT decreases testicular androgens. Although
testes are the major source of testosterone in normal men, the
intratumoral synthesis of testosterone from weak adrenal andro-
gens appears to be a substantial source of intraprostatic androgen
following ADT (51). Intraprostatic androgen synthesis may pro-
tect primary prostate cancer cells from ADT and provide a sanc-
tuary for prostate cancer cells to progress to castrate resistance.
We propose that SBRT may eliminate this sanctuary delaying the
emergence of castrate resistance.

RATIONALE FOR TREATMENT OF BONE OLIGOMETASTASES

Prostate cancer has a tropism for bone, making it the most com-
mon, and frequently the only, site of metastatic disease (52—54).
Greater than 80% of men with metastatic prostate cancer have
radiographic evidence of bone involvement. Skeletal complica-
tions are a major cause of morbidity in men with prostate cancer.
Early in the natural history of the disease, bone metastases are
generally asymptomatic, but ultimately at least 40% of patients
will be affected by bone pain, 20% will experience a pathologic
fracture, and 5% will develop a spinal cord compression. Collec-
tively, skeletal metastases can lead to decreased performance status
and devastating neurologic injury. Bone-targeted therapy, such as
zoledronic acid and denosumab, decrease but do not eliminate the
morbidity associated with bone lesions (55-57). Radiation ther-
apy is typically reserved for symptomatic disease, when the burden
of disease is greater and morbidity such as fracture may not be

avoidable. Delaying radiation therapy to this point might limit its
efficacy in reducing bone morbidity.

Recent reports have suggested that SBRT is safe and effective in
treating bone lesions involving long bones and the spinal column
(58, 59). Earlier studies administered hypofractionated regimens
more similar to conventional radiotherapy delivery with doses of
50 Gy in 10 fractions (21). Several questions remain given the
lack of long-term data compared to more conventional radiation
therapy. No optimal SBRT regimen has been established due to
the variation in target volume and proximity to normal structures
(60). However, SBRT has been administered up to 48 Gy in 3 frac-
tions to multiple metastatic sites simultaneously, and results have
shown promising long-term disease control with minimal grade
3+ toxicity (61). The potential benefits of combining radiation
with systemic agents has also been demonstrated (62, 63).

Patients treated with SBRT at oligometastatic sites have demon-
strated excellent outcomes. Among a cohort of patients with
oligometastatic disease and detectable PSA, 100% achieved local
control with SBRT to the metastatic lesions, and over half
the patients achieved an undetectable or declining PSA by a
median follow up of 4.8 months (64). In another study of men
with oligometastases following prostate treatment, salvage SBRT
deferred initiation of ADT with a 2-year local control rate of 100%
and a clinical progression-free survival of 42% (65). Neither study
observed grade 3+ toxicity. Larger studies with more homoge-
neous patient populations are required to define the potential
benefits of SBRT in the setting of prostate cancer. In addition, fur-
ther research is needed to determine the potential impact of SBRT
on systemic disease when combined with immunostimulating
agents such as sipuleucel-T (66).

Limited data exist on how radiation dose and fractionation
affect the risk of fracture following radiation therapy. Pathologic
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FIGURE 4 | Seventy-five-year-old gentleman with oligometastatic
prostate cancer and aT11 vertebral body metastasis. The decision was
to proceed with ADT and SBRT. ADT was initiated. The vertebral body was
treated with 30 Gy in 5 fractions. Treatment planning axial computed
tomography images demonstrating the GTV (red) and spinal cord (yellow).
Isodose lines shown as follows: 100% of the prescription dose (light blue
line) and 50% of the prescription dose (dark blue line). The maximum point
to the spinal cord and esophagus were 30 and 35 Gy, respectively (69).

vertebral body fractures have been described in patients treated
with SBRT. They are more common when the lesion is lytic and
>20% of the vertebral body is involved (67). Vertebral body frac-
ture progression may occur in 40% of vertebrae treated with
single-dose SBRT (67). Treating patients early in the disease course
to decrease the extent of bone/vertebral body involvement at
the time of SBRT treatment and fractionation may reduce the
likelihood of normal bone injury (Figure 4) (68).

TREATMENT TOXICITY AND QUALITY OF LIFE

We hypothesize that SBRT will decrease tumor burden in the
prostate and bone and hence improve long-term well-being. How-
ever, if SBRT to the prostate and oligometastases caused a sig-
nificant rate of high-grade late toxicity and/or adversely affected
patients’ long-term quality of life this approach would not be
worth pursuing further. Prostate SBRT may cause urinary and
rectal injury while bone SBRT may promote fractures. The sever-
ity and duration of these toxicities varies among patients and
has never been prospectively assessed in this patient population.
Patients receiving primary ADT have a quality of life that is
indistinguishable from a matched normal male population and
a quality of life significantly better than that of men with castrate-
resistant disease (70). Our experience suggests that prostate SBRT
will not adversely affect this (71).

CONCLUSION

Castrate-resistant prostate cancer remains a complex and incur-
able disease. ADT is successful in delaying the progression to
castrate-resistant disease and improving overall survival. Unfortu-
nately, castrate-resistant clones may be present early in the disease
process even prior to initiation of ADT, creating the need for

alternative treatments. Several chemotherapeutic agents have been
developed to treat metastatic prostate cancer, but the benefits of
these drugs have been small to date. Radiation therapy is effective
for treating bone metastases but is typically reserved for late-stage,
symptomatic disease. SBRT has been demonstrated as a safe and
efficacious modality for bone lesions. Implementation of SBRT
early in the disease process may decrease the morbidity associated
with bone lesions and reduce overall tumor burden, in turn delay-
ing progression of disease and improving both the quality and
length of life.

AUTHOR CONTRIBUTIONS

Onita Bhattasali and Leonard N. Chen are lead authors who
participated in manuscript drafting, table/figure creation, and
manuscript revision. Michael Tong aided in table/figure creation.
Siyuan Lei is the dosimetrist who contributed dosimetric data
and figures. Pranay Krishnan aided in figure creation. Anatoly
Dritschilo, Christopher Kalhorn, Simeng Suy, Brian T. Collins,
John H. Lynch, and Nancy A. Dawson are senior authors who
aided in drafting the manuscript and manuscript revision. Sean
P. Collins is the corresponding author who initially developed the
concept, and drafted and revised the manuscript. All authors read
and approved the final manuscript.

ACKNOWLEDGMENTS
This work was supported by NIH Grant P30CA051008.

REFERENCES
1. Crook JM, Raymond Y, Salhani D, Yang H, Esche B. Prostate motion during
standard radiotherapy as assessed by fiducial markers. Radiother Oncol (1995)
37(1):35-42. doi:10.1016/0167-8140(95)01613-L
2. Dawson LA, Mah K, Franssen E, Morton G. Target position variability through-
out prostate radiotherapy. Int | Radiat Oncol Biol Phys (1998) 42(5):1155-61.
doi:10.1016/S0360-3016(98)00265-X
3. Litzenberg DW, Balter JM, Hadley SW, Sandler HM, Willoughby TR, Kupelian
PA, et al. Influence of intrafraction motion on margins for prostate radiother-
apy. Int ] Radiat Oncol Biol Phys (2006) 65(2):548—53. doi:10.1016/j.ijrobp.2005.
12.033
4. Kupelian PA, Langen KM, Willoughby TR, Zeidan OA, Meeks SL. Image-guided
radiotherapy for localized prostate cancer: treating a moving target. Semin
Radiat Oncol (2008) 18(1):58—66. doi:10.1016/j.semradonc.2007.09.008
5. Timmerman RD, Kavanagh BD, Cho LC, Papiez L, Xing L. Stereotactic body
radiation therapy in multiple organ sites. J Clin Oncol (2007) 25(8):947-52.
doi:10.1200/JC0O.2006.09.7469
6. Miles EF, Robert Lee W. Hypofractionation for prostate cancer: a critical review.
Semin Radiat Oncol (2008) 18(1):41-47. doi:10.1016/j.semradonc.2007.09.006
7. Fowler JE. The radiobiology of prostate cancer including new aspects of
fractionated radiotherapy. Acta Oncol (2005) 44(3):265-76. doi:10.1080/
02841860410002824
8. XieY, Djajaputra D, King CR, Hossain S, Ma L, Xing L. Intrafractional motion of
the prostate during hypofractionated radiotherapy. Int ] Radiat Oncol Biol Phys
(2008) 72(1):236—46. doi:10.1016/j.ijrobp.2008.04.051
9. King CR, Brooks JD, Gill H, Presti JC Jr. Long-term outcomes from a prospective
trial of stereotactic body radiotherapy for low-risk prostate cancer. Int J Radiat
Oncol Biol Phys (2012) 82(2):877-82. doi:10.1016/j.ijrobp.2010.11.054
10. King CR, Collins SP, Fuller D, Wang PC, Kupelian PA, Steinberg M, et al. Health
related quality of life after stereotactic body radiotherapy for localized prostate
cancer: results from a multi-institutional consortium of prospective trials. Int |
Radiat Oncol Biol Phys (2013) 87(5):939-45. doi:10.1016/].ijrobp.2013.08.019
11. King CR, Freeman DE, Kaplan ID, Fuller D, Bolzicco G, Collins SP, et al. Stereo-
tactic body radiotherapy for localized prostate cancer: pooled analysis from a
multi-institutional consortium of prospective phase II trials. Radiother Oncol
(2013). doi:10.1016/j.radonc.2013.08.030

www.frontiersin.org

December 2013 | Volume 3 | Article 293 | 95


http://dx.doi.org/10.1016/0167-8140(95)01613-L
http://dx.doi.org/10.1016/S0360-3016(98)00265-X
http://dx.doi.org/10.1016/j.ijrobp.2005.12.033
http://dx.doi.org/10.1016/j.ijrobp.2005.12.033
http://dx.doi.org/10.1016/j.semradonc.2007.09.008
http://dx.doi.org/10.1200/JCO.2006.09.7469
http://dx.doi.org/10.1016/j.semradonc.2007.09.006
http://dx.doi.org/10.1080/02841860410002824
http://dx.doi.org/10.1080/02841860410002824
http://dx.doi.org/10.1016/j.ijrobp.2008.04.051
http://dx.doi.org/10.1016/j.ijrobp.2010.11.054
http://dx.doi.org/10.1016/j.ijrobp.2013.08.019
http://dx.doi.org/10.1016/j.radonc.2013.08.030
http://www.frontiersin.org
http://www.frontiersin.org/Radiation_Oncology/archive

Bhattasali et al.

SBRT for oligometastatic prostate cancer

12.

13.

14.

15.

16.

17.
18.

19.

20.

2

—

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—

32.

Freeman DE, Friedland ], Masterson-McGary M, Spellberg D. Stereotactic body
radiotherapy: an emerging treatment approach for localized prostate cancer. Int
] Radiat Oncol Biol Phys (2009) 75(3):5307-8. doi:10.1016/].ijrobp.2009.07.706
McBride SM, Wong DS, Dombrowski JJ, Harkins B, Tapella P, Hanscom HN,
et al. Hypofractionated stereotactic body radiotherapy in low risk prostate ade-
nocarcinoma. Cancer (2012) 118(15):3681-90. doi:10.1002/cncr.26699

Katz AJ, Santoro M, Diblasio F, Ashley R. Stereotactic body radiotherapy for
localized prostate cancer: disease control and quality of life at 6 years. Radiat
Oncol (2013) 8(1):118. doi:10.1186/1748-717X-8-118

Weichselbaum RR, Hellman S. Oligometastases revisited. Nat Rev Clin Oncol
(2011) 8(6):378-82. doi:10.1038/nrclinonc.2011.44

Singh D, Yi WS, Brasacchio RA, Muhs AG, Smudzin T, Williams JP, et al. Is there a
favorable subset of patients with prostate cancer who develop oligometastases?
Int ] Radiat Oncol Biol Phys (2004) 58(1):3-10. doi:10.1016/S0360-3016(03)
01442-1

Hellman S, Weichselbaum RR. Oligometastases. ] Clin Oncol (1995) 13(1):8-10.
Corbin KS, Hellman S, Weichselbaum RR. Extracranial oligometastases: a sub-
set of metastases curable with stereotactic radiotherapy. J Clin Oncol (2013)
31(11):1384-90. doi:10.1200/JC0O.2012.45.9651

Lussier YA, Xing HR, Salama JK, Khodarev NN, Huang Y, Zhang Q, etal.
MicroRNA expression characterizes oligometastasis(es). PLoS One (2011)
6(12):¢28650. doi:10.1371/journal.pone.0028650

Alongi F, Arcangeli S, Filippi AR, Ricardi U, Scorsetti M. Review and uses
of stereotactic body radiation therapy for oligometastases. Oncologist (2012)
17(8):1100-7. doi:10.1634/theoncologist.2012-0092

. Milano MT, Katz AW, Zhang H, Okunieff P. Oligometastases treated with stereo-

tactic body radiotherapy: long-term follow-up of prospective study. Int ] Radiat
Oncol Biol Phys (2012) 83(3):878-86. doi:10.1016/j.ijrobp.2011.08.036

Prostate Cancer Trialists’ Collaborative G. Maximum androgen blockade in
advanced prostate cancer: an overview of the randomised trials. Lancet (2000)
355(9214):1491-8. doi:10.1016/S0140-6736(00)02163-2

Eisenberger MA, Blumenstein BA, Crawford ED, Miller G, McLeod DG,
Loehrer PJ, et al. Bilateral orchiectomy with or without flutamide for metasta-
tic prostate cancer. N Engl ] Med (1998) 339(15):1036—42. doi:10.1056/
NEJM199810083391504

Glass TR, Tangen CM, Crawford ED, Thompson I. Metastatic carcinoma of
the prostate: identifying prognostic groups using recursive partitioning. J Urol
(2003) 169(1):164-9. doi:10.1016/S0022-5347(05)64059- 1

Rana A, Chisholm GD, Khan M, Sekharjit SS, Merrick MV, Elton RA. Patterns
of bone metastasis and their prognostic significance in patients with carcinoma
of the prostate. Br J Urol (1993) 72(6):933—6. doi:10.1111/j.1464-410X.1993.
tb16301.x

Soloway MS, Hardeman SW, Hickey D, Todd B, Soloway S, Raymond J, et al.
Stratification of patients with metastatic prostate cancer based on extent of
disease on initial bone scan. Cancer (1988) 61(1):195-202. d0i:10.1002/1097-
0142(19880101)61:1<195::AID-CNCR2820610133>3.0.CO;2-Y

Yamashita K, Denno K, Ueda T, Komatsubara Y, Kotake T, Usami M, et al. Prog-
nostic significance of bone metastases in patients with metastatic prostate cancer.
Cancer (1993) 71(4):1297-302. doi:10.1002/1097-0142(19930215)71:4<1297:
:AID-CNCR2820710421>3.0.CO;2-S

Higano CS, Crawford ED. New and emerging agents for the treatment of
castration-resistant prostate cancer. Urol Oncol (2011) 29(Suppl 6):1-8. doi:
10.1016/j.urolonc.2011.08.013

Tannock IE, Osoba D, Stockler MR, Ernst DS, Neville AJ, Moore M], et al.
Chemotherapy with mitoxantrone plus prednisone or prednisone alone for
symptomatic hormone-resistant prostate cancer: a Canadian randomized trial
with palliative end points. J Clin Oncol (1996) 14(6):1756—64.

Osoba D, Tannock IE, Ernst DS, Neville AJ. Health-related quality of life in men
with metastatic prostate cancer treated with prednisone alone or mitoxantrone
and prednisone. J Clin Oncol (1999) 17(6):1654.

. Kantoff PW, Halabi S, Conaway M, Picus J, Kirshner J, Hars V, et al. Hydrocor-

tisone with or without mitoxantrone in men with hormone-refractory prostate
cancer: results of the cancer and leukemia group B 9182 study. J Clin Oncol
(1999) 17(8):2506.

Berry W, Dakhil S, Modiano M, Gregurich M, Asmar L. Phase III study of
mitoxantrone plus low dose prednisone versus low dose prednisone alone in
patients with asymptomatic hormone refractory prostate cancer. J Urol (2002)
168(6):2439-43. doi:10.1016/S0022-5347(05)64163-8

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Berthold DR, Pond GR, Soban F, de Wit R, Eisenberger M, Tannock IE. Doc-
etaxel plus prednisone or mitoxantrone plus prednisone for advanced prostate
cancer: updated survival in the TAX 327 study. J Clin Oncol (2008) 26(2):242-5.
doi:10.1200/JCO.2007.12.4008

De Bono JS, Logothetis CJ, Molina A, Fizazi K, North S, Chu L, etal. Abi-
raterone and increased survival in metastatic prostate cancer. N Engl | Med
(2011) 364(21):1995-2005. doi:10.1056/NEJMoal014618

de Bono JS, Oudard S, Ozguroglu M, Hansen S, Machiels J-P, Kocak I,
etal. Prednisone plus cabazitaxel or mitoxantrone for metastatic castration-
resistant prostate cancer progressing after docetaxel treatment: a randomised
open-label trial. Lancet (2010) 376(9747):1147-54. doi:10.1016/S0140-
6736(10)61389-X

Scher HI, Fizazi K, Saad F, Taplin M-E, Sternberg CN, Miller K, et al. Increased
survival with enzalutamide in prostate cancer after chemotherapy. N Engl ] Med
(2012) 367(13):1187-97. doi:10.1056/NEJMo0al207506

Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ, Penson DF, etal.
Sipuleucel-T immunotherapy for castration-resistant prostate cancer. N Engl
J Med (2010) 363(5):411-22. doi:10.1056/NEJMo0al001294

Parker C, Nilsson S, Heinrich D, Helle SI, O’Sullivan JM, Fossa SD, et al. Alpha
emitter radium-223 and survival in metastatic prostate cancer. N Engl ] Med
(2013) 369(3):213-23. doi:10.1056/NEJMoal213755

Tannock IF, de Wit R, Berry WR, Horti ], Pluzanska A, Chi KN, et al. Docetaxel
plus prednisone or mitoxantrone plus prednisone for advanced prostate cancer.
N Engl ] Med (2004) 351(15):1502—12. doi:10.1056/NEJMo0a040720

Warde P, Mason M, Ding K, Kirkbride P, Brundage M, Cowan R, et al. Com-
bined androgen deprivation therapy and radiation therapy for locally advanced
prostate cancer: a randomised, phase 3 trial. Lancet (2012) 378(9809):2104-11.
doi:10.1016/50140-6736(11)61095-7

Widmark A, Klepp O, Solberg A, Damber J-E, Angelsen A, Fransson P, et al.
Endocrine treatment, with or without radiotherapy, in locally advanced prostate
cancer (SPCG-7/SFUO-3): an open randomised phase III trial. Lancet (2009)
373(9660):301-8. doi:10.1016/S0140-6736(08)61815-2

Fransson P, Lund J-A, Damber J-E, Klepp O, Wiklund F, Fossd S, et al. Qual-
ity of life in patients with locally advanced prostate cancer given endocrine
treatment with or without radiotherapy: 4-year follow-up of SPCG-7/SFUO-3,
an open-label, randomised, phase III trial. Lancet Oncol (2009) 10(4):370-80.
doi:10.1016/51470-2045(09)70027-0

Ahmed M, Li LC. Adaptation and clonal selection models of castration-
resistant prostate cancer: current perspective. Int J Urol (2012) 20(4):362-71.
doi:10.1111/iju.12005

Craft N, Chhor C, Tran C, Belldegrun A, DeKernion J, Witte ON, et al. Evi-
dence for clonal outgrowth of androgen-independent prostate cancer cells from
androgen-dependent tumors through a two-step process. Cancer Res (1999)
59(19):5030-6.

Gingrich JR, Barrios RJ, Kattan MW, Nahm HS, Finegold M]J, Greenberg NM.
Androgen-independent prostate cancer progression in the TRAMP model. Can-
cer Res (1997) 57(21):4687-91.

Solberg A, Haugen OA, Viset T, Bergh A, Tasdemir I, Ahlgren G, et al. Resid-
ual prostate cancer in patients treated with endocrine therapy with or without
radical radiotherapy: a side study of the SPCG-7 randomized trial. Int J Radiat
Oncol Biol Phys (2011) 80(1):55-61. doi:10.1016/j.ijrobp.2010.01.072

Khafagy R, Shackley D, Samuel J, O’Flynn K, Betts C, Clarke N. Complications
arising in the final year of life in men dying from advanced prostate cancer. J
Palliat Med (2007) 10(3):705-11. doi:10.1089/jpm.2006.0185

Crain DS, Amling CL, Kane CJ. Palliative transurethral prostate resection for
bladder outlet obstruction in patients with locally advanced prostate cancer. J
Urol (2004) 171(2):668-71. doi:10.1097/01.ju.0000104845.24632.92

Din OS, Thanvi N, Ferguson CJ, Kirkbride P. Palliative prostate radiotherapy for
symptomatic advanced prostate cancer. Radiother Oncol (2009) 93(2):192-6.
doi:10.1016/j.radonc.2009.04.017

Fuks Z, Leibel SA, Wallner KE, Begg CB, Fair WR, Anderson LL, etal.
The effect of local control on metastatic dissemination in carcinoma of
the prostate: long-term results in patients treated with 1251 implantation.
Int J Radiat Oncol Biol Phys (1991) 21(3):537—47. doi:10.1016/0360-3016(91)
90668-T

Cai C, Balk SP. Intratumoral androgen biosynthesis in prostate cancer patho-
genesis and response to therapy. Endocr Relat Cancer (2011) 18(5):R175-82.
doi:10.1530/ERC-10-0339

Frontiers in Oncology | Radiation Oncology

December 2013 | Volume 3 | Article 293 | 96


http://dx.doi.org/10.1016/j.ijrobp.2009.07.706
http://dx.doi.org/10.1002/cncr.26699
http://dx.doi.org/10.1186/1748-717X-8-118
http://dx.doi.org/10.1038/nrclinonc.2011.44
http://dx.doi.org/10.1016/S0360-3016(03)01442-1
http://dx.doi.org/10.1016/S0360-3016(03)01442-1
http://dx.doi.org/10.1200/JCO.2012.45.9651
http://dx.doi.org/10.1371/journal.pone.0028650
http://dx.doi.org/10.1634/theoncologist.2012-0092
http://dx.doi.org/10.1016/j.ijrobp.2011.08.036
http://dx.doi.org/10.1016/S0140-6736(00)02163-2
http://dx.doi.org/10.1056/NEJM199810083391504
http://dx.doi.org/10.1056/NEJM199810083391504
http://dx.doi.org/10.1016/S0022-5347(05)64059-1
http://dx.doi.org/10.1111/j.1464-410X.1993.tb16301.x
http://dx.doi.org/10.1111/j.1464-410X.1993.tb16301.x
http://dx.doi.org/10.1002/1097-0142(19880101)61:1<195::AID-CNCR2820610133>3.0.CO;2-Y
http://dx.doi.org/10.1002/1097-0142(19880101)61:1<195::AID-CNCR2820610133>3.0.CO;2-Y
http://dx.doi.org/10.1002/1097-0142(19930215)71:4<1297::AID-CNCR2820710421>3.0.CO;2-S
http://dx.doi.org/10.1002/1097-0142(19930215)71:4<1297::AID-CNCR2820710421>3.0.CO;2-S
http://dx.doi.org/10.1016/j.urolonc.2011.08.013
http://dx.doi.org/10.1016/S0022-5347(05)64163-8
http://dx.doi.org/10.1200/JCO.2007.12.4008
http://dx.doi.org/10.1056/NEJMoa1014618
http://dx.doi.org/10.1016/S0140-6736(10)61389-X
http://dx.doi.org/10.1016/S0140-6736(10)61389-X
http://dx.doi.org/10.1056/NEJMoa1207506
http://dx.doi.org/10.1056/NEJMoa1001294
http://dx.doi.org/10.1056/NEJMoa1213755
http://dx.doi.org/10.1056/NEJMoa040720
http://dx.doi.org/10.1016/S0140-6736(11)61095-7
http://dx.doi.org/10.1016/S0140-6736(08)61815-2
http://dx.doi.org/10.1016/S1470-2045(09)70027-0
http://dx.doi.org/10.1111/iju.12005
http://dx.doi.org/10.1016/j.ijrobp.2010.01.072
http://dx.doi.org/10.1089/jpm.2006.0185
http://dx.doi.org/10.1097/01.ju.0000104845.24632.92
http://dx.doi.org/10.1016/j.radonc.2009.04.017
http://dx.doi.org/10.1016/0360-3016(91)90668-T
http://dx.doi.org/10.1016/0360-3016(91)90668-T
http://dx.doi.org/10.1530/ERC-10-0339
http://www.frontiersin.org/Radiation_Oncology
http://www.frontiersin.org/Radiation_Oncology/archive

Bhattasali et al.

SBRT for oligometastatic prostate cancer

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

—

62.

63.

64.

65.

Coleman RE. Metastatic bone disease: clinical features, pathophysiology and
treatment strategies. Cancer Treat Rev (2001) 27(3):165-76. doi:10.1053/ctrv.
2000.0210

Saylor PJ, Lee RJ, Smith MR. Emerging therapies to prevent skeletal mor-
bidity in men with prostate cancer. J Clin Oncol (2011) 29(27):3705-14.
doi:10.1200/JC0O.2010.34.4994

Saad F, Olsson C, Schulman CC. Skeletal morbidity in men with prostate can-
cer: quality-of-life considerations throughout the continuum of care. Eur Urol
(2004) 46(6):731-40. doi:10.1016/j.eururo.2004.08.016

Saad F, Gleason DM, Murray R, Tchekmedyian S, Venner P, Lacombe L, et al.
A randomized, placebo-controlled trial of zoledronic acid in patients with
hormone-refractory metastatic prostate carcinoma. J Natl Cancer Inst (2002)
94(19):1458-68. doi:10.1093/jnci/94.19.1458

Fizazi K, Carducci M, Smith M, Damiio R, Brown J, Karsh L, etal.
Denosumab versus zoledronic acid for treatment of bone metastases
in men with castration-resistant prostate cancer: a randomised, double-blind
study. Lancet (2011) 377(9768):813-22. doi:10.1016/S0140-6736(10)62344-6
Saad E, Gleason DM, Murray R, Tchekmedyian S, Venner P, Lacombe L, et al.
Long-term efficacy of zoledronic acid for the prevention of skeletal compli-
cations in patients with metastatic hormone-refractory prostate cancer. J Natl
Cancer Inst (2004) 96(11):879-82. doi:10.1093/jnci/djh295

Jhaveri P, Teh BS, Bloch C, Amato R, Butler EB, Paulino A. Stereotactic body
radiotherapy in the management of painful bone metastases. Oncology (2008)
22(7):782.

Wang XS, Rhines LD, Shiu AS, Yang JN, Selek U, Gning I, et al. Stereotactic
body radiation therapy for management of spinal metastases in patients without
spinal cord compression: a phase 1-2 trial. Lancet Oncol (2012) 13(4):395-402.
doi:10.1016/S1470-2045(11)70384-9

Salama JK, Kirkpatrick JP, Yin F-E Stereotactic body radiotherapy treatment
of extracranial metastases. Nat Rev Clin Oncol (2012) 9:654—65. doi:10.1038/
nrclinonc.2012.166

. Salama JK, Hasselle MD, Chmura SJ, Malik R, Mehta N, Yenice KM, et al.

Stereotactic body radiotherapy for multisite extracranial oligometastases. Can-
cer (2012) 118(11):2962-70. d0i:10.1002/cncr.26611

Kao J, Packer S, Vu HL, Schwartz ME, Sung MW, Stock RG, et al. Phase 1 study of
concurrent sunitinib and image-guided radiotherapy followed by maintenance
sunitinib for patients with oligometastases. Cancer (2009) 115(15):3571-80.
doi:10.1002/cncr.24412

Kao J, Chen C-T, Tong CC, Packer SH, Schwartz M, Chen S-H, et al. Concurrent
sunitinib and stereotactic body radiotherapy for patients with oligometastases.
Target Oncol (2013). doi:10.1007/s11523-013-0280-y

Ahmed KA, Barney BM, Davis BJ, Park SS, Kwon ED, Olivier KR. Stereotactic
body radiation therapy in the treatment of oligometastatic prostate cancer. Front
Oncol (2012) 2:215. doi:10.3389/fonc.2012.00215

Berkovic P, De Meerleer G, Delrue L, Lambert B, Fonteyne V, Lumen N,
et al. Salvage stereotactic body radiotherapy for patients with limited prostate

cancer metastases: deferring androgen deprivation therapy. Clin Genitourin
Cancer (2012) 11(1):27-32. doi:10.1016/j.clgc.2012.08.003

66. Gulley JL, Arlen PM, Bastian A, Morin S, Marte J, Beetham P, et al. Com-
bining a recombinant cancer vaccine with standard definitive radiotherapy in
patients with localized prostate cancer. Clin Cancer Res (2005) 11(9):3353-62.
doi:10.1158/1078-0432.CCR-04-2062

67. Rose PS, Laufer I, Boland PJ, Hanover A, Bilsky MH, Yamada J, et al. Risk of
fracture after single fraction image-guided intensity-modulated radiation ther-
apy to spinal metastases. J Clin Oncol (2009) 27(30):5075-9. doi:10.1200/JCO.
2008.19.3508

68. Sahgal A, Atenafu EG, Chao S, Al-Omair A, Boehling N, Balagamwala
EH, etal. Vertebral compression fracture after spine stereotactic body
radiotherapy: a multi-institutional analysis with a focus on radiation dose and
the spinal instability neoplastic score. J Clin Oncol (2013) 31(27):3426-31.
doi:10.1200/JC0O.2013.50.1411

69. Benedict SH, Yenice KM, Followill D, Galvin JM, Hinson W, Kavanagh B, et al.
Stereotactic body radiation therapy: the report of AAPM Task Group 101. Med
Phys (2010) 37:4078. doi:10.1118/1.3438081

70. Albertsen PC, Aaronson NK, Muller MJ, Keller SD, Ware JE Jr. Health-related
quality of life among patients with metastatic prostate cancer. Urology (1997)
49(2):207-17. doi:10.1016/S0090-4295(96)00485-2

71. Chen LN, Suy S, Uhm S, Oermann EK, Ju AW, Chen V, et al. Stereotactic body
radiation therapy (SBRT) for clinically localized prostate cancer: the George-
town University experience. Radiat Oncol (2013) 8(1):58. doi:10.1186/1748-
717X-8-58

Conflict of Interest Statement: Sean P. Collins and Brian T. Collins serve as clinical
consultants to Accuray Inc. The other authors declare that they have no competing
interests.

Received: 07 October 2013; accepted: 18 November 2013; published online: 03 December
2013.

Citation: Bhattasali O, Chen LN, Tong M, Lei S, Collins BT, Krishnan P, Kalhorn C,
Lynch JH, Suy S, Dritschilo A, Dawson NA and Collins SP (2013) Rationale for stereo-
tactic body radiation therapy in treating patients with oligometastatic hormone-naive
prostate cancer. Front. Oncol. 3:293. doi: 10.3389/fonc.2013.00293

This article was submitted to Radiation Oncology, a section of the journal Frontiers in
Oncology.

Copyright © 2013 Bhattasali, Chen, Tong, Lei, Collins, Krishnan, Kalhorn, Lynch,
Suy, Dritschilo, Dawson and Collins. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

www.frontiersin.org

December 2013 | Volume 3 | Article 293 | 97


http://dx.doi.org/10.1053/ctrv.2000.0210
http://dx.doi.org/10.1053/ctrv.2000.0210
http://dx.doi.org/10.1200/JCO.2010.34.4994
http://dx.doi.org/10.1016/j.eururo.2004.08.016
http://dx.doi.org/10.1093/jnci/94.19.1458
http://dx.doi.org/10.1016/S0140-6736(10)62344-6
http://dx.doi.org/10.1093/jnci/djh295
http://dx.doi.org/10.1016/S1470-2045(11)70384-9
http://dx.doi.org/10.1038/nrclinonc.2012.166
http://dx.doi.org/10.1038/nrclinonc.2012.166
http://dx.doi.org/10.1002/cncr.26611
http://dx.doi.org/10.1002/cncr.24412
http://dx.doi.org/10.1007/s11523-013-0280-y
http://dx.doi.org/10.3389/fonc.2012.00215
http://dx.doi.org/10.1016/j.clgc.2012.08.003
http://dx.doi.org/10.1158/1078-0432.CCR-04-2062
http://dx.doi.org/10.1200/JCO.2008.19.3508
http://dx.doi.org/10.1200/JCO.2008.19.3508
http://dx.doi.org/10.1200/JCO.2013.50.1411
http://dx.doi.org/10.1118/1.3438081
http://dx.doi.org/10.1016/S0090-4295(96)00485-2
http://dx.doi.org/10.1186/1748-717X-8-58
http://dx.doi.org/10.1186/1748-717X-8-58
http://dx.doi.org/10.3389/fonc.2013.00293
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Radiation_Oncology/archive

fromtiers in
ONCOLOGY

REVIEW ARTICLE
published: 17 March 2015
doi: 10.3389/fonc.2015.00064

Image-guided radiotherapy and -brachytherapy for

cervical cancer

Suresh Dutta’, Nam Phong Nguyen?*, Jacqueline Vock?, Christine Kerr*, Juan Godinez®, Satya Bose?,
Siyoung Jang®, Alexander Chi’, Fabio Almeida®, William Woods®, Anand Desai ™, Rick David",
UIf Lennart Karlsson™, Gabor Altdorfer® and The International Geriatric Radiotherapy Group®

" Medicine and Radiation Oncology PA, San Antonio, TX, USA

2 Department of Radiation Oncology, Howard University, Washington, DC, USA
3 Department of Radiation Oncology, Lindenhofspital, Bern, Switzerland

4 Department of Radiation Oncology, Centre Val dAurelle, Montpellier, France

° Florida Radiation Oncology Group, Department of Radiation Oncology, Jacksonville, FL, USA

5 Department of Radiation Oncology, University of Arizona, Tucson, AZ, USA

7 Department of Radiation Oncology, University of West Virginia, Morgantown, WV, USA

8 Southwest PET/CT Institute, Tucson, AZ, USA

9 Department of Radiation Oncology, Richard A. Henson Cancer Institute, Salisbury, MD, USA

9 Department of Radiation Oncology, Akron City Hospital, Akron, OH, USA

" Department of Radiation Oncology, Michael D. Watchtel Cancer Center, Oshkosh, WI, USA

2 Department of Radiation Oncology, Marshfield Clinic, Marshfield, WI, USA

5 Department of Radiation Oncology, Camden Clark Cancer Center, Parkersburg, WV, USA

Edited by:

Soren M. Bentzen, University of
Maryland School of Medicine, USA

Reviewed by:

Daniel Grant Petereit, Rapid City
Regional Hospital, USA

Timothy James Kinsella, Brown
University, USA

*Correspondence:

Nam Phong Nguyen, Howard
University, 2041 Georgia Avenue NV,
Washington, DC 20060, USA

e-mail: namphong.nguyen@
yahoo.com

TAll of the authors are affiliated with
the International Geriatric

Conventional radiotherapy for cervical cancer relies on clinical examination, 3-dimensional
conformal radiotherapy (3D-CRT), and 2-dimensional intracavitary brachytherapy. Excellent
local control and survival have been obtained for small early stage cervical cancer with defin-
itive radiotherapy. For bulky and locally advanced disease, the addition of chemotherapy
has improved the prognosis but toxicity remains significant. New imaging technology such
as positron-emission tomography and magnetic resonance imaging has improved tumor
delineation for radiotherapy planning. Image-guided radiotherapy (IGRT) may decrease
treatment toxicity of whole pelvic radiation because of its potential for bone marrow, bowel,
and bladder sparring. Tumor shrinkage during whole pelvic IGRT may optimize image-guided
brachytherapy (IGBT), allowing for better local control and reduced toxicity for patients
with cervical cancer. IGRT and IGBT should be integrated in future prospective studies for
cervical cancer.

Keywords: cervical cancer, IGRT, IGBT, normal tissue sparing

Radiotherapy Group.

TREATMENT OF CERVICAL CANCER

Radiotherapy is an excellent modality for the treatment of cer-
vical cancer because of the tolerance of the cervix to high-
radiation dose. Traditionally, staging and treatment of cervical
cancer are based on clinical examination. The conventional radio-
therapy technique is 3-dimensional conformal radiotherapy (3D-
CRT) of the pelvis followed by 2-dimensional (2D) intracavitary
brachytherapy. Tumor shrinkage during whole pelvic radiation
allows for a better geometric implant leading to excellent local con-
trol and survival in patients with early stage disease. However, for
patients with bulky disease or with locally advanced stages, loco-
regional recurrences remain significant leading to a poor survival.
The combination of chemotherapy and radiation has improved the
prognosis of these patients but toxicity of the combined modality
remains significant (1, 2). Grade 3—4 hematologic toxicity, radi-
ation enteritis, and cystitis are often the limiting factors of the
conventional radiotherapy technique and may compromise treat-
ment efficacy because of treatment breaks, which allow tumor
regrowth. Thus, a radiotherapy technique that spares the nor-
mal pelvic organs from excessive toxicity may reduce the acute
side-effects and late complications of radiotherapy and potentially

improve local control by an improved geometry of the brachyther-
apy implant. Image-guided radiotherapy (IGRT) based on modern
imaging technology such as ['®F]fluorodeoxyglucose positron-
emission tomography (FDG-PET) scan and magnetic resonance
imaging (MRI) may improve the therapeutic ratio and potentially
decrease treatment toxicity.

THE ROLE OF PET SCAN IN RADIOTHERAPY PLANNING FOR
CERVICAL CANCER

Lymph node metastasis is one of the poor prognostic factors for
cervical cancer. Compared to computed tomography (CT) scan
and MRI, FDG-PET is more sensitive for detecting pelvic and
para-aortic lymph node metastasis (3,4). Among 560 patients with
cervical cancer stage IA-IVB who underwent FDG-PET for stag-
ing at diagnosis, 47% had lymph node metastasis (5). Among the
patients with PET-positive lymph nodes, all had pelvic, 35% para-
aortic,and 12% supraclavicular lymph node metastasis. Thus, PET,
by virtue of its lymph node detection, can upstage the clinical
stage, modify treatment decision making, and allow the radia-
tion oncologist to extend the radiotherapy volume for inclusion
of the metastatic lymph nodes. The para-aortic lymph nodes can
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be treated with intensity-modulated radiotherapy (IMRT) achiev-
ing excellent regional control and acceptable morbidity (6). The
feasibility of PET scan for para-aortic lymph nodes detection
and radiotherapy planning was tested in a randomized trial. One
hundred twenty-nine cervical cancer patients stage I-IVA with
positive pelvic and negative para-aortic lymph nodes on staging
MRI were randomized to have FDG-PET (71 = 66) or no additional
PET for staging (n=63). Among patients who had para-aortic
lymph nodes metastasis on PET scan, the radiotherapy fields were
extended to include these metastatic lymph nodes. Seven patients
had extra-pelvic metastases on PET scan: six of them para-aortic
and one omental metastases. Even though there was no difference
in survival between these two groups of patients, the ones who were
randomized to PET scan had decreased para-aortic recurrences
(7). As with all diagnostic modality, false negative results occur
with PET staging. In a study of 237 patients with cervical cancer
and negative para-aortic involvement on PET scan, 29 patients
(12%) had occult para-aortic metastases on laparoscopic lym-
phadenectomy (8). Radiotherapy fields were extended to include
these lymph nodes. However, among the 29 patients who had
occult metastases, poor survival was observed in 16 patients who
had para-aortic lymph nodes more than 5 mm in size raising the
question about the benefit of lymphadenectomy in patients who
had negative para-aortic lymph nodes on PET scan given the cost
and the morbidity of the surgical procedure. FDG-PET can also
be integrated in the IGRT treatment planning to escalate radiation
dose to the positive lymph nodes with the simultaneous integrated
boost (SIB) technique, potentially improving regional control (9).
Even though patients with pelvic and or/para-aortic lymph nodes
metastases often developed distant metastases, regional control
with increased radiation dose to the metastatic lymph nodes may
improve patient quality of life (10). Thus, despite its limitations,
FDG-PET should be included in all IGRT planning for cervical
cancer to assess the risk of lymph node and distant metastasis.

THE ROLE OF MRI FOR RADIOTHERAPY PLANNING OF
CERVICAL CANCER

Traditionally, staging and radiotherapy planning of cervical can-
cers are obtained through clinical information. However, clinical
examination alone is often inaccurate to assess the local exten-
sion of the tumor especially its size, parametrium involvement,
and pelvic side wall invasion. Even though MRI is less sensitive
than FDG-PET for the detection of lymph node metastasis, its
accuracy in the diagnosis of soft tissue tumor invasion and for the
monitoring of tumor regression during radiotherapy makes this
diagnostic imaging study indispensable for radiotherapy planning
(11). Compared to CT scan, the T2-weighted images on MRI pro-
vide better resolution to outline the primary tumor and adjacent
soft tissue invasion (parametrium, bladder, and rectum) due to
its high soft tissue contrast (12). Following whole pelvic radia-
tion, MRI is more accurate for the delineation of the residual
gross tumor compared to both CT scan and clinical examina-
tion under anesthesia (13). The superiority of MRI in detecting
residual disease following external beam irradiation for adap-
tive brachytherapy planning was also corroborated in another
study (14). Serial MRI during whole pelvic radiotherapy may
also predict the probability of local recurrence and poor survival.

In a study of 80 cervical cancer patients stage IB2-IVA undergo-
ing concurrent chemoradiation, the tumor volume was measured
with MRI before (V1), at 2-2.5 weeks (V2), at 4-5weeks (V3),
and following treatment (V4). Large tumor size and poor tumor
regression during chemoradiation were predictors of poor prog-
nosis. Patients with a tumor volume >40 cc before treatment (V1)
and a tumor ratio V3/V1 of 20% or more at the fourth or fifth
week of whole pelvic radiation had a local recurrence rate of 63%
and a disease-free survival of 39% at 5years (15). A correlation
between tumor regression during pelvic radiotherapy and survival
was also observed in another study of cervical cancer (16). Even
though these data are preliminary and need to be corroborated
by further prospective trials, cervical cancer patients with large
tumor and poor tumor regression during pelvic radiotherapy may
be candidates for radiation dose escalation with brachytherapy.
MRI-based brachytherapy planning allows for higher tumor dose
and sparing of radiosensitive organs such as the rectum and blad-
der compared to conventional 2-D planning (17). The potential of
MRI-guided planning optimization in intracavitary radiotherapy
to increase tumor dose without excessive irradiation of the normal
pelvic organs was also corroborated in another study (18). Increas-
ing tumor dose to large tumors with MRI-based image-guided
brachytherapy (IGBT) may improve local control and needs to
be investigated in future prospective studies (14). As most radia-
tion oncologists lack training in diagnostic radiology, perhaps the
most challenging aspect of MRI-based target volume delineation
is the uncertainty in outlining the target volume (19). As a result,
radiation dose to the target and normal organs at risk (OAR) for
complications may differ depending on individual delineation of
the target volume (20). Inclusion of an experienced diagnostic
radiologist specialized in gynecologic malignancies in the treat-
ment team may improve this issue. Recently, functional MRI, such
as diffusion-weighted imaging (DWI), has been investigated as a
non-invasive biomarker for tumors. As the tumor shrinks with
treatment, water mobility increases. Thus, the apparent diffusion
coefficient (ADC) may increase and may serve as an indicator
of tumor response. Preliminary studies using DWI-MRI as an
early biomarker to assess tumor response following concurrent
chemoradiotherapy have been promising, raising the need for
future prospective studies (21).

POTENTIAL ROLE OF IGRT IN CERVICAL CANCER

Intensity-modulated radiotherapy has been introduced to reduce
treatment toxicity of whole pelvic irradiation compared to 3D-
CRT. The steep dose fall-off of IMRT decreases significantly radi-
ation dose to the normal pelvic organs. Grade 3—4 hematologic
toxicity was significantly reduced in patients with cervical cancer
undergoing weekly cisplatin and IMRT (22). Gastro-intestinal tox-
icity was also decreased with IMRT even though a large volume of
the bowels was irradiated in patients with cervical cancer and para-
aortic lymph node metastase (23). Excellent loco-regional control
was also observed with acceptable toxicity in patients receiving
postoperative IMRT and chemotherapy for high-recurrence risk
features (lymph node metastases, positive margins, and parame-
trial invasion) (24). Thus, IGRT by combining the steep dose
gradient of IMRT and daily imaging may further decrease the
toxicity of whole pelvic irradiation in patients with cervical cancer
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because the planning target volume (PTV) may be safely reduced
without any compromise on target coverage. Preliminary data sug-
gest a dosimetric advantage of IGRT over IMRT for normal organ
sparing in patients with cervical cancer. The dosimetric plans of 20
patients with cervical cancer stage IB-IVA undergoing IGRT and
chemotherapy were retrospectively compared with IMRT. Even
though both techniques provided optimal target coverage, IGRT
significantly decreased radiation dose to the bowels compared
to IMRT (25). The superior bowel sparing of IGRT over IMRT
was also corroborated in another study of locally advanced cer-
vical cancer (26). The bladder dose was also significantly reduced
when volumetric arc therapy (VMAT) was compared to fixed beam
IMRT (27). As VMAT is currently integrated into image-guidance
radiotherapy for treatment delivery, VMAT-based IGRT may fur-
ther improve normal organ sparing. The dosimetric advantages of
IGRT were translated into low treatment morbidity in preliminary
clinical studies of cervical cancer with this new technique of radi-
ation. Among 15 patients undergoing chemoradiation for stage
IB-IVA with PET-based IGRT, only 1 patient developed long-term
chronic gastro-intestinal toxicity even though 4 patients received
para-aortic lymph node irradiation (28). Another study corrobo-
rated the safety and efficacy of IGRT for locally advanced cervical
cancer (29). As cervical cancer patients with a large tumor size
at diagnosis are at high risk of local recurrence following radio-
therapy, IGRT may deliver a higher dose to the gross tumor and
areas at high risk for recurrence with the SIB technique without
increasing radiation dose to the adjacent normal organs. The fea-
sibility of IGRT to increase radiation dose to regions of resected
metastatic lymph nodes was reported in 20 patients with stage
IBpN1-IIIB cervical cancer undergoing primary chemoradiation
after pelvic and para-aortic lymphadenectomy. The gross tumor,
regional lymph nodes, and parametrium were treated to 50.4 Gy
in 1.8 Gy/fraction whereas the regions of metastatic lymph nodes
were treated to 59.36 in 2.12 Gy/fraction. Grade 3 diarrhea and
neutropenia occurred in 5 and 25% of the patients, respectively,
during whole pelvic IGRT. All patients underwent high dose rate
(HDR)-based IGBT following pelvic IGRT (30). Thus, radiation
dose escalation may be safe when IGRT is integrated with IGBT.
An update of the study with 40 patients did not report any increase
of grade 3—4 toxicity. In addition, complete pathologic response
was confirmed by curettage 3 months following chemoradiation in
38/40 patients (31). As tumor regression carries a good prognosis,
this investigative study is promising but needs to be confirmed by
future prospective studies. The feasibility of IGRT for gross tumor
dose escalation was also reported in another study of six patients
with stage IB-IIB cervical cancer. The GTV and grossly enlarged
lymph nodes and the parametrium, upper third of the vagina and
the pelvic lymph nodes were treated to 59.8 Gy in 2.1 Gy/fraction
and 50.4 Gy in 1.8 Gy fraction, respectively. Significant regression
of the GTV was observed without increased radiation dose to the
normal OAR for complications (32). In patients who are not suit-
able for intracavitary implants following pelvic irradiation because
of poor geometry or co-morbidity, IGRT may deliver a high-boost
dose to the gross residual tumor without significant treatment
toxicity and improve local control (33). Another study corrob-
orated the feasibility of IGRT boost for cervical cancer patients
unable to undergo intracavitary implant (34). Even though these

studies are preliminary, they suggest that IGRT by virtue of its steep
dose gradient may produce a radiation dose distribution similar
to the one performed with brachytherapy and allow a boost dose
that can spare the OAR (35).

POTENTIAL ROLE OF IGBT IN CERVICAL CANCER

Conventional intracavitary brachytherapy for cervical cancer relies
on point dose and 2-D treatment planning based on conventional
radiography without conforming to the tumor shape and size.
Point A is often the reference point for radiotherapy dose deliv-
ery and the lack of dose-volume histogram (DVH) of the target
volume and normal OAR make estimation of complications risks
following radiotherapy difficult. The definition of point A also
varies depending on the institution making radiation dose com-
parison between different radiation centers problematic. The lack
of tumor visualization may lead to under-dosing of the tumor
and over-dosing of the adjacent normal organs and may result in
tumor recurrences and late complications. The introduction of
advanced imaging into treatment planning allows for clear visu-
alization of the tumor and the normal OAR, which may translate
into better local control and survival and potentially less com-
plications. MRI-based brachytherapy remains the gold standard
for IGBT because of its high-soft tissue resolution allowing accu-
rate delineation of the gross tumor and possible tumor invasion
of adjacent normal organs. Standardization of target and OAR
delineation and radiation dose delivery according to international
organizations such as the guidelines of the Groupe Europeen de
Curietherapie/European Society for Therapeutic Radiology and
Oncology (GEC-ESTRO) may allow for compilation of DVH data
between various institutions and ultimately establish a relation-
ship between dose delivery, local control, and complications risks
(36). As an illustration, the following targets were defined by GEC-
ESTRO: GTV, high-risk clinical target volume (HR-CTV), and
intermediate-risk clinical target volume (IR-CTV). Minimal dose
delivered to 90% (D90) and 100% (D100) of the volume of inter-
est should also be reported. By following GEC-ESTRO guidelines,
many centers have achieved a satisfactory dose to the HR-CTV
by using different planning methods (37). Adaptive planning in
case of tumor regression between sequential brachytherapy ses-
sions may further decrease the risk of complications because of
a decreases radiation dose to the normal organs adjacent to the
tumor (38). Thus, IGBT relies on solid scientific concepts allow-
ing optimization of brachytherapy planning based on the tumor
extent and the individual patient anatomy. Preliminary results sug-
gest that compared to historic controls, IGBT may indeed improve
local control and decrease late complications. Among 141 cer-
vical cancer patients stage IB-IVA who had MRI-based IGRT
according to GEC-ESTRO guidelines, local control was achieved
in 134 patients (95%) at a median follow-up of 51 months (14).
Local recurrences occurred in 35% of patients with a large tumor
at diagnosis (>5cm) and at the time of the implant (>5cm).
Regression of the tumor was a good prognostic factor as patients
with large tumor at diagnosis and significant regression (<5 cm)
during pelvic radiotherapy had a recurrence rate of 10.9%. There
was a correlation between local control and the tumor dose for
patients with large tumors. Local recurrence rate was 4 and 20%
for HR-CTV D90 more than 87 and <87 Gy, respectively. An
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update of the study demonstrated a relationship between the dose
to the rectum and late toxicities. Normal OAR DVH illustrates
the dose to 2 cc (D2cc), 1cc (Dlcc), and 0.1 cc (D0.1cc) of the
bladder and rectum from both external beam and brachyther-
apy. Grade 2—4 rectal side effects occurred in 5, 10, and 20% of
patients for rectal D2cc of 67, 78, and 90 Gy, respectively (39).
There was no significant correlation between bladder dose and
late toxicities. This study suggests that IGRT may be complemen-
tary to IGBT because of the higher dose to GTV and lower dose
to the rectum that can be achieved with IGRT compared to 3D-
CRT. In another multi-centric study of 235 patients stage IIB-IIIB
treated with pelvic chemoradiation followed by either 2D- (118)
or 3D- (117) intracavitary brachytherapy, the local control rate
was 73.9 and 78.5%, and grade 3—4 toxicity occurred in 22.7 and
2.6% of patients using 2D- and 3-D implant, respectively (40).
Other studies also corroborated the high rate of local control
achieved with IGBT with acceptable morbidity (41, 42). As an
illustration, when MRI-based IGBT was retrospectively compared
to CT-based external beam therapy and 2D-based brachyther-
apy, overall survival was significantly improved while severe late
complications were reduced with IGBT (43). Thus, IGBT for cer-
vical cancer can be performed in multiple institutions following
standard guidelines with less complications compared to con-
ventional 2-D and 3-D implants. The efficacy of IGBT for the
treatment of cervical cancer has led some institutions to aban-
don hysterectomy in favor of definitive radiotherapy with IGBT
in patients who traditionally required preoperative irradiation
because of the tumor size (44). However, more prospective studies
should be performed in the future to establish a clear relation-
ship between tumor dose and local control, OAR DVH and late
toxicity to establish IGBT as the standard of care for intracavitary
implants.

The limitations of IGBT include the utilization of resources,
which may be labor intensive and increases the financial bur-
den of institutions with limited revenue. The use of an MRI for
each individual brachytherapy fraction adds significantly to the
treatment cost and may prevent IGBT implementation in many
centers. A compromise would be to use MRI for the first fraction
and CT-based plans for subsequent fractions. The feasibility of this
approach was tested in a dosimetry study. Following the first MRI-
based IGBT, the target structures delineated on MRI were loaded
into the CT dataset while the OAR was contoured on the CT images
(45). For small tumors, both MRI-based and hybrid-based plans
were similar in terms of target coverage and OAR-constraints. Such
innovative approach is intriguing and merits further investigation.
Another limitation for the implementation of IGRT and IGBT in
patients with cervical cancer is the shift of the normal organs
during radiotherapy secondary to tumor regression and/or the
filling of the bladder and rectum, which may result into higher
dose to the OAR. Adaptive therapy is currently being investigated
and may further improve the sparing of normal organs in the
future (46).

CONCLUSION

Image-guided radiotherapy and IGBT are promising radiother-
apy techniques that can improve local control and decrease
complication rates in patients with cervical carcinoma. The

two image-based irradiation modalities are complementary and
should be integrated in future prospective trials to improve patient
quality of life and survival.
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Patients with left-sided breast cancer are at risk of cardiac toxicity because of cardiac irra-
diation during radiotherapy with the conventional 3-dimensional conformal radiotherapy
technique. In addition, many patients may receive chemotherapy prior to radiation, which
may damage the myocardium and may increase the potential for late cardiac complica-
tions. New radiotherapy techniques such as intensity-modulated radiotherapy (IMRT) may
decrease the risk of cardiac toxicity because of the steep dose gradient limiting the volume
of the heart irradiated to a high dose. Image-guided radiotherapy (IGRT) is a new technique
of IMRT delivery with daily imaging, which may further reduce excessive cardiac irradiation.
Preliminary results of IGRT for cardiac sparing in patients with left-sided breast cancer are
promising and need to be investigated in future prospective clinical studies.
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CARDIAC TOXICITY FOLLOWING LEFT BREAST CANCER
IRRADIATION

Patients with left-sided breast cancer are at risk of long-term
cardiac complications following irradiation. In a study of 2168
breast cancer patients who had post-operative breast irradiation,
the risk of major coronary events was significantly higher among
the patients who had radiation to the left breast. The rates of
major coronary events were proportional to the mean heart dose
and continued into the third decade after surgery (1). All study
patients were treated with the conventional 3-dimensional confor-
mal radiotherapy technique (3D-CRT), which has been reported
to increase radiation dose to the heart despite physician attempts
to shield the heart from the radiation (2). Indeed, a higher risk
of cardiac mortality was observed among patients with left-sided
breast cancer compared to the ones with right breast cancer fol-
lowing post-operative irradiation (3). Even though recent studies
suggest that the mortality of left breast irradiation was not dif-
ferent than the right breast after 1993, long-term cardiac damage
frequently occurs after two decades, prompting some caution that

Keywords: breast cancer, left breast, cardiac toxicity, IGRT

these adverse events may arise in the next decade as the patients
become older (4). Significant reduction in myocardial function
was observed in patients with left breast cancer following radi-
ation dose as low as 3 Gy 2 months after treatment (5). Set up
variation with two tangent fields has been demonstrated to expose
the myocardium to a higher dose of radiation leading to myocar-
dial hypoperfusion (6). Radiation-induced myocardial damage is
often clinically silent even when there was significant reduction of
the left ventricular ejection fraction (7). The damage to the heart
may be worse in patients with pre-existing cardiovascular con-
ditions such as high blood pressure or left ventricle dysfunction
(8). In addition, in patients who required adjuvant chemotherapy
in addition to radiation following breast cancer surgery, cardiac
toxicity may be compounded from the radiosensitization effect of
chemotherapy.

Cardiac toxicity following chemotherapy and radiotherapy for
breast cancer occurs late and increases on long-term follow-up
with serial echocardiography (9). As radiation damage to the
myocardium is primarily due to the inflammation and scarring of
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the heart microvascular structure, which leads to hypoperfusion
and ventricular dysfunction, minimizing irradiation of the normal
heart without compromise of target coverage should be the pri-
mary objective in patients with left-sided breast cancer (10, 11). To
achieve this goal, new radiotherapy techniques such as intensity-
modulated radiotherapy (IMRT) and image-guided radiotherapy
(IGRT) have been introduced to limit cardiac toxicity.

INTENSITY-MODULATED RADIOTHERAPY FOR CARDIAC
PROTECTION IN PATIENTS WITH LEFT-SIDED BREAST
CANCER

The ability to modulate radiation beams during radiation treat-
ment has been investigated extensively to spare normal organs
from excessive radiation. Breast cancer IMRT is usually deliv-
ered using dynamic multileaf collimation (MLC) or as a limited
number of static MLC segments delivered sequentially in the
step-and-shoot fashion. The beam modulation allows for a homo-
geneous dose distribution within the breast avoiding areas of high
dose leading to less side effects and possibly better cosmesis in
randomized studies (12, 13). Compared to 3D-CRT, IMRT may
significantly reduce radiation dose to the myocardium in patients
with left-sided breast cancer when the internal mammary nodes
were included in the radiation fields because of the steep dose
fall off away from the target volume. The average heart volume
receiving more than 30 Gy were 2.6 and 16.4% for IMRT and 3D-
CRT, respectively (14). The superiority of IMRT over 3D-CRT
for left-sided breast cancer was particularly beneficial in patients
with a significant heart volume (more than 1 cm) included in the
radiation fields. The mean percentage of the heart volume receiv-
ing more than 60% of the prescription dose was 2.2 and 4.4%
for IMRT and 3D-CRT, respectively (15). The benefit of IMRT
to decrease cardiac irradiation while improving target coverage
and dose homogeneity was also corroborated in other dosimet-
ric studies (16). As randomized studies demonstrated a significant
reduction of side effects during radiotherapy for breast cancer with
IMRT compared to 3D-CRT, it is quite possible that long-term car-
diac complications may also be reduced in the future with IMRT
given its cardiac sparing properties. However, long-term follow-up
is needed to confirm this hypothesis.

POTENTIAL ADVANTAGES OF IGRT FOR CARDIAC SPARING
IN PATIENTS WITH LEFT-SIDED BREAST CANCER
Image-guided radiotherapy is a tool that can be used in different
radiotherapy treatments, including IMRT that gives the possibility
of reduction of set up margins, with a better sparing of normal
tissue, while promoting dose-escalation to the tumor. Thus, the
visualization of the surgical tumor bed as outlined by the fidu-
cial markers or the lumpectomy cavity and the organs at risk
(OAR) during radiotherapy may allow the delivery of a higher
radiation dose to the areas at risk for recurrence while reduc-
ing irradiation of the normal organs such as the heart and lungs.
As an illustration, compared to IMRT, IGRT may substantially
reduce radiation dose to a small organ such as the cochlea without
sacrificing target coverage in patients with head and neck cancer
(17). Preliminary results of IGRT for normal organs sparing in
patients with breast cancer are encouraging. As the lumpectomy
cavity decreases in size during breast irradiation, re-planning for

the tumor boost toward the end of whole breast irradiation may
decrease the volume of the normal breast irradiated to a higher
dose and potentially improve cosmetic results (18). This issue is
particularly important in patients who develop a large seroma as
a complication of surgery. Visualization of the lumpectomy cav-
ity with daily imaging allows the delivery of a higher radiation
dose to the tumor bed while treating the whole breast to a lower
dose with the simultaneous integrated boost (SIB) technique. In
patients with left-sided breast cancers, the volume of the heartirra-
diated to a high radiation dose may be significantly reduced. The
volume of the heart radiated to 30 Gy (V30) and the mean heart
dose were 0.03 and 1.14% and 1.35 and 2.22 Gy for IGRT and 3D-
CRT, respectively (19). The cardiac sparing effect of IGRT over
3D-CRT was also corroborated in another study (20). Treatment
time may also be shortened with the SIB technique as radiation
may be delivered over 28 fractions instead of the conventional 38
fractions (21). Another potential advantage of IGRT over IMRT
is its ability to the monitor the patient breathing pattern during
radiotherapy with pre-treatment imaging such as cone-beam CT
(CBCT). In patients who are able to maintain a deep breath hold in
inspiration, the volume of myocardium irradiated may be signifi-
cantly reduced during radiation because the heart shifts away from
the chest wall (22). The feasibility of IGRT for cardiac sparing in
patients with left-sided breast cancer was investigated in a prospec-
tive study. Nineteen left-sided breast cancer patients were treated
with the deep inspiration breath hold (DIBH) technique during
IGRT. Compared to the free-breathing (FB) technique, DIBH sig-
nificantly reduced radiation dose to the heart. The percentage
of the left ventricle radiated was 28 and 71% for DIBH and FB,
respectively (23). For selected patients with pathological stage T1
infiltrating ductal carcinoma completely resected without nodal
involvement who could lay prone during radiotherapy, the tumor
cavity and margins can also be treated with IGRT to 30 Gy in five
fractions without compromise of loco-regional control (24). As
the prone position allows reduction of radiation dose to the heart
compared to the supine position (25), IGRT may potentially spare
the heart from excessive radiation while shortening the treatment
course in patients with left-sided breast cancer (26). The feasibility
of IGRT to spare the heart in the prone position with an acceler-
ated partial breast radiotherapy regimen was also corroborated
in another study (27). For breast cancer patients with a special
chest anatomy such as pectus excavatum or funnel chest where a
large heart volume is frequently included in the radiation fields,
IGRT may also be beneficial in avoiding excessive cardiac irradia-
tion (28). Thus, daily imaging with IGRT allows delivery of IMRT
through various treatment positions and breathing cycles, which
may improve cardiac sparing without compromise of the target
volume in patients with left-sided breast cancer.

CLINICAL STUDIES OF IGRT FOR BREAST CANCER
TREATMENT

Preliminary studies of IGRT for breast cancer treatment have been
promising. In a phase II study, 50 patients with stage I-III infil-
trating ductal carcinoma of the breast were treated with IGRT in
the supine position with hypofractionation. The whole breast and
lumpectomy cavity were treated to 40.5 and 48 Gy in 15 fractions
with the SIB technique. Daily CBCT was performed to verify the

www.frontiersin.org

September 2014 | Volume 4 | Article 257 | 105


http://www.frontiersin.org
http://www.frontiersin.org/Radiation_Oncology/archive

Lemanski et al.

IGRT and breast cancer

patient set up before each treatment. The constraint for the cardiac
dose was D40 less than 3%. In patients with left breast lesions, the
dose to the heart was kept to a maximum dose of 27 Gy. Despite
a shorter treatment course, only one patient developed a grade 3
skin reaction. There were no complications or loco-regional recur-
rences after a median follow-up of 12 months (29). The benefit of
hypofractionated IGRT for breast cancer was also corroborated in
another randomized study (30). In all, 123 stage I and II breast
cancer patients were randomized to IGRT (59) and 3D-CRT (64).
The patients were treated to 42-51 Gy over 3 weeks and 50—-66 Gy
over 5-7 weeks with IGRT and 3D-CRT, respectively. Quality of life
(QOL) was assessed with questionnaires at 3 months, and 1, 2, and
3 years after treatment. At 3 months post-radiotherapy, patients
who had IGRT developed less fatigue and had improved physical
and emotional functioning compared to those undergoing 3D-
CRT. After a median follow-up of 26 months, the IGRT group
still had a better QOL score even though the difference was no
longer statistically significant. Thus, despite a shorter treatment
course, IGRT may provide a better QOL for breast cancer patients
possibly because of improved normal organ sparing. In another
randomized study of 59 stage I and II breast cancer patients treated
with IGRT (37) and 3D-CRT (32) treated with a similar fractiona-
tion, cardiac toxicity was similar for both groups (31). Despite the
small number of patients and the short follow-up, these prelimi-
nary studies raised intriguing questions about the potential benefit
of IGRT to decrease treatment toxicity and to improve QOL in
breast cancer patients. It remains to be seen whether the potential
of IGRT to reduce cardiac irradiation for left-sided breast cancer
may translate into long-term reduction of cardiac complications.

IDENTIFICATION OF PATIENTS WHO MAY BENEFIT FROM
IGRT FOR LEFT-SIDED BREAST CANCER

Patients with human epidermal growth factor receptor-2 (Her-2)
positive breast cancer had improved survival when trastuzumab
was added to their chemotherapy regimen. Even though
trastuzumab is well tolerated in most patients, a small proportion
may develop congestive heart failure and left ventricular dysfunc-
tion as complication. As the half-life of trastuzumab is 4 weeks, it
will take 16-20 weeks to be cleared from the body and as a result
may still be present at clinically significant levels at the time of
radiotherapy. Preliminary results suggest that trastuzumab may
potentiate the cardiotoxicity of radiation. Even a mean heart dose
of 10 Gy may increase the risk of low grade cardiac toxicity when
trastuzumab was administered with radiation in patients with left
breast cancer (32). In another study of 95 breast cancer patients
who had radiotherapy and concurrent trastuzumab, 58 patients
experienced left ventricular ejection dysfunction (33). Grade 2
decrease in left ventricular ejection fraction was also observed in
10% of the patients receiving trastuzumab and breast radiother-
apy (34). As radiotherapy should not be delayed in Her-2 positive
breast cancer patients receiving trastuzumab and the long-term
effect of the combined treatment remains unknown, these patients
may benefit from IGRT if the tumor is located in the left breast.
As the risk cardiac toxicity increases over time following treat-
ment with anthracycline-based chemotherapy and radiotherapy
for breast cancer, these patients may also benefit from IGRT to
minimize radiation dose to the myocardium (9). However, as most

chemotherapy agents have cardiac effects, left-sided breast cancer
patients who had a history of chemotherapy and radiotherapy
should be monitored closely to determine any deterioration of
their cardiac function over time (35). Elderly breast cancer patients
(70 years or older) are more likely to have pre-existing cardiovas-
cular morbidities and less likely to receive radiotherapy following
surgery compared to younger patients because of the fear of treat-
ment toxicity (36). The elderly breast cancer patients are more
likely to benefit from a short course of hypofractionated IGRT
to reduce treatment time and to decrease the toxic effect of car-
diac irradiation. Such study should be conducted in the future to
assess the beneficial effect of IGRT for local control and survival
in elderly breast cancer patients.

CONCLUSION

Image-guided radiotherapy is a promising new technique of radi-
ation that may significantly decrease cardiac irradiation in patients
with left-sided breast cancers and potentially decrease long-
term cardiac complications. Future prospective studies should be
performed to verify this hypothesis.
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Treatment of locally advanced head and neck cancer remains a challenge because of
the head and neck complex anatomy and the tumor invasion to the adjacent organs
and/or metastases to the cervical nodes. Postoperative irradiation or concurrent chemora-
diation may lead to damage of radiosensitive structures such as the salivary glands,
mandible, cochlea, larynx, and pharyngeal muscles. Xerostomia, osteoradionecrosis, deaf-
ness, hoarseness of the voice, dysphagia, and aspiration remain serious complications
of head and neck irradiation and impair patient quality of life. Intensity-modulated and
image-guided radiotherapy by virtue of steep dose gradient and daily imaging may allow
for decreased radiation of the organs at risk for complication while preserving loco-regional
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TREATMENT OF LOCALLY ADVANCED HEAD AND NECK
CANCER

Treatment of locally advanced head and neck cancer remains a
challenge because of the high rate of loco-regional failures and
the potential for serious complications following treatment. The
tumor frequently invades adjacent organs and/or regional neck
nodes. Standard of care has been either postoperative irradiation
or concurrent chemoradiation (1). Regardless of the modality
chosen, serious complications may occur because of the pres-
ence of radiosensitive organs such as the salivary glands, cochlea,
mandible, larynx, and pharyngeal muscles in the radiation field.
Xerostomia, deafness, osteoradionecrosis, dysphagia, weight loss,
chronic hoarse voice, and aspiration are potential long-term com-
plications of radiation treatment with conventional radiotherapy
techniques. Intensity-modulated radiotherapy (IMRT) has been
introduced to decrease the toxicity of irradiation because of the
steep dose gradient allowing for sparing of radiosensitive organs.
Randomized studies have demonstrated significant sparing of the
parotid glands following IMRT of head and neck cancer and
decreased severity of the xerostomia with improvement of patient
quality of life (QOL) (2, 3). However, a significant amount of nor-
mal tissues is still irradiated because the inclusion of the tumor
and areas at high risk for invasion with a large rim of normal

Keywords: head and neck cancer, image-guided radiotherapy, preservation of radiosensitive organs

tissue called planning target volume or PTV, to avoid marginal
miss. Recently, image-guided radiotherapy (IGRT) by combining
the steep dose gradient of IMRT and daily imaging may poten-
tially improve further the toxicity of head and neck irradiation
because of the possibility of safe PTV reduction given the reduced
inter-fraction movement through daily imaging.

Significant reduction of spinal cord dose may be achieved with
IGRT compared to IMRT by a reduced PTV margin (4). However,
the flip side of IGRT is also the risk of under-dosing the tumor
if the target area is not adequately outlined. Thus, pre-treatment
imaging to meticulously delineate the tumor and areas at risk of
invasion is a critical component for the success of IGRT.

IMAGING STUDIES CRITICAL FOR IGRT PLANNING

Positron-emission tomography (PET) scan or PET-computed
tomography (PET-CT) allows accurate delineation of the tumor
and cervical lymph nodes that can be incorporated into the plan-
ning CT. PET-CT is superior to CT for tumor imaging because of
its ability to detect the tumor metabolic activity in addition to its
anatomic location. In a study of 102 unresectable head and neck
cancer, PET-CT significantly changed the staging and manage-
ment of these patients compared to CT alone (5). Twelve patients
had modifications of the radiotherapy planning following review
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of their PET-CT. In another study of 20 patients with oropha-
ryngeal cancers, the incorporation of PET-CT into radiotherapy
planning prevented marginal miss in two patients (6). The abil-
ity of PET-CT for better tumor delineation compared to CT for
radiotherapy planning was also corroborated in other studies (7,
8). Thus, PET-CT should be included in the planning for head and
neck IGRT.

Although PET-CT is the diagnostic imaging of choice for head
and neck cancer IGRT, magnetic resonance imaging (MRI) also
plays a critical role when there is suspicion of nerves infiltra-
tion, base of skull or parapharyngeal space invasion by the tumor
given its better soft tissue discrimination compared to CT. For
patients with nasopharyngeal cancer, MRI is complementary to
PET-CT because of the tumor location with high risks for intracra-
nial invasion through the skull base foramen and parapharyngeal
extension (9, 10). In addition head and neck MRI may also have
a prognostic value for survival after head and neck irradiation of
nasopharyngeal cancer (11).

IMAGE-GUIDED RADIOTHERAPY POTENTIAL FOR PAROTID
GLAND PRESERVATION

Xerostomia remains one of the most common complications of
head and neck cancer Irradiation and may severely affect the
QOL of patients. Xerostomia results from apoptosis of the aci-
nar glands secondary to radiation and its severity is proportional
to the radiation dose to the parotid glands (12).

Compared to the three-dimensional conformal radiotherapy
technique (3D-CRT), IMRT may significantly reduce radiation
dose to the parotid glands because of the steep dose gradient.
Mean dose to the parotids is usually kept around 26 Gy to allow
recovery of the saliva following head and neck irradiation. How-
ever, if only one parotid gland can be spared from radiation,
current recommendation is to keep mean parotid dose at 20 Gy or
lower (13). A recent study suggested that preservation of the con-
tralateral parotid gland may lead to improvement of patient QOL
following head and neck cancer irradiation. Among 31 patients
with head neck cancer treated with IMRT, there was significant
preservation of salivary flow and better QOL as measured by QOL
questionnaires if the contralateral parotid gland can be preserved
because of less sticky saliva (14). Preliminary experience suggests
that IGRT may preserve salivary function and QOL without com-
promising target coverage. In a study of 76 patients treated with
IGRT for head and neck cancer, excellent loco-regional control
was obtained as the gross tumor was treated to 70.5 Gy in 2.2—
2.3 Gy/fraction while most of the patients were able to preserve a
good QOL because of parotid preservation (15). In another study
of parotid preservation, IGRT can significantly decrease the mean
contralateral parotid gland dose to 14 Gy without compromising
target coverage, suggesting that IGRT may further improve patient
QOL compared to IMRT (16).

POTENTIAL OF IGRT FOR HEARING PRESERVATION

Hearing loss commonly occurred following concurrent head and
neck chemoradiation. A significant proportion of head and neck
patients had baseline hearing deficit prior to radiation related to
their age. Cisplatin can cause hearing loss which is dose-dependent
and may exacerbate the elderly patients hearing deficits. When

cisplatin is combined with radiotherapy, the hearing loss may
worsen because of the radiosensitization effects of cisplatin on
the normal cochlea cells. The threshold for hearing deficit ranges
from 10 to 13 Gy when radiotherapy is combined with chemother-
apy and affects mainly the high frequency range (>4,000 Hz) (17).
However, severe deafness may occur when cochlea radiation dose
exceeds 47 Gy because the low frequencies range (<3,000 Hz) is
then also affected (18). Deafness is a handicap and may lead to
social isolation and poor QOL. In addition, it may affect the patient
gainful employment because of the difficulty to communicate at
work. Thus, lowering cochlea dose below the threshold for hearing
deficit may preserve the patients’ hearing and conserve their QOL.
Compared to 3D-CRT, IMRT may decrease radiotherapy dose to
the cochlea and provide better hearing preservation (19). Mean
cochlea dose reported in the literature for patients with head and
neck cancer undergoing IMRT ranged from 16 to 55 Gy. Prelimi-
nary data for IGRT of head and neck cancer for cochlea sparing is
encouraging. In a study of 52 patients who had IGRT for locally
advanced head and neck cancer, mean cochlea dose was reduced
to 6-6.5 Gy which is below the threshold for radiotherapy damage
without compromising target volume coverage (20). Thus, hear-
ing preservation with IGRT is feasible and needs to be investigated
in future prospective studies of head and neck cancer.

POTENTIAL OF IGRT FOR MANDIBULAR SPARING
Osteoradionecrosis remains one of the most feared complications
of head and neck cancer irradiation because of its effect on patient
QOL. In severe cases of osteoradionecrosis unresponsive to con-
servative management, resection of the damaged bone may result
in severe alteration of speech, chewing, and swallowing. The risk
of radionecrosis is related to the volume of normal bone radiated
to high radiation dose. Damage of the microvasculature irrigat-
ing the mandible may lead to decreased blood flow, poor wound
healing, and ultimately necrosis. Mandibular radionecrosis usually
occurs when the mandible dose exceeds 66 Gy (21). The preva-
lence of osteoradionecrosis ranges from 5 to 7% in head and
neck cancer patients treated with the conventional fractionation
(1.8-2 Gy/fraction) and 3D-CRT. The risk of radionecrosis may be
reduced with IMRT because of the sharp dose gradient allowing
for reduction of the volume of normal bone radiated to a high
dose. The reported prevalence of osteoradionecrosis ranges from
1 to 5% depending on the anatomic site of the cancer as cancers
of the oral cavity usually require treating a large of volume of the
mandible to a high radiation dose (22, 23). The IGRT technique
may further decrease radiation dose to the mandible and thus the
risk of radionecrosis. In a study of 83 head and neck cancer patients
of various anatomic sites treated with IMRT (17) and IGRT (66),
only one patient developed radionecrosis (24). Thus, IGRT may
be a promising technique for mandibular preservation in future
clinical trials.

POTENTIAL OF IGRT TO PREVENT LARYNGEAL EDEMA IN
NON-LARYNGEAL AND NON-HYPOPHARYNGEAL HEAD AND
NECK CANCER

Laryngeal edema and resulting dysphonia commonly occur fol-
lowing head and neck cancer radiation when the laryngeal dose
exceeds 43.5 Gy (25). The dysphonia severity is proportional to the
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radiation dose and related on the abnormal cord vibrations caused
by the edema which may be persistent up to 72 months after radi-
ation (26). Chronic hoarseness of the voice may impair patient
QOL or affect their professional activity if the patient depends
on the quality of his voice to make a living. Laryngeal edema is
unavoidable when the tumor is located in the larynx or hypophar-
ynx because of the high radiation dose required for cure (70 Gy).
When the tumor is located in other anatomic sites, shielding of the
larynx with a midline block would significantly decrease radiation
dose to the larynx and prevent the risk of laryngeal edema. How-
ever, in the presence of cervical lymph nodes, a laryngeal shield
may under-dose the cervical lymph nodes leading to an increased
risk of regional recurrence. Whole field head and neck IMRT is
usually recommended in the presence of neck node metastases to
avoid geographic miss. Compared to whole field head and neck
IMRT, IGRT can significantly reduce radiation dose to the larynx
in patients with non-laryngeal and non-hypopharyngeal head and
neck cancers (27). Preliminary results suggest that IGRT may also
reduce the risk of laryngeal edema and effectively preserve patient
voice following head and neck radiation (28).

POTENTIAL OF IGRT TO REDUCE ASPIRATION RISK
FOLLOWING RADIATION FOR NON-LARYNGEAL AND
NON-HYPOPHARYNGEAL HEAD AND NECK CANCER
Aspiration is a life-threatening complication of a head and cancer
irradiation because of the risk of pneumonia and sepsis. Aspira-
tion commonly occurs following head and neck cancer irradiation
because of damage to the pharyngeal constrictor muscles. Aspi-
ration risk is proportional to radiation dose to the pharyngeal
muscles. Even though there are still controversies about which
pharyngeal muscles are critical for the development of aspiration,
32% of the patients developed aspiration when the dose to the
inferior pharyngeal muscles exceeds 52 Gy (29). Thus, patients
with laryngeal and hypopharyngeal cancer are at highest risk of
aspiration following head and neck cancer irradiation. However,
a high rate of aspiration is still observed following radiation of
non-laryngeal and non-hypopharyngeal head and neck cancers.

Aspiration rates ranged from 16 to 54% following non-laryngeal
and non-hypopharyngeal cancer irradiation with 3D-CRT and
whole field IMRT (30, 31). Whole field IGRT reduces signifi-
cantly the risk of aspiration for these patients. Only 2 out of
48 patients developed minimal aspiration which resolved with
swallowing therapy following IGRT for non-laryngeal and non-
hypopharyngeal head and neck cancer (32). Thus, IGRT is a
promising technique to reduce the risk of aspiration and to
improve patient QOL in head and neck cancer patients.

EFFECTIVENESS OF IGRT FOR LOCO-REGIONAL CONTROL IN
PATIENTS WITH HEAD AND NECK CANCERS

Preliminary clinical experiences of IGRT for head and neck cancers
have been very encouraging. Excellent loco-regional control and
survival have been achieved for various anatomic head and neck
cancer sites. In a study of 19 patients with locally advanced oral
cavity cancer who received postoperative irradiation with IGRT,
the 2-year survival and loco-regional control were 94 and 92%,
respectively (33). In another study of 28 patients who under-
went concurrent chemotherapy and IGRT for locally advanced
nasopharyngeal cancer, the 3-year survival and loco-regional con-
trol were respectively 83.5 and 88.4% respectively (34). Similar
high rates of loco-regional control were also observed for oropha-
ryngeal and laryngeal cancers (35, 36). Because of the small num-
ber of patients and the short follow-up, these studies should be
interpreted with caution but they may be helpful for the design of
future prospective studies of head and neck cancer IGRT.

CONCLUSION

Image-guided radiotherapy for head and neck cancer is a promis-
ing technique of radiation because of the potential for normal
organ sparing without compromise of target coverage. Prelim-
inary clinical results suggest that the dosimetric advantages of
IGRT may be translated into excellent loco-regional control for
patients with head and neck cancer. Further prospective studies
with a large number of patients should be performed to verify this
hypothesis.
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