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Conflic
Publications relating brainstem radiation toxicity to quantitative dose and dose–volume measures derived from
three-dimensional treatment planning were reviewed. Despite the clinical importance of brainstem toxicity,
most studies reporting brainstem effects after irradiation have fewer than 100 patients. There is limited evidence
relating toxicity to small volumes receiving doses above 60–64 Gy using conventional fractionation and no
definitive criteria regarding more subtle dose–volume effects or effects after hypofractionated treatment. On
the basis of the available data, the entire brainstem may be treated to 54 Gy using conventional fractionation using
photons with limited risk of severe or permanent neurological effects. Smaller volumes of the brainstem (1–10 mL)
may be irradiated to maximum doses of 59 Gy for dose fractions #2 Gy; however, the risk appears to increase
markedly at doses >64 Gy. � 2010 Elsevier Inc.

Brainstem, Radiation, Tolerance, NTCP.
1. CLINICAL SIGNIFICANCE

Central nervous system (CNS) tolerance to radiation therapy

(RT) is of concern for patients treated for primary or meta-

static disease involving the brain and head and neck.
2. ENDPOINTS

The common toxicity criteria of the Cancer Therapy

Evaluation Program (CTEP) grades brainstem injury on

the basis of symptoms (Grade 1—mild or asymptomatic;

Grade 2—moderate, not interfering with activities of daily

living (ADLs); Grade 3—severe interference with ADLs,

possible intervention; Grade 4—life-threatening or dis-

abling, intervention indicated; and Grade 5—Death) (1). Se-

vere RT-induced CNS injury is typically manifest months to

years after treatment. Tumor recurrence and constitutional

symptoms from other diseases and treatments may confound

the diagnosis. The study of RT-induced CNS injury is challeng-

ing because (1) the incidence of injury is generally low,

(2) survivals are short for most patients, (3) formal grading of

brainstem effects is subjective and is often characterized cate-

gorically (yes–no) for cranial neuropathy, and (4) for patients

with intracranial tumors, it is often difficult to distinguish be-

tween side effects and disease progression. For patients irradi-
s reprint requests to: Charles S. Mayo, Ph.D., Department
tion Oncology, HB200, University of Massachusetts
chool, 55 Lake Avenue North, Worcester, MA 01655.
) 442 5551; Fax: (744) 442 5006; E-mail: charles.
assmemorial.org

ts of interest: none.

S36
ated to head and neck sites, the distinction between brainstem

and other neurological complications is often unclear.
3. CHALLENGES OF DEFINING VOLUMES

Defining the brainstem on axial imaging is usually

straightforward, although it requires special attention to the

superior extent and interfaces at the cerebral and cerebellar

peduncles where the brainstem borders are indistinct. The

brainstem includes the midbrain, pons, and medulla. The

midbrain is inferior to the third ventricle and the optic tracts.

The inferior border of brainstem is at the pyramidal decussa-

tion found at the level of the foramen magnum where the

brainstem becomes the spinal cord. Segmentation or visuali-

zation of coronal or sagittal planes may be helpful when de-

fining the brainstem on neuroimaging. The brainstem is

a stable structure; however, anatomic shift may occur from

tumor and after surgery. By neuroimaging, Luft et al. deter-

mined average brainstem volume in 48 healthy volunteers

(average age 40 years, range, 20–73) to be 34 (range, 27–

43) mL (2). Merchant et al. reported age-dependent increases

in brainstem volume in children diagnosed with infratentorial

ependymoma (3). The volume of the brainstem can be af-

fected by surgery and neurodegenerative conditions (4).
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Table 1. Selected reports of planning constraints used to
limit brain stem toxicity

Photon constraints
No. patients

Particle constraints
No. patients

Jian11* aV65 <3 mL
(BID)

Weber17y Surface #63
CGE

48 aV60 <5 mL
(BID)

29 Center #54
CGE

Hoppe 9z Dmax <50 Gy Nishimura15x Surface <64
CGE

85 14 Center <53
CGE

Daly12z D1% #54 Gy Noel16{,k Surface #64
CGE

36 45 Center #53
CGE

Schoenfeld5* aV55 <0.1 cc Debus6,7{,k,** Surface #64
CGE

100 367 Center #53
CGE

Wenkel14{,**,yy Surface #64
CGE

46 Center #53
CGE

Abbreviation: aVXX = Absolute volume at dose XXGy; BID =
twice daily; CGE = Cobalt Gray Equivalent; Dmax = maximum dose.

* Either nasopharynx, oropharynx, hypopharynx or larynx.
y Chordoma or chondrosarcoma.
z Nasal Cavity and/or paranasal sinus.
x Olfactory neuroblastoma.
{ Photons + proton boost.
k Base of skull.
** Studies that noted complications if limits were exceeded.
yy Meningioma.
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4. REVIEW OF DOSE–VOLUME DATA

A literature review was undertaken to extract relevant

brainstem tolerance data from studies published in the era

of CT-based treatment planning, including recent or active

protocols in which brainstem or neurologic toxicity was

reported. The review focused on articles that provided quan-

titative brainstem dose and dose–volume measures related to

toxicity (5–24). General features of studies representing the

adult population are listed in this section and in Table 1.

Because of the marked interstudy variations in reporting

dose and outcome, it was not possible to generate a unifying

dose–response curve from the available data.

Only five of the reviewed studies had more than 50 patients

(5–10), and most did not undertake statistical analysis of

toxicity. The reported range of median follow-up times was

9–60 months with death limiting follow-up in some studies

(18, 22, 23). Brainstem necrosis or MRI-based evidence of

injury were reported in five studies (6, 7, 13, 14, 21). Neuro-

logic toxicities were reported in eight (6–8, 10, 11, 13, 14,

20). Treatment planning limits on the high dose component

of the brainstem dose–volume histogram (DVH) in multifrac-

tion studies are shown in Table 1.

Five studies used photons only, at conventional (1.2- to

2-Gy) fractionation (5, 9, 11–13). Uy et al. (13) reported

brainstem necrosis for 1 of 40 meningioma patients treated

with serial tomotherapy. For this patient, the treatment plan

maximum dose (Dmax) was 55.6 Gy, and the absolute vol-

ume of brainstem that exceeded 54 Gy (aV54) was 4.7 mL.

Reporting on 48 patients with nasopharyngeal cancer treated

with 1.2 Gy/fraction twice daily to 74.4 Gy and concomitant

chemotherapy, Jian (11) noted 3 patients with Grade 1 neuro-

logic deficit.

Five studies used protons only (15, 17) or a mixture of

protons and photons (6, 7, 14, 16) using a relative biologic

effectiveness (RBE) dose conversion factor of 1.1 from phys-

ical dose to cobalt gray equivalent (CGE). A change in proton

dose calibration in 1995 affected two series (6, 7, 14). Proton

doses were 6.5% greater than originally stated. The doses

reported by Wenkel et al. (14) were recalculated to reflect

the new calibration whereas those reported by Debus et al.
(6, 7) were not. These studies placed separate limits on

the maximum dose to the center and surface of the brainstem

(Table 1). Debus’s study was the largest, reporting on 367

skull-base tumor patients treated with a combination of pho-

ton and proton conformal radiation therapy between 1974

and 1995. There were 19 late brainstem-related toxicities,

including three deaths. Significant predictors of toxicity by

univariate analysis were as follows: Dmax >64 Gy, aV50

>5.9 mL, aV55 >2.7 mL, aV60 >0.9 mL, two or more

skull-based surgeries, diabetes, and high blood pressure. Pre-

dictors by multivariate analysis were aV60 >0.9 mL CGE,

two or more skull-based surgeries, and diabetes. In Wenkle’s

study of 46 patients with recurrent meningioma, the median

Dmax brainstem dose was 58.0 (range, 12.1–66.3) CGE.

One patient developed brainstem injury with a dose that ex-

ceeded an unspecified constraint value by 10%; two others
with neurologic toxicities had brainstem doses that exceeded

the constraints in Table 1; less restrictive constraints had been

used initially. Two small studies demonstrated high brain-

stem doses without toxicities (15, 17). Median doses of

63.1 (range, 49.6–68.1) CGE and 48.5 (range, 15.8–63.3)

CGE to the surface and center of the brainstem, respectively,

were safe for the 29 patients in the study by Weber et al. (17).

Brainstem DVHs were evaluable in 11 of the 14 patients

treated without brainstem complications at 2.5 CGE/fraction

in the study by Nishimura et al. (15). Maximum brainstem

dose ranged from 50.7 to 66.3 CGE for four patients with

the largest values. Dose to center was 63.7 CGE for the pa-

tient who received 66.3 CGE to the surface. Dose to center

was <35.1 CGE in the others.

Single fraction stereotactic radiosurgery (SRS) was used in

five studies (8, 10, 18–20). Each included a wide range of pre-

scription doses and isodose levels, making it difficult to draw

conclusions. The largest SRS study, by Foote et al. (10), fol-

lowed 149 vestibular schwannoma patients treated with

LINAC-based SRS between 1988 and 1998; 41 were treated

before and 108 after 1994. Large single fractions (10–22.5

Gy) were used. Their analysis revealed a ‘‘learning curve’’

with a 5% and 2% actuarial 2-year rate of facial and trigeminal

neuropathies, respectively, for patients treated after 1994 com-

pared with 29% for both neuropathies for the earlier patients.
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Significant risk factors by univariate analysis for cranial nerve

palsy were Dmax $17.5 Gy (facial neuropathy), prescribed

dose $12.5 Gy (any cranial neuropathy), prior open resection,

age <62 years, pons-petrous tumor diameter >8 mm, tumor

volume >1.7 mL; length of irradiated cranial nerve >16 mm,

distance from brainstem to end of tumor in petrous bone,

and planning without MR imaging (trigeminal neuropathy).

Risk factors on multivariate (multiple Cox regression) analysis

were Dmax, treatment before or after 1994, previous resection,

and distance from brainstem to end of tumor in petrous bone.

Substituting prescription dose for Dmax made a small loss in

predictive strength. Authors concluded that there was signifi-

cant increase in nerve complication for peripheral doses $15

Gy on the basis of cutpoint analysis.

There was only one multifractionated SRS study (21).

Clark et al. found brainstem complications in 4 of 20 patients

treated for meningioma with a hypofractionation protocol of

six fractions of 7 Gy each normalized to 90 % of the maxi-

mum target dose. The brainstem was near enough to receive

dose for all patients in this group. Complications were found

to correlate with a mean biological effective dose (linear-qua-

dratic model, a/b = 2.5 Gy) >70 Gy.
Pediatric CNS tumors
No toxicity was reported in pediatric patients with brain-

stem glioma (treated with opposed lateral fields that encom-

passed the majority of the brainstem) to doses of 54–60 Gy at

2 Gy/fraction, 75.6 Gy at 1.26 Gy twice daily (22) or 78 Gy at

1 Gy twice daily (23). The primary limitation of these studies

was the short median survival, #12 months. Of 32 patients

treated to 72 Gy twice daily, in combination with recombi-

nant beta-interferon, there was at least one treatment-related

death (24).

There is no evidence that the tolerance of the pediatric

patient differs from the adult. Most pediatric protocols for

CNS tumors recommend doses >54 Gy, and separate brain-

stem dose limits are usually absent.

Merchant et al. studied 68 patients with infratentorial

ependymoma treated with surgery and conformal RT (54–

59.4 Gy) (3). With follow-up of 5 years post-RT, partial

recovery of tumor/surgery-acquired neurological deficits

was more common in patients with fewer surgeries, fewer

CSF shunting procedures, smaller tumor sizes, and smaller

RT planning target volumes, as well as in female patients.

In patients with full or normal recovery, a considerable por-

tion of the brainstem received over 60 Gy (aV60 = 7.8 �
1.4 mL, V60 = 37% � 6.3%). There was no difference in

brainstem recovery based on absolute (15.4� 0.9 mL) or per-

cent (76.4% � 3%)volume of the brainstem that received

more than 54 Gy. Difference in these values for patients with-

out full recovery was not statistically significant. One male

patient died with autopsy-confirmed residual tumor and focal

areas of brainstem necrosis. His mean brainstem dose was 59

Gy, and he had significant perioperative morbidity after two

surgeries, including hemiparesis and unilateral and complete

cranial nerve deficits involving the lower cranial nerves.
5. FACTORS AFFECTING RISK

An increased rate of toxicity has been associated with tar-

gets that are larger and closer to the brainstem (10, 18), lack

of MRI-based planning (10), the number of surgeries, hydro-

cephalus, diabetes, and hypertension (3, 6, 10).
6. MATHEMATICAL/BIOLOGICAL MODELS

The 1991 Emami review (25), with supporting data available

at that time, specified a 5-year, 5% rate of complications, which

they defined as ‘‘necrosis/infarct,’’ would result from 50, 53,

and 60 Gy delivered to the whole, two thirds, and one third

of the brainstem, respectively (25). The corresponding Ly-

man-Kutcher-Berman (LKB) parameters for calculation of

the normal tissue complication probability (NTCP) were n =

0.16, m = 0.14, with a tolerance dose for 50% probability of

having this complication (TD50) equal to 65 Gy (26). These pa-

rameters may be overly conservative. For example, they esti-

mate a 12% risk of severe complications for 54 Gy to the

whole brainstem or 3% risk of complications when the particle

constraints (Table 1) are used to characterize the brainstem

DVH for partial volume irradiation. The estimated risks are

large in comparison to those observed in the studies cited, sug-

gesting the need for further examination of these parameter

values. For example, a Lyman model with larger TD50 (�72

Gy) or smaller m (�0.1) would reduce the predicted risks to

<5% or <1%, respectively. Larger n (�0.25) would predict

smaller risk for exposures that followed constraints such as

those in Table 1 but not for irradiation of the whole brainstem.

Studies with sufficient dose–volume complication data for

quantitative examination of model parameters for conventional

fractionation are needed.
7. SPECIAL SITUATIONS

Applicability of the linear quadratic (LQ) model for ex-

treme hypofractionation is controversial. Flickinger et al.
(27) attempted to fit the LQ model to a variety of neurologic

outcomes, including facial neuropathy (31 events/218 acous-

tic neuroma patients) for patients receiving stereotactic radio-

surgery with $2 years of follow-up. Their attempts to fit these

complications and other endpoints failed because they re-

quired large negative values for a/b. Meeks et al. fit the Ly-

man plus LQ model to the outcomes (cranial neuropathy)

and DVHs of 118 patients treated with LINAC-based radio-

surgery for acoustic neuroma (based on patients from a previ-

ous study with $1 year follow-up) (28). Multivariate analysis

showed brainstem Dmax >16 Gy as the most significant risk

factor for delayed cranial neuropathy. They found that the

original LKB model parameters with a/b = 3.3 Gy resulted

in NTCP estimates that underestimated complication proba-

bility (26). The first 50 patients were used to derive a better

fit and the results were applied to all 118 patients. The best

fit was achieved using n = 0.04, m = 0.15, a/b = 2.1 Gy,

and TD50 = 15.3 Gy; no confidence intervals were given.

They found agreement with their NTCP calculation for these

two groups with 33.2 % and 5.7 % before and after 1994,
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respectively. The average NTCP was 7.2% (range, 0%–80%)

vs. 77% (range, 29%–100%) for patients with no permanent

vs. permanent cranial neuropathy. Their curve on 3% iso-com-

plication extrapolated to 14.2 Gy for partial volume z0 (i.e.,
Dmax). Using their parameters, we calculate NTCP values

equal to 1%, 13%, 61%, and 94% for partial volume irradiation

of one third of the brain stem to doses of 12.5, 14.2, 16, and

17.5 Gy, respectively, demonstrating agreement with their

fig. 3a. We approximate NTCP results for Dmax by calculating

for a small partial volume (1%), finding values of 0.2 %, 3.2%,

26%, and 68% for the same doses. This illustrates the rapid in-

crease in NTCP over the range of doses discussed for SRS.
8. RECOMMENDED DOSE–VOLUME LIMITS

Data and LQ models of isoeffect doses for total dose vs.

dose per fraction are presented in Fig. 1. Data are grouped us-

ing the categories of reported complication, cut point, dose

constraint, no complication, and other reference. Cut points

were dose values reported to be statistically significant for in-

creased risk but not necessarily for low vs. high risk. Re-

ported dose constraints used in treatment planning are

presumed to be associated with low risk, although authors

do not quantify the expected incidence. The ‘‘no complica-

tion’’ category includes reports that provided statistical data

on brainstem doses >50 Gy. Data not applicable to the other

categories are categorized as ‘‘other reference,’’ i.e., the cal-

culated 3% isocomplication, Dmax value extrapolated in the

previous section, Special Situations. Because a range of dose

fractionation schedules are used, three curves have been cal-

culated using the linear quadratic model using a/b values dis-

cussed by authors examined in this study. The solid curves
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treated in a single fraction using a/b = 2.1 (28).

The entire brainstem may be treated to 54 Gy using conven-

tional fractionation with limited risk of severe or permanent

neurological effects (3). Smaller volumes of the brainstem

(1–10 cc) may be irradiated to maximum doses of 59 Gy for

dose fractions #2 Gy. The risk appears to increase markedly

at doses >64 Gy. However, there is insufficient information

to determine whether there is a further volume effect.

Figure 1 highlights the lack of information in the 4 to 8 Gy

range. The applicability of the LQ fit curves to this region of

hypofractionated regimens is unknown. There is only one re-

ported study in the intermediate hypofractionation range, and

its impact is blurred by use of ‘‘effective’’ vs. delivered dose

statistics (21). We emphasize that in presenting curves that

pass through this middle-fraction-size region, we are not

making recommendations for clinical choice of threshold.

For single fraction SRS, maximum brainstem dose of

12.5 Gy is associated with low (<5%) risk. Higher doses (15–

20 Gy) have been used with low reported incidence of compli-

cation in patient groups with poor prognosis for long-term sur-

vival (e.g., brain stem metastases) (18, 31). However, the

apparent safety of these higher doses may be an artifact of the

poor survival. Thus, additional longer-term data are needed

before recommending these higher doses as relatively safe.
9. FUTURE TOXICITY STUDIES

Obtaining deeper understanding of tolerance thresholds

and dose, volume, and fractionation effects is hampered by
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the lack of clearly defined data in the literature. To provide

unambiguous data of the range of doses safely employed

by clinicians and improve understanding of dose–volume

effects, we make the following suggestions:

1. We encourage publication of detailed brainstem dose–

volume and outcomes data for patients with long-term

follow-up even when no toxicity has been observed.

These data are especially needed for emerging fraction-

ated SRT regimens.

2. In the absence of a formal structure for interinstitutional

NTCP data sharing, we suggest that future studies be

designed with mechanisms for acquiring and reporting de-

tailed dosimetric and outcome information in a form that

might be used for NTCP modeling. For example, publica-

tion of an ‘‘atlas’’ as described by Jackson, is a technically

simple way to provide detailed information from a study

in which DVHs are produced as part of the normal plan-

ning process (29). For hypofractionated treatments, the

method of correcting dose distribution information for

fractionation should be clearly described, but the underly-

ing physical dose–volume information should also be

made accessible.

3. Common, clinically practical, formal grading systems

should be used to define the toxicities (see the next sec-

tion, Toxicity Scoring) in future publications to facilitate

data pooling and intercomparisons.

4. At a less detailed level, studies of brainstem toxicity out-

comes should report the mean and standard deviation of

at least four brainstem dosimetric variables: Dmax,

Dmax per fraction, D1mL, and mean dose. For patients

experiencing brainstem radiation necrosis or severe neu-
ropathy, the specific values of these points should be

noted.

5. Development of formal, communitywide methods for

collection of multi-institutional data from both academic

and nonacademic clinics would support the goal of obtain-

ing sufficient data for robust modeling.
10. TOXICITY SCORING

The Common Toxicity Criteria system was replaced by the

Common Terminology for Criteria for Adverse Events

(CTCAE v4.0) for use in CTEP protocols. The brainstem is

one component of the brain for which specific toxicity assess-

ment is possible (1, 30). The baseline history and physical ex-

amination is requisite to the longitudinal study of brainstem

function. Special attention should be given to the baseline

neurologic exam and the assessment of cranial nerve, motor,

sensory, and cerebellar function. Heart rate and blood pres-

sure assessments are critical for patients with a prior history

of surgery near the brainstem. A history of postoperative sei-

zure, apnea, and neurogenic hypertension should be docu-

mented, along with developmental progression for very

young children. The same assessments should be repeated

at regular intervals, with documentation of improving or

worsening of symptoms. Longitudinal studies of brainstem

effects should consider T1, T2, and diffusion-tensor imaging

to evaluate the brainstem and white matter trajectories for

signs of ischemia due to the combined effects of tumor

and/or surgery and for structural alterations that might be

used to predict late effect (6, 7).
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