ELSEVIER

QUANTEC: ORGAN-SPECIFIC PAPER

Int. J. Radiation Oncology Biol. Phys., Vol. 76, No. 3, Supplement, pp. S58-S63, 2010

Copyright © 2010 Elsevier Inc.
Printed in the USA. All rights reserved
0360-3016/10/$—see front matter

doi:10.1016/j.ijrobp.2009.06.090

Head and Neck: Parotid

RADIOTHERAPY DOSE-VOLUME EFFECTS ON SALIVARY GLAND FUNCTION
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Publications relating parotid dose-volume characteristics to radiotherapy-induced salivary toxicity were re-
viewed. Late salivary dysfunction has been correlated to the mean parotid gland dose, with recovery occurring
with time. Severe xerostomia (defined as long-term salivary function of <25% of baseline) is usually avoided if
at least one parotid gland is spared to a mean dose of less than =20 Gy or if both glands are spared to less than
=25 Gy (mean dose). For complex, partial-volume RT patterns (e.g., intensity-modulated radiotherapy), each
parotid mean dose should be kept as low as possible, consistent with the desired clinical target volume coverage.
A lower parotid mean dose usually results in better function. Submandibular gland sparing also significantly
decreases the risk of xerostomia. The currently available predictive models are imprecise, and additional study
is required to identify more accurate models of xerostomia risk. © 2010 Elsevier Inc.
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1. CLINICAL SIGNIFICANCE

Radiotherapy (RT) is commonly used to treat head-and-neck
tumors. In these treatments, the parotid, submandibular, and
minor salivary glands are often incidentally irradiated. A re-
duction in salivary function is a common toxicity and reduces
the patient’s quality of life (QOL). Inadequate salivary func-
tion (‘‘xerostomia’’) leads to multiple problems, including
poor dental hygiene, a propensity to oral infections, sleep dis-
turbances, oral pain, and difficulty chewing and swallowing.
Stimulated salivary production is largely (60—70% of total)
derived from the parotid glands, with the balance from other
glands. Resting (unstimulated) salivary production is due pri-
marily to the submandibular and sublingual glands and nu-
merous small oral salivary glands (1).

2. ENDPOINTS

Xerostomia can be defined according to the patient’s
symptoms (e.g., altered taste or sensations of dryness) or
quantified saliva production. Objective criteria include mea-
sured salivary production at rest or stimulation and imaging
endpoints. Observer-based, Common Terminology Criteria
for Adverse Events, include the requirement for frequent
drinks of water or diet alterations. Imaging endpoints include

scintigraphy of parotid gland ejection fraction over a timed
interval (2) and dynamic magnetic resonance imaging sialog-
raphy of ductal flow (3).

Salivary function is quantifiable. Grade 4 xerostomia is
defined by the Late Effects Normal Tissue-Subjective,
Objective, Management, Analytic (LENT-SOMA) scale as
an objective reduction of =75% of baseline salivary func-
tion. Whole mouth salivary function is typically assessed
by asking the subject to produce as much saliva as possible
within a given period (often 5 min). This can be performed
in an unstimulated (at rest) or stimulated manner (in re-
sponse to a salivary stimulant). However, salivary function
measurements are uncertain and variable, with standard de-
viations of =20-30% reported for whole mouth measure-
ments (4).

The patient-reported outcomes/QOL instruments used
have included xerostomia-specific forms (5). Correlations
between salivary flow and QOL have been inconsistent.
Observer-based monitoring of xerostomia symptoms can
underestimate the actual xerostomia symptoms compared
with patient-reported symptoms (5). Because many reports
of xerostomia after intensity-modulated RT have relied on
observer-rated scores, the overall severity of xerostomia in
recently published data might have been underestimated.
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Damage Recovery

A reduction in salivary function can begin within 1 week
of the initiation of RT and usually persists afterward. Func-
tion often gradually recovers within =2 years after RT
(unless the radiation damage is too severe) (6, 7). Moreover,
recovery overshoot (i.e., recovery to >100%) in salivary
function can occur (8, 9). Braam et al. (10) reported that re-
covery in parotid flow correlated significantly with a reduc-
tion in patient-reported dry mouth symptoms.

3. CHALLENGES IN DEFINING VOLUMES

Parotid and submandibular salivary glands can be ade-
quately delineated on contrast-enhanced computed tomogra-
phy images. However, irradiated parotid glands typically
shrink during RT, presumably owing to cell loss. On the basis
of weekly computed tomography scans of 15 patients, Robar
et al. (11) reported little change in the medial parotid gland
position during RT. However, the lateral edges shrank, on
average, =1 mm/wk during RT (average displacements of
4—6 mm during the RT course), resulting in decreasing gland
sparing

4. REVIEW OF DOSE-VOLUME DATA

A variety of salivary endpoints have been correlated with
the dosimetric dose—volume parameters, including subjective
xerostomia and objective stimulated/unstimulated salivary

flow. In particular, the mean parotid gland dose (6, 8, 9,
11) has been correlated with whole mouth or individual gland
salivary production. Table 1 summarizes the reported dose—
volume predictors for salivary flow, the incidence of compli-
cations, and salivary function recovery.

Minimal gland function reduction occurs at <10-15 Gy
mean dose. Gland function reduction gradually increases at
radiation doses of 2040 Gy, with a strong reduction (usually
by >75%) at >40 Gy (Fig. 1) (4, 6). Xerostomia risk is re-
duced with sparing of at least one parotid gland or even
one submandibular gland (12). In one study, patients receiv-
ing <30 Gy to the contralateral parotid reported no or mild
subjective xerostomia (13).

Some recovery of function occurs with time, with the tis-
sue dose required for a 50% response (TDS50) increasing
(i.e., more dose needed for the same level of injury) at longer
follow-up times (Fig. 2) (8, 10, 12, 14-16). Figure 3 summa-
rizes the existing published data regarding TD50 (dose result-
ing in 50% incidence) for a reduction in stimulated saliva by
50-75% (2, 6, 10, 14-20). Whole mouth or ipsilateral sali-
vary measurement-based TD50s tend to be lower than scin-
tigraphy-based TD50s (=25-45 Gy). Consistent with this,
the image-based data shown in Fig. 4 implies a greater
TD50 compared with the salivary flow data in Fig. 1. The
wide variation in the reported TD50 values is unexplained
but could result from several factors, including differences
in dose distributions, salivary measurement methods, seg-
mentation, intragland sensitivity, and so forth.

Table 1. Dosimetric predictors of xerostomia.

Dose—volume parameters

Patients Total prescribed “Functional”
Investigator (n)/follow-up (mo) target dose (Gy)* endpoints assessed Unstimulated Stimulated
Blanco et al. (6), 55/6; 29/12 50-71" Stimulated saliva flow?* Mean dose <25.8 Gy®
2005
Eisbruch et al. (7), 88/1-12 58-72 Saliva flow, stimulated Mean dose =22-25 Gy*I Mean dose =25-26 GyH
1999 and unstimulated V5 <66% V15 <67%
V30 <43% V30 <45%
Vs <26% Vs <24%
Liet al. (9), 142/1-24 60-75 Saliva flow; stimulated Mean dose <25-30 Gy =~ Mean dose <25-30 Gy
2007 and unstimulated”
Maes e al. (8), 39/1-4 66-70% SEF'T; stimulated flow, Mean dose =20 Gy*
2002 99mT¢-pertechnetate

scintigraphy

Abbreviations: V, = percentage of gland volume receiving >x Gy; *™Tc = technetium-99 m; SEF = salivary excretion fraction; RT =

radiotherapy.
* All =1.8-2.0 Gy/fraction.

t 1.5-1.8-Gy fractions in low-risk target volumes for intensity-modulated radiotherapy patients.

1 Grade 4 xerostomia using subjective, objective, management, analytic (SOMA) method; <25% of pretreatment level defined as event.
§ Mean dose to single parotid gland to reduce stimulated salivary flow from that gland to <25% of pre-RT saliva.

924 Gy at 1 and 3 months, 22 Gy at 6 months, and 25 Gy at 12 months; threshold dose defined as mean dose above which saliva production

appeared to abruptly approach O.

I 26 Gy at 1, 3, and 6 months, 25 Gy at 12 months; threshold dose defined as mean dose above which saliva production appeared to abruptly

approach 0.

Predictors defined as mean doses below which efficient function recovery occurs with time, returning to pre-RT levels by 24 months.
** 66—70 Gy to primary tumor and pathologic nodes; 50-70 Gy to tumor bed if postoperatively; 46—50 Gy to elective nodes.

' SEF loss =50% defined as event.
H Corresponded to probability of 70% that SEF loss was <50%.
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Fig. 1. Stimulated whole mouth salivary measurements vs. mean parotid gland dose. Summary of Washington University
stimulated salivary results at 6 and 12 months of follow-up. Data showed that when either gland was spared (<20 Gy mean
dose), ratio of post-radiotherapy (RT) to pre-RT flow is usually >0.25. Note, if either gland was highly spared (<10-15 Gy),
resulting salivary function will usually be high, regardless of irradiation level of the other parotid gland (data originally

presented in Blanco ef al. [6], but redrawn here).

5. FACTORS AFFECTING RISK

Non-dose—volume factors could affect the risk of xerosto-
mia. Nondosimetric patient factors (e.g., gender and age) and
the use of chemotherapy have typically not correlated with
xerostomia risk. However, pretreatment salivary function
and medications affecting salivary function can affect the
risk of xerostomia.

6. MATHEMATICAL MODELING

Several investigators have tried to fit dose, volume, and
complication risk data to a sigmoidal response function.
This mirrors the local function curve derived from imaging
measurements (Fig. 4). The Lyman-Kutcher-Burman volume
effect parameter, n, is typically set to 1, although the best-fit
value of n has sometimes been reported to be either less (6) or
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Fig. 2. Mean percentage of reduction in stimulated salivary flow
rate vs. mean parotid gland dose for different follow-up durations
(8, 10, 12, 14, 15, 16). Follow-up durations of 1, 6, and 12 months
represent ranges of 1-1.5, 67, and 12 months, respectively. Linear
fits of data from different follow-up intervals shown. Dose-response
effect appears present at all times, with shift of data to right with
time, suggesting functional repair or regeneration.

greater (14) than 1. Chao et al. (4) fit stimulated whole mouth
salivary function to a sum of two exponentials, representing
contributions from both glands. Single gland function at 6
months was approximately given by exp(—0.054 X mean
gland dose) (2). This model neglects the known submandib-
ular gland contributions, however, which might cause it to
overestimate the reduction at low mean doses (mean dose,
<15 Gy). More complicated models have shown only minor
improvements (6). Consistent with this, patient-specific flow
predictions using mean gland doses have significant uncer-
tainties (21). The function of the parotid glands should be
modeled separately, because the glands seem to respond in-
dependently (Fig. 1).

Fraction size effects on salivary function

Detailed studies addressing fractionation have been lim-
ited, with conflicting results. In rats, Franzen et al. (22) esti-
mated the o/ ratio for early effects to be high, =20 Gy. The
clinical Continuous hyperfractionated accelerated radiother-
apy (CHART) experience has suggested that hyperfractiona-
tion has a protective effect on late function, consistent with
a low «/f ratio (23). However, in rhesus monkeys, acini
cell number reduction at 16 weeks after RT was worse for
CHART hyperfractionation than for conventional fraction-
ation to a similar dose (24), consistent with a relatively
high «/f ratio. Thus, it might be that acute effects have
a high /@ ratio and late damage (dependent on stem cell
recovery [25]) has a low «/( ratio.

Possible intragland sensitivity variations

Function and response are typically assumed to be uniform
throughout the parotid gland. However, this might not be ac-
curate. In rats (26), RT to the cranial half produced more
functional loss than RT to the caudal half. This finding relates
to the specific anatomy of the rat parotid gland, in which the
saliva from the caudal part flows through the cranial part and
is therefore affected by damage to the cranial ductules.
Although human parotid gland anatomy is more complex,
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Fig. 3. Reported tissue dose required for 50% response for loss of
stimulated saliva flow after radiotherapy (RT) (2, 6, 10, 14-20)
for single parotid gland. Endpoint considered in reports was salivary
flow reduction to <25% (black symbols) or <50% (gray symbols) of
pretreatment value. Tissue dose required for 50% response defined
as dose at which 50% of patients developed complications. Error
bars (if shown) indicate 95% confidence intervals; refer to original
publications for exact meaning. 95% Confidence intervals for stud-
ies by Munter et al. (19, 20) were estimated from standard errors
provided. Lines connect points from data sets with measurements
taken at more than one interval after radiotherapy. Most studies
used salivary gland scintigraphy. Some studies measured physical
production (ipsilateral salivary flow or whole salivary flow; marked
with “I”” or “W”, respectively). Data from Buus et al. (2) (which
did not include preradiotherapy assessments) derived by comparing
different regions of parotid gland that had received different doses.
Each label gives number of patients. Note, most imaging-derived
endpoint data had greater values for tissue dose required for 50% re-
sponse (TD50) than measured salivary data. CRT = conformal ra-
diotherapy; IMRT = intensity-modulated radiotherapy.

it is possible that similar phenomena occur in humans, and
this might be the cause of some of the variation in the
reported mean dose TD50 values.

7. SPECIAL SITUATIONS

Submandibular gland sparing can reduce the risk of both
stimulated and unstimulated xerostomia (27). Jellema et al.
(28) reported that the mean dose to the parotid glands and
the mean dose to the submandibular glands were both se-
lected on multivariate analysis for patient-reported xerosto-
mia. A hypothetical patient receiving a mean dose of 30 Gy
to the parotid glands was estimated to have the risk of xero-
stomia decrease by =20% if the mean dose to the subman-
dibular gland was 0 Gy compared with 50 Gy. Similarly,
surgical transfer of the submandibular gland out of the
high-dose radiation field was reported to spare = 30% of pre-
treatment stimulated salivary function (29). Regarding the
dose response, Murdoch-Kinch et al. (30) reported that sub-
mandibular gland-stimulated salivary function decreased sig-
nificantly after a mean dose of >40 Gy. It is, therefore, not
clear whether the parotid and submandibular glands have
the same dose—volume response characteristics.

100 1 %0 & ¢
.

Parotid gland function (percent)

Radiation dose (Gy)

Fig. 4. Population-based dose vs. local function response (salivary
function at rest) from imaging study by Buus ez al. (2). Local func-
tional decline in metabolic clearance of parotid salivary glands vs.
local dose, according to voxel-by-voxel estimated time-activity
curves of intravenously injected Cl1-methionine. Data points
from 12 patients shown, along with best-fit curve and 95% confi-
dence intervals of curve fit. Individual gland curves reported by
Buus et al. (2) deviated significantly from this population average
curve (reproduced from Buus et al. [2], used with permission.)
This population curve demonstrated functional decline in salivary
function even at low doses.

The mean dose to the oral cavity (containing minor sali-
vary glands) has been found to be an independent risk factor
in some data sets (7) but not others (25), probably because of
technique differences.

The chemical modifier amifostine, is a radioprotector and
has recently been shown to reduce the rates of xerostomia.
Although quantitative data are sparse, Munter et al. (31)
noted that amifostine significantly increased the combined
parotid and submandibular gland tolerance dose for scinti-
graphically measured clearance dysfunction, by a mean
dose of approximately 9 Gy.

8. RECOMMENDED DOSE-VOLUME LIMITS

Sparing at least one parotid gland appears to eliminate xe-
rostomia (Fig. 1), and sparing at least one submandibular
gland also appears to reduce xerostomia risk and increase
stimulated and unstimulated salivary function. Some of the
reduction in stimulated salivary function in Fig. 1 also re-
sulted from consistently irradiated submandibular glands. Se-
vere xerostomia (long-term salivary function <25% of
baseline) can usually be avoided if at least one parotid gland
has been spared to a mean dose of less than =20 Gy or if both
glands have been spared to a mean dose of less than =25 Gy.

For complex partial volume RT patterns (e.g., intensity-
modulated RT), the mean dose to each parotid gland should
be kept as low as possible, consistent with the desired clinical
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target volume coverage. A lower mean dose to the parotid
gland usually results in better function, even for relatively
low mean doses (<10 Gy). Similarly, the mean dose to the
parotid gland should still be minimized, consistent with ade-
quate target coverage, even if one or both cannot be kept to
a threshold of <20 or <25 Gy. Published variations in re-
sponse among different patient cohorts were probably related
to the lack of an accurate model that correctly includes the ef-
fects of multiple salivary glands and intragland sensitivity
variations. When it can be deemed oncologically safe, sub-
mandibular gland sparing to modest mean doses (<35 Gy
to see any effect) might reduce xerostomia symptoms.

9. FUTURE TOXICITY STUDIES

To improve patient-specific predictions, several questions
need additional research:

1. Whether partial sparing (achievable with intensity-modu-
lated RT) of the submandibular glands or minor glands
within the oral cavity will have a positive effect on pa-
tients’ QOL

2. Whether the (arbitrary) 25% salivary threshold is the best
quantitative measure with respect to the affects on patient
QOL
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3. Whether spatial/anatomic variations exist in the local radi-
ation effect

4. Whether parotid gland shrinkage during RT should be
explicitly accounted for in functional predictions

5. How submandibular sparing should be incorporated into
predictive salivary function models

6. The quantitative effect on xerostomia of oral cavity
sparing

7. The effect of the radioprotector amifostine on whole
mouth salivary function

8. The reason imaging endpoints result in greater TD50
values than direct salivary measurements

An overarching goal is the validation of an accurate predic-
tive salivary function model. This will probably require com-
bining multiple institutional or cooperative group data sets.

10. TOXICITY SCORING

To best define xerostomia, we recommend that an observer-
based system (e.g., the Common Terminology Criteria for
Adverse Events) be supplemented by a validated QOL mea-
surement device (e.g., the XQ (xerostomia questionnaire)
[7]) and/or salivary measurements (e.g., whole mouth-stimu-
lated measurements).
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