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Abstract

Purpose—To investigate the dosimetry and feasibility of carotid-sparing intensity-modulated
radiotherapy (IMRT) for early glottic cancer and to report preliminary clinical experience.

Methods and Materials—Digital Imaging and Communications in Medicine radiotherapy
(DICOM-RT) datasets from 6 T1-2 conventionally treated glottic cancer patients were used to
create both conventional IMRT plans. We developed a simplified IMRT planning algorithm with
three fields and limited segments. Conventional and IMRT plans were compared using generalized
equivalent uniform dose and dose—volume parameters for in-field carotid arteries, target volumes,
and organs at risk. We have treated 11 patients with this simplified IMRT technique.

Results—Intensity-modulated radiotherapy consistently reduced radiation dose to the carotid
arteries (p < 0.05) while maintaining the clinical target volume coverage. With conventional
planning, median carotid V35, V50, and V63 were 100%, 100%, and 69.0%, respectively. With
IMRT planning these decreased to 2%, 0%, and 0%, respectively (p < 0.01). Radiation planning
and treatment times were similar for conventional radiotherapy and IMRT. Treatment results have
been excellent thus far.

Conclusions—Intensity-modulated radiotherapy significantly reduced unnecessary radiation
dose to the carotid arteries compared with conventional lateral fields while maintaining clinical
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target volume coverage. Further experience and longer follow-up will be required to demonstrate
outcomes for cancer control and carotid artery effects.
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INTRODUCTION

Early-stage (T1-2NOMO) glottic squamous cell carcinoma (SCC) is a highly curable disease
(>90% to 80%) when treated with simple parallel opposed small-field (typically 46 cm?)
radiotherapy (RT) (1-5). The low incidence of nodal spread (<5%) does not warrant elective
nodal irradiation. Although reported acute and late treatment toxicity is low (6), there has
been minimal attention devoted to vascular effects that can manifest more than 10 years
after therapy. The carotid arteries are located eccentrically in the path of lateral beams so
may receive higher radiation doses than those prescribed to the clinical treatment volume
(CTV). The major consequence of carotid irradiation is direct potential injury, which may
also limit future RT options in the case of a metachronous second primary head-and-neck
cancer (HNC).

The excellent RT outcomes (2, 3, 5) for early glottic cancer imply that survivorship
considerations merit greater consideration than previously afforded. Radiotherapy has
emerged as an independent risk factor for accelerating carotid atherogenesis (7-13) and
increased rates of cerebrovascular incidents (8, 9, 14-20) in HNC patients. Dorresteijn et al.
(11) reported that the relative risk of ischemic stroke after radiation treatments to the neck
was 10.1 times that of an age- and gender-matched population-based cohort of patients aged
<60 years. This resulted in a 12.0% 15-year cumulative risk of stroke. Recently, Smith et al.
(21) demonstrated using the Surveillance, Epidemiology and End Results Medicare dataset,
for older patients, that the incidence of cerebrovascular events within 10 year of diagnosis
was 33% for those treated with RT alone, compared with 25% for those treated with surgery
(p < 0.001).

Treatment options for previously irradiated patients with metachronous HNC are potentially
limited because of increased risk for carotid injury, occlusion, or hemorrhage (“blowout”)
posed by reirradiation (22-25). Because most patients are cured from their index early glottic
cancer, second primary cancers, commonly in the upper aerodigestive tract, represent their
most threatening cancer mortality risk. From several available publications (26-31), the
crude incidence of second malignancies in HNC patients ranges from 11% to 29%. Reported
series show that between 4% and 31% of diagnosed second malignancies occur as second
primary head-and-neck tumors (29, 32-35). These metachronous tumors contribute
substantially to long-term mortality. Fujita et al. (28) reported that 15% of T1 glottic cancer
patients died of second malignancies, primarily in the upper aerodigestive tract. Narayana et
al. (30) noted that in a series of 144 T1 glottic HNC patients, second primary tumors were
the leading cause of death.

The more recent implementation of intensity-modulated RT (IMRT) makes it possible to
create radiation treatment plans with sharp dose gradients between the glottic CTV and the
carotid arteries. We herein investigate the use of IMRT for treatment of early glottic cancer.
In this report, we present the dosimetric and logistic feasibility of “carotid-sparing” IMRT
for T1- and T2-stage glottic carcinoma along with an early clinical experience. The specific
aims of this study include (1) development of a simplified IMRT planning and delivery
technique; (2) virtual dosimetric comparison of conventional opposed lateral technique vs.
standardized carotid-sparing IMRT, using patient-derived CT simulation Digital Imaging
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and Communications in Medicine (DICOM)-RT data from a series of patients with early-
stage glottic cancers; and (3) evaluation of a pilot series of consecutive patients treated with
carotid-sparing IMRT.

METHODS AND MATERIALS

Virtual plan comparison

Six consecutive patients with T1-2NO glottic SCC were identified in our departmental
database. All patients received conventional opposed lateral RT using three-dimensional
(3D) CT-based treatment planning. This dosimetry study and retrospective chart review
including waivers of consent were approved by the institutional review board of the
University of Texas M.D. Anderson Cancer Center.

Archival treatment plans and CT simulation data were extracted as DICOM-RT files. The
gross tumor volume (GTV) and CTV DICOM-RT structure sets were used. The GTV was
contoured on the basis of clinical endoscopic examination and diagnostic CT when helpful.
Additionally, post hoc contouring was performed for the left and right carotid arteries,
thyroid cartilage, thyroid gland, postcricoid area, and spinal cord. A commercial treatment
planning system software system was used (Pinnacle; Philips Medical Systems, Koninklijke
Philips Electronics, Amsterdam, The Netherlands). Dose—volume data were then
reconstructed for each listed structure using the clinically utilized beam characteristics from
the initial plan and were exported for statistical analysis (JMP 6.1; SAS Institute, Cary, NC).

Subsequently, reconstructed DICOM-RT files were used to generate carotid-sparing IMRT
virtual plans. The initial step was to develop a standard planning algorithm that was as
simple as possible to provide desired target coverage and minimize carotid dose. The CTV
was contoured as follows: the anterior limit was placed inside the skin as far as possible but
to encompass thyroid cartilage with up to a 5-mm margin, and the posterior border was the
posterior limit of the thyroid and cricoid cartilages. The field size and limits were modified
to encompass each individual patient’s pre-defined GTV, and given the uncertainty of small
field IMRT, a minimum 4 cm x 4 cm field size was used. Daily setup variations were
minimized by using Aquaplast IMRT immobilization devices and image-guided RT imaging
before treatments for setup verification. Given this approach, the fact that the glottis lies
within a rigid cartilaginous framework, and the generous CTV, no planning target volume
expansions were applied.

Priority IMRT planning goals included the following parameters. The skin goal dose was to
be less than the prescribed dose except at the anterior border of the thyroid cartilage for
anterior tumors. When using the IMRT planning algorithm, bolus was required even for
anterior tumors. The spinal cord dose was limited to V90 <10 Gy and maximum point dose
of 20 Gy,; this was readily achievable despite the dose—response profile for carotid changes
noted at doses exceeding 35 Gy (vide infra). X-ray energy modeled was 6 MV, and dynamic
multileaf collimation was used.

Multiple approaches with different numbers of beams, angles, and segments were evaluated.
The final approach selected for standardized virtual planning was a three-field IMRT
arrangement with preselected beam angles of 0°, 70°, and 290°. The 0° field was collimated
S0 as to minimize exposure to the carotid arteries, whereas the oblique beams were angled to
avoid inclusion of the ipsilateral carotid artery and only allow exit dose to the contralateral
artery. Segment selection imposed a maximum number of 15 segments (approximately 5
segments per beam).

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2012 March 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rosenthal et al.

Page 4

Clinical plan analysis

Additionally, DICOM-RT datasets from the first 11 patients with T1-2 glottic cancer treated
with the aforementioned IMRT technique were analyzed. Dose-volume data for contoured
structures were evaluated.

Emerging data suggest that there is a dose—response threshold for radiation effects on the
carotid arteries. Martin et al. (36) observed that intimal-medial thickness was only
statistically significant at doses of >35-50 Gy. Consequently, for this series, we selected the
fractional volume of both carotids receiving 35 Gy (V35) and 50 Gy (V50) as reference
dose—volume parameters that might reasonably approximate a “threshold dose” for a
detectable subsequent pathologic response.

Dose—-volume matrices were constructed and exported for statistical analysis into JMP
statistical software. Dosimetric analysis was performed implementing the generalized
equivalent uniform dose (QEUD) formalism developed by Niemierko (37), such that:

EUD(Gy)=Dye In

N
%Z(SF@D"/D-'*] [In(SF)]""
i=1

where Dy Was 200 cGy, SF, was set to 0.48, and Dj represents the dose to the jth voxel.
The gEUD serves as a representational parameter that accounts for dose inhomogeneity
across a given volume and is an effective method of reporting complex dose distributions
with a single parameter (38, 39). The geUD conceptually represents the uniform dose to a
volume in 2-Gy fractions that would achieve the same approximate biologic endpoint. The
carotid V35, V50, and V63 were determined for each patient and compiled after
stratification by RT technique for virtual as well as clinical plans. Owing to sample size
limitations and the lack of sufficient cases for a determination of distributional fit,
nonparametric statistical analyses were performed using the Wilcoxon rank test for
continuous variable comparison. The calculated p values were uncorrected for multiple
comparisons in this hypothesis-generating dataset, with statistical significance set at the p =
0.05 level for all analyses.

RESULTS

Mean, standard deviation, range, and median of calculated geUD for contoured structures of
virtual plans are listed in Table 1. A nonparametric, statistically significant difference in
gEUD was noted between groups using the Wilcoxon test, with binary cohort comparison
revealing statistically significant dose decrement to carotids using IMRT compared with
opposed laterals fields. No statistical difference was noted in terms of geUD to tumor/target
volumes or spinal cord.

Dose-volume parameters are tabulated for carotid volumes by treatment technique in Table
2, which shows statistically significant reduction in the volume of carotids artery receiving
35-63 Gy, as well as the dose delivered to 90% of carotid volumes (D90). Note that the
relatively higher spinal cord dose for opposed lateral beams is skewed in the sample of
actually treated patients by a single patient with a larger T2 tumor, who received a
somewhat larger field treatment.

The gEUD and dose-volume parameters are presented for the initial 11 patients treated
using the IMRT technique (clinical IMRT) in Tables 2 and 3. Figure 1 shows the carotid
artery dose—volume histogram for virtual plans. Figure 2 shows typical isodose plans for
lateral vs. IMRT setups with the carotids contoured. We found that the IMRT planning time

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2012 March 19.
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requirement was similar to that for the iterative 3D planning approach. The IMRT treatment
times were similar to those required for two-field 6-MV X-ray fields using virtual wedges
and approximately half the time required for two 89Co beams because of monitor unit output
rate and the requirement for changing mechanical wedges.

DISCUSSION

We developed an IMRT planning “algorithm” for early glottic cancer with limited beams
and segments that reliably reduces carotid artery dose as compared with traditional lateral
beam arrangements. This simplified planning has limited impact on resource use, and our
early clinical experience is excellent. Despite the limited clinical experience and follow-up
currently available, we believe that the important survivorship implications for carotid-
sparing IMRT for early glottic cancer warrants introducing this new treatment approach now
for academic discussion and further evaluation.

Intensity-modulated RT for T2 glottic cancer has previously been reported by Penagaricano
et al. (40) in a pilot series of 3 patients showing reduction in dose to soft tissue and spinal
cord. However, there are no previously published data on the effect of IMRT specifically for
carotid dose reduction. The optimized 3D wedged oblique technique presented by Hardie et
al. (41) to reduce arytenoids dose also reduces carotid dose; however, each carotid is at least
in the path of the contralateral exit beam, leading to much higher carotid dose than can be
achieved with IMRT, approximately half that of the dose prescribed to the CTV.
Conceivably, there are additional strategies that might potentially reduce carotid dose
without IMRT implementation. Radiation effects on the carotid arteries begin rather quickly
after therapy and typically require several years to progress to clinical symptoms. Head-and-
neck cancer RT patients in a small prospective series had a 21-fold increase in the thickness
of the carotid wall at 1 year after therapy as compared with epidemiologically matched
control cohorts (42). Cheng et al. (15) observed that the annualized progression rate from
<50% to =50% stenosis in irradiated arteries was 15.4%, compared 4.8% in nonirradiated
vessels, and noted time from RT (>6 years) as a significant risk factor. Relative conditional
survival profiling for early glottic cancers demonstrates that laryngeal cancers, as a cohort,
demonstrate a plateau in projected disease-specific mortality approximately 2 years after
diagnosis (43).

Consequently, in early-stage larynx patients with expected disease-specific survival of >5
years, competing causes of mortality (including stroke and second cancers) will typically
supersede the rate of recurrence for the index cancer.

Vascular event-probability modification is especially difficult given the typical concurrent
health issues facing HNC patients, such as lifetime smoking history (7, 10, 13, 44, 45).
Smoking cessation may reduce risks for vascular disease, as well as second primary cancers,
and should be pursued with all patients. A dose—response relationship for carotid arterial
effects raises the impetus to consider carotid artery radiation dose reduction when feasible
(36). Surveillance vascular imaging has been recommended to detect and intervene for
carotid lesions before clinical progression (13).

Given the tissue-sparing effects, IMRT has been increasingly adopted, especially for HNC
(46). It is not infrequent for new technologies to be embraced for a variety of reasons before
a benefit is proven, and sometimes the complexities of implementing new technology may
undermine the potential gains as compared with more traditional techniques (47). To date,
IMRT has been shown to increase recovery of parotid flow in patients with nasopharyngeal
cancer in two randomized clinical trials (48, 49) and to be cost-effective only for prostate
cancer (50).

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2012 March 19.
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Intensity-modulated RT planning for the vast majority of HNC is highly complex. It requires
detailed knowledge of patterns of contiguous and lymphatic spread and the corresponding
anatomy of tissue structures, dedicated time to delineate various target volumes (GTV,
proper subclinical margins, draining nodal regions, all critical tissues to be spared), and
logical specification of dose constraints to individual organs along with fractionation
schemes with and without concurrent chemotherapy. Therefore, the professional component
of the reimbursement is substantially undervalued despite the addition of special treatment
procedure elements. An exception is the IMRT technique for the treatment of T1-2 glottic
carcinoma as presented in this article, in which the workload is similar to that of conformal
therapy and for which we do not bill differently.

Some have argued against the use of IMRT for early glottic cancer because there would be
no practical way to prove benefit over standard therapy. Local control rates exceed 90%
(51), and reported catastrophic complication rates are <1% (6). We espouse IMRT as a way
to safely reduce the risk for late carotid events despite escalation of fractional dose (2 Gy to
2.25 Gy). There is also potential for using IMRT to reduce the dose to the arytenoids,
cricopharyngeal inlet, and thyroid gland. A tradeoff, however, would be a small increase in
dose to the spinal cord. There have been previous attempts to reduce potential acute
treatment toxicity for early glottic cancer, primarily focusing on the reduction in arytenoid
dose (52-54), and although this is also an important aim, there is not any published
documented benefit to date.

Our clinical experience shows that IMRT optimization compensates for dosimetric
shortcomings of 6-MV X-rays as compared with 6°Co. Intensity-modulated RT planning
gives the ability to direct more segments where required, which helps to reduce the
penumbra effect to confine the effective field length to 4 cm for T1 cancers and may reduce
the requirement for bolus for anteriorly located tumors, though dose modeling in the build-
up region may require careful evaluation. Intensity-modulated RT additionally gives the
potential for lateralizing therapy more precisely than lateral beam weighting. There is the
potential for further dose escalation in the case of T2 tumors, for which control rates are still
not optimal, but this notion requires further testing.

We launched a pilot trial based on the favorable outcome of the virtual dosimetry study,
which confirmed the simplicity of planning and treatment delivery. The overall time in the
treatment room is decreased, thereby improving patient throughput. We will continue to
carefully monitor the incidence of cerebrovascular events in these patients. Our current
approach treats the entire larynx, similar to the lateral technique. Future studies might serve
to reduce dose further when appropriate to the arytenoids, the uninvolved contralateral cord,
the cricopharyngeal inlet, and portions of the thyroid gland. Already, four-dimensional CT
data have been reported from an investigation of the feasibility of single vocal cord radiation
in early glottic cancer (55). Additional safe and effective small-volume dose escalation
could reduce treatment duration. These refinements should be done in centers with excellent
physics, dosimetry, and technical support and have implemented stringent quality control
procedures.

In summary, limited-field and segmental IMRT techniques for the treatment of early glottic
cancer significantly reduce unnecessary dose to the carotid arteries. The development of a
template within the planning system allows plans to be generated, optimized, and delivered
quickly. Given the high cure rate for early glottic cancer, these dosimetric advantages may
be especially important for younger patients, those with extant carotid artery pathology, and
those at risk for subsequent development of a metachronous second HNC. On the basis of
these data, we are planning a prospective study to compare the conventional and IMRT

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2012 March 19.
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radiation delivery approaches, specifically investigating posttreatment formation of carotid
artery atherosclerotic plaques and clinical outcomes.
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Fig. 1.

Composite carotid artery dose—volume histogram (n = 6) showing mean (solid line) and 95%
confidence interval (shaded region) for virtual plans (red = intensity-modulated
radiotherapy, blue = opposed laterals).
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Fig. 2.
Stereotypic isodose plans for (a) lateral field setup and (b) intensity-modulated radiotherapy.
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Fig. 3.

Pre- (a), during (b), and post—intensity-modulated radiotherapy (c) laryngoscopic
examination, showing development and resolution of circular mucositis, in a distribution
similar to the expected isodose volumes.
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Table 2

Bilateral carotid artery dosimetric parameters for virtual and clinical plans

Parameter Opposed laterals as treated ~ Virtual IMRT plan comparisons p Clinical IMRT (treated)

v35® <0.0017
Mean+SD  0.99+0.10 0.02 + 0.05 0.02 +0.03
Range 0.94-1.00 0.0-0.06 0.00-0.09
Median 1.00 0.02 0.00

V50" <0001t
Mean+SD  0.93 £0.09 0.00 + 0.00 0.00 + 0.00
Range 0.75-1.00 0.00-0.00 0.00-0.00
Median 1.00 0.00 0.00

v63” <0.001"
Mean+SD 0.70 £0.17 0.00 +0.00 0.00 +0.00
Range 0.45-0.92 0.00-0.00 0.00-0.00
Median 0.69 0.00 0.00

D90 (Gy) <0.0017
Mean £ SD  50.13 + 6.36 9.74 £2.39 6.15+4.14
Range 42.48-62.95 6.11-14.19 1.22-15.91
Median 50.94 9.70 5.53

Abbreviation: IMRT = intensity-modulated radiotherapy.
*
Values in normalized fractional volume.

TStatisticaIIy significant.
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Table 3

Generalized effective uniform dose parameters for IMRT clinical plans

Structure Mean £ SD (Gy) Range (Gy) Median (Gy)
GTV 65.22+0.23  65.06-65.52 65.22
CTV 65.05+0.43 64.41-65.38 65.03
Spinal cord 6.92 + 2.04 4.02-8.42 7.26
Left carotid 19.43+£190 17.45-22.30 19.24
Right carotid 20.05+1.97 17.94-23.38 19.39

Abbreviations: IMRT = intensity-modulated radiotherapy; GTV = gross tumor volume; CTV = clinical target volume.

Values are generalized effective uniform dose.
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