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Abstract 

Background:  Whole brain radiation (WBRT) may lead to acute xerostomia and dry eye from incidental parotid and 
lacrimal exposure, respectively. We performed a prospective observational study to assess the incidence/severity of 
this toxicity. We herein perform a secondary analysis relating parotid and lacrimal dosimetric parameters to normal 
tissue complication probability (NTCP) rates and associated models.

Methods:  Patients received WBRT to 25–40 Gy in 10–20 fractions using 3D-conformal radiation therapy without 
prospective delineation of the parotids or lacrimals. Patients completed questionnaires at baseline and 1 month post-
WBRT. Xerostomia was assessed using the University of Michigan xerostomia score (scored 0–100, toxicity defined 
as ≥ 20 pt increase) and xerostomia bother score (scored from 0 to 3, toxicity defined as ≥ 2 pt increase). Dry eye was 
assessed using the Subjective Evaluation of Symptom of Dryness (SESoD, scored from 0 to 4, toxicity defined as ≥ 2 pt 
increase). The clinical data were fitted by the Lyman–Kutcher–Burman (LKB) and Relative Seriality (RS) NTCP models.

Results:  Of 55 evaluable patients, 19 (35%) had ≥ 20 point increase in xerostomia score, 11 (20%) had ≥ 2 point 
increase in xerostomia bother score, and 13 (24%) had ≥ 2 point increase in SESoD score. For xerostomia, parotid 
V10Gy–V20Gy correlated best with toxicity, with AUC 0.68 for xerostomia score and 0.69–0.71 for bother score. The values 
for the D50, m and n parameters of the LKB model were 22.3 Gy, 0.84 and 1.0 for xerostomia score and 28.4 Gy, 0.55 
and 1.0 for bother score, respectively. The corresponding values for the D50, γ and s parameters of the RS model were 
23.5 Gy, 0.28 and 0.0001 for xerostomia score and 32.0 Gy, 0.45 and 0.0001 for bother score, respectively. For dry eye, 
lacrimal V10Gy–V15Gy were found to correlate best with toxicity, with AUC values from 0.67 to 0.68. The parameter values 
of the LKB model were 53.5 Gy, 0.74 and 1.0, whereas of the RS model were 54.0 Gy, 0.37 and 0.0001, respectively.

Conclusions:  Xerostomia was most associated with parotid V10Gy–V20Gy, and dry eye with lacrimal V10Gy–V15Gy. NTCP 
models were successfully created for both toxicities and may help clinicians refine dosimetric goals and assess levels 
of risk in patients receiving palliative WBRT.
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Background
Whole brain radiation (WBRT) is a common treat-
ment for patients with brain metastases [1–6]. Many 
patients who receive WBRT have a poor prognosis, and 
it is important to minimize both acute and late toxicities. 
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Commonly-acknowledged consequences of WBRT 
include neurocognitive effects, fatigue, and hair loss 
[7–9].

More-recently, in a prospective study, we reported that 
patients receiving standard WBRT (without prospective 
delineation of the parotid or lacrimal glands) resulted 
in clinically-significant acute xerostomia and dry eye 
in roughly 35% and 25% of cases, respectively with tox-
icity rates associated with glandular doses [1, 10]. In 
those reports, a summary of the reported toxicities was 
provided together with a statistical analysis of their cor-
relation against given dose volume metrics. However, 
as there are no prior studies reporting NTCP model 
parameter values for these acute toxicities, we performed 
additional dosimetric analyses including normal tissue 
complication probability (NTCP) modelling. Different 
groups in research and clinical domain are more familiar 
with and prone to use a given NTCP model. For this rea-
son, in this study, parameter values were derived for two 
popular NTCP models in order to facilitate such groups 
incorporate NTCP metrics for the examined toxicities 
in their analyses. Also, dose thresholds were identified in 
this study, which seeks to generate risk assessment tools 
to aid in clinical decision making.

Methods
Patient selection, treatment and OAR delineation
Patients were treated with WBRT on a prospective, IRB-
approved study (ClinicalTrials.gov #NCT02682199), 
with details of study procedures previously reported [1, 
10]. In brief, patients were eligible if they were planned 
to receive WBRT for any indication using 3D planning to 
a total dose of 25–40  Gy in 10–20 fractions, at 2–3  Gy 
per fraction. Patients provided written consent and were 
enrolled at one academic center and two affiliated com-
munity hospitals.

All patients were treated in the supine position using 
customized head-cast immobilization. Patients were 
treated using 3D planning without prospective deline-
ation of the parotid glands or lacrimal glands, though 
some providers delineated the globe and/or lens for 
avoidance. Using digitally-reconstructed radiographs, 
WBRT fields were designed based on bony anatomy and 
covered the entire skull and extended to the inferior bor-
der of the C1 or C2 vertebrae [1].

The bilateral parotid and lacrimal glands were retro-
spectively delineated without knowledge of clinical out-
comes. Parotids were delineated using planning CT alone, 
whereas MRI fusion was used for lacrimal gland delinea-
tion. The dose volume histograms (DVH) were calculated 
for the bilateral parotid and lacrimal glands. DVH-based 
metrics were correlated with patient reported outcomes 
and definitions of toxicity as described below.

Definition of toxicity for xerostomia and dry eye
Patients completed xerostomia and dry eye question-
naires at baseline pre-WBRT, at the conclusion of WBRT, 
and at 1, 3, and 6 months post-WBRT. All toxicity analy-
ses refer to outcomes at 1 month (1M) post-WBRT, which 
was the prospectively-specified primary time point. To 
allow NTCP modelling, clinically significant toxicity was 
defined as a binary variable using threshold worsening of 
patient-reported symptom scores, as described below.

For xerostomia, patients completed the validated Uni-
versity of Michigan Xerostomia Questionnaire (xerosto-
mia score), calculated using eight questions each scored 
from 0 to 10 and linearly converted to a 100-point scale, 
with higher scores representing worse symptoms [11–
13]. Patients also completed a 2-question xerostomia 
bother score that assessed the degree to which xerosto-
mia bothered patients while eating and while not eating 
[11]. Each bother question was answered on a 4-point 
Likert scale (0: Bothered not at all, 1: Bothered a little 
bit, 2: Bothered quite a bit, and 3: Bothered very much) 
adapted from the EORTC QLQ-H&N35 head and neck 
cancer-specific QOL questionnaire [11, 14]. The higher 
score of the two bother questions was considered the 
overall bother score at that time point. Two definitions of 
clinically significant toxicity were used for the xerostomia 
analysis: (1) ≥ 20 point increase in xerostomia score and 
(2) ≥ 2 point increase in xerostomia bother score [11]. 
Regarding those two scores, as it has been reported in the 
literature and has been confirmed by our data, lower lev-
els of increase from baseline were characterized by large 
variability. However, for the levels that we used in this 
study the responses were more stable over time consti-
tuting a clear worsening of the symptoms from baseline. 
The results and analysis of xerostomia using bother score 
are presented in the “Appendix”.

For dry eye, patients completed the Subjective Evalu-
ation of Symptoms of Dryness (SESoD) [1, 15–17]. The 
SESoD is a single question assessing the presence and 
significance of dry eye and is scored on a 5-point Lik-
ert scale (0: None, 1: Minimal, 2: Mild, 3: Moderate, 4: 
Severe).

Clinically significant toxicity was defined as a ≥ 2 point 
increase in SESoD score [1].

Radiobiological models
Physical dose distributions were converted to equivalent 
doses of 2 Gy per fraction (EDQ2Gy) using an α/β value of 
3 Gy [18–20]. For each organ, the corresponding general-
ized equivalent uniform doses were calculated (gEUD2Gy) 
[21, 22]. The clinical data relating to the observed rate of 
NTCP was used to calculate the model parameters for 
both the Lyman–Kutcher–Burman (LKB) model [23, 24] 
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and the relative seriality (RS) [25]. The basic parameters 
of each model are: D50 (or TD50), which is the dose for 
a complication rate of 50%, the slope (gradient) of the 
dose response curve (m for LKB and γ for RS), and the 
parameter that accounts for the volume dependence of 
the organ (n for LKB and s for RS). From the formula-
tion of the RS model, the biologically effective uniform 
dose ( D ) is derived. D is the dose that causes exactly the 
same normal tissue complication probability as the real 
dose distribution [26]. The mathematical formulations of 
NTCP models and biological doses are provided in the 
“Appendix”. In the figures and tables presenting results of 
the NTCP models, equivalent to 2 Gy per fraction doses 
are used otherwise the physical doses are shown.

Statistical methods
For the two NTCP models, the parameter values and 
their 95% confidence intervals were determined using 
the maximum likelihood method [18, 27, 28]. The fitting 
calculations were performed through the use of a mini-
mization package (MINOS) [29]. The confidence inter-
vals of the model parameters were determined using the 
profile likelihood method. The ability of the NTCP mod-
els to distinguish patients with and without the exam-
ined symptoms was evaluated using the area under the 
curve (AUC) measure, which is used as a summary of the 
ROC curve [18, 30]. The goodness-of-fit of the different 
NTCP models was assessed through the Hosmer–Leme-
show test [31]. Additionally, the Odds Ratio (OR) method 
was applied to identify NTCP thresholds beyond which 
the risk of toxicity increases significantly [18, 32]. Those 
thresholds were identified in three steps. First, we iden-
tified the thresholds for which the OR values are larger 
than 1 and sorted them by OR value (largest to lowest); 
second, we identified the thresholds for which the low 
limit of the 95% confidence interval (95% CI) is larger 
than one; and third, we identified the threshold with the 
smallest 95% CI.

Results
100 patients were enrolled and treated between 2015 
and 2018, of whom 55 and 54 were eligible for the analy-
ses of 1-month xerostomia and dry eye, respectively (45 
patients were prospectively excluded from analysis due to 
lack of baseline score or baseline SESoD score ≥ 3, or did 
not complete WBRT, or did not complete any follow-up 
questionnaires at 1 month post-RT). Patient characteris-
tics are shown in Table 1.

Most patients received 30  Gy in 10 fractions (58%) 
or 35  Gy in 14 fractions (31%). For the xerostomia 
analysis, clinically significant toxicity was observed 
in 19 patients (35%) who had a ≥ 20 point increase in 

xerostomia score. For the dry eye analysis, clinically 
significant toxicity was observed in 13 patients (24%) 
who had a ≥ 2 point increase in SESoD score.

Figure 1 shows a coronal view of the spatial dose dis-
tribution for a representative patient in the plans of the 
parotid and lacrimal glands, respectively. It also illus-
trates the bilateral parotid and lacrimal dose volume 
histograms (DVHs) for patients with and without toxic-
ity. Table  2 presents average OAR mean and volumet-
ric dose in patients with and without toxicity. Figure 2 
shows the areas under the ROC curves (AUC) for dif-
ferent parotid and lacrimal dose volume metrics for 
their corresponding toxicity endpoints.

For xerostomia, the AUC values for Dmean and V20Gy 
of the parotid glands were 0.64 and 0.68, respectively. 
Patients with parotid V20Gy ≥ 49% had 8.6 (95% CI: 
2.4–30.8) times higher risk for clinically significant tox-
icity as defined using xerostomia score (this cutoff was 
determined using the Odds Ratio method).

For dry eye, the AUC value for Dmean to the lacrimal 
glands was 0.60, whereas the dose–volume indices in 
the range V6Gy–V15Gy were found to correlate best with 
toxicity with AUC values ranging between 0.65 and 
0.68. Patients with lacrimal V15Gy ≥ 80% had a 5.8 (95% 
CI 1.1–29.4) times higher risk for clinically significant 

Table 1  Patient characteristics (n = 55) [1]

ECOG PS Eastern Cooperative Oncology Group Performance Status, RT radiation, 
Gy gray

Patient characteristics

Age, median (range), y 61 (23–82)

Primary diagnosis

 Breast cancer 9 16%

 Lung cancer 37 67%

 Melanoma 4 7%

 Other 5 9%

ECOG PS

 0 17 31%

 1 27 49%

 2 9 16%

 3 2 4%

On baseline steroids 31 56%

On baseline narcotics 24 44%

On baseline anticholinergics 24 44%

Post-RT chemo before 1 month 29 53%

Fractionation scheme

 2.5 Gy × 10 = 25 Gy 3 6%

 3 Gy × 10 = 30 Gy 32 58%

 2 Gy × 15 = 30 Gy 1 2%

 2.5 Gy × 14 = 35 Gy 17 31%

 2 Gy × 20 = 40 Gy 2 4%
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Fig. 1  Upper: the spatial dose distribution of a representative patient and DVHs of the combined parotid glands for patients with (red solid lines) 
versus without (green dotted lines) clinically significant xerostomia defined using xerostomia score (≥ 20 point worsening in xerostomia score). 
Lower: the spatial dose distribution of a representative patient and DVHs of the combined lacrimal glands for patients with versus without clinically 
significant dry eye (≥ 2 point worsening in SESoD score). The isodose lines represent percentages of the prescription dose (30 Gy)

Table 2  Average dosimetric parameters for patients with and without toxicity

std. dev. standard deviation

Endpoint Xerostomia

Toxicity No toxicity

Number of patients 19 36

Parotid mean ± std. dev. (Gy) 16.2 ± 6.2 13.8 ± 4.7

Parotid V20 ± std. dev. (%) 43.0 ± 19.5 34.6 ± 15.7

Endpoint Dry eye

Toxicity No toxicity

Number of patients 13 41

Lacrimal mean ± std. dev. (Gy) 26.6 ± 4.9 25.0 ± 6.7

Lacrimal V15 ± std. dev. (%) 86.3 ± 15.7 78.3 ± 19.7
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toxicity (this cutoff was determined using the Odds 
Ratio method).

Results for NTCP modelling parameters using LKB and 
RS methods are shown in Table 3, for xerostomia and dry 
eye, respectively. Figure 3 shows the parotid and lacrimal 
dose response curves generated using these models, for a 
range of gEUD and D doses (for the LKB and RS models, 
respectively). Overall results for the NTCP modelling, 

AUC analysis, and assessment of statistical significance 
are summarized in Table  4 for xerostomia and dry eye, 
respectively. The goodness of fit of the NTCP models was 
evaluated by the Hosmer–Lemeshow test, which showed 
that the p values of the LKB and RS models were 0.35 
for xerostomia and 0.52 for dry eye, respectively. Both 
values are larger than 0.05, so the null hypothesis that 
the observed and expected response rates are the same 
across all doses cannot be rejected.

Discussion
In this analysis, we expanded on our recent reports [1, 
10] by creating NTCP models and refining the dosimet-
ric relationships linking parotid dose to xerostomia and 
lacrimal dose to dry eye in patients receiving WBRT. The 
dose–volume metrics V13Gy–V23Gy and V6Gy–V15Gy of the 
parotid and lacrimal glands were best correlated with the 
endpoints of xerostomia and dry eye, respectively (see 
Fig. 2). The AUC values of those dose metrics are close to 
the AUC values of Dmean for both organs (parotid and lac-
rimal glands). This is because they demonstrate a paral-
lel-like volume effect against the endpoints of xerostomia 
and dry eye, respectively. In both cases, the respective 
V20 and V15 metrics showed higher AUC values but not 
at a statistically significant level.

The OR values that are reported here are the high-
est values, which are also statistically significant (lower 
limit of the 95% CI should be larger than one) and have 
the have the smallest confidence interval. However, it has 
to be stated that the accompanied thresholds depend on 
the cohort characteristics (e.g. distribution of dose val-
ues among patients). Those results have an immediate 
clinical applicability since they can be used as dose con-
straints in treatment plan optimization and evaluation.

In WBRT, the vast majority of patients are treated 
with parallel-opposed lateral fields. IMRT/VMAT are 
not well-accepted approaches since the cost and plan-
ning/QA time for IMRT/VMAT are far higher than for 

Fig. 2  Upper: AUC curves of the combined parotid glands for 
clinically significant xerostomia. Lower: AUC curves of the combined 
lacrimal glands for clinically significant dry eye. The x-axis refers to the 
dose (D) of the dose volume metric (VD) and has units of Gy

Table 3  Summary of the parameter values and 95% confidence intervals for the LKB and RS models of the parotid glands for the 
endpoint of xerostomia and lacrimal glands for dry eye

Parameters LKB model

D50 (Gy) m n

Xerostomia 23.4 (16.4–41.8) 0.89 (0.56–2.96) 1.0 (0.6–1.0)

Dry eye 61.2 (40.6–153.0) 0.77 (0.54–1.51) 1.0 (0.1–1.0)

Parameters Relative seriality model

D50 (Gy) γ s

Xerostomia 24.9 (16.5–48.2) 0.26 (0.00–0.49) 10–4 (10–5 to 7 × 10–4)

Dry eye 63.9 (39.9–142.9) 0.34 (0.14–0.54) 10–4 (10–5 to 7 × 10–4)
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opposed laterals, and given the clinical setting, might not 
be justified. In order to establish a closer dose–response 
relation for dry eye, the response of the individual eyes 
could be recorded. However, in most cases the status of 
the patient is not good. Getting good QOL data is chal-
lenging and asking questions about each eye separately 
would add mental burden on the patients.

For xerostomia, our findings are consistent with recent 
reports from radiotherapy of head and neck tumors find-
ing that parotid V20 correlates best with PRO-CTCAE 
scores [33]. For example, the difference in parotid mean 
dose between patients with vs. without xerostomia was 
only 2.4 Gy, whereas the difference in parotid V20Gy was 
8.4% (Table  2). A statistically significant threshold of 
V20Gy ≤ 47% corresponded to an odds ratio of 8.6 (95% CI 
2.4–30.8).

For dry eye, there are no good prior studies for com-
parison. More specifically, although there are a couple of 

Fig. 3  Upper: dose response curves for the parotid glands and clinically significant xerostomia. Lower: dose response curves for the lacrimal glands 
and clinically significant dry eye. The dashed lines correspond to the 95% confidence intervals of the dose response curves. The individual binary 
response data are shown as open circles. The doses on the x-axis correspond to gEUD and D (for the LKB and RS models, respectively). The shaded 
histograms represent the response rates as a function of mean dose to the parotid or lacrimal glands, respectively

Table 4  Summary of the results from the fit of the two normal 
tissue complication probability models for xerostomia and dry 
eye. AUC = area under the curve. Response rate is the average 
of the response rates predicted by the models. OR = Odds ratio. 
Threshold doses refer to gEUD and D (for the LKB and RS models, 
respectively). The p value was calculated using the two sample 
t-test for the patient subgroups above and below the dose 
threshold (the null hypothesis is that the true mean difference is 
zero)

Parameters Response 
rate (%)

AUC​ Odds ratio p value

Threshold (Gy) OR (95% CI)

LKB model

Xerostomia 34.7 0.67 20 5.6 (1.5–20.6) 0.03

Dry eye 24.1 0.57 27 2.6 (0.6–10.9) 0.09

Relative seriality model

Xerostomia 34.6 0.67 20 5.8 (1.5–23.2) 0.03

Dry eye 24.1 0.56 27 2.6 (0.6–10.9) 0.09
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studies performing NTCP modeling for lacrimal glands, 
neither of those use the LKB and RS models or have the 
same or a similar clinical endpoint [e.g. Bhandare et  al. 
use a different model (Logit) and a different toxicity end-
point (ophthalmologic diagnosis of severe DES)] [34]. In 
our analysis, the same pattern was found as with xeros-
tomia in that volumetric dose metrics were also better 
correlated with toxicity than mean doses. For example, 
in our group, the mean lacrimal dose difference between 
patients with vs. without dry eye was only 1.6  Gy, 
whereas the difference in lacrimal V15Gy was 8%. A statis-
tically significant threshold of V15Gy ≤ 80% corresponded 
to an odds ratio of 4.4 (95% CI 1.3–15.4).

There are many studies reporting NTCP model param-
eters for xerostomia after head and neck radiotherapy. 
The values of the NTCP model parameters we computed 
for the same endpoint but after WBRT are not very dif-
ferent than those reported in the literature. When the 
later ones were applied to the present dataset many of 
them were found compatible producing similar AUC and 
OR values with the fitted model parameters. The reason 
is that the previously published model parameter values 
fall within the confidence intervals of the derived values 
(see Tables  3, 5). For the parameter sets that were not 
found compatible, there are several potential reasons to 
explain this difference. First, most prior reports address 
patients with head and neck cancer, and the character of 
the 3D dose distribution is very different in the setting of 
WBRT. More specifically, dose fall off inside the volume 
of parotids is more pronounced in the case of head and 
neck radiotherapy.

Second, most prior studies have used physician-scored 
toxicity (CTCAE), while the current study uses PRO 
[35–38]. It is generally understood that providers might 
underestimate the rate/severity of toxicities. In this light, 
the differences between our results and the prior studies 

(see Table  5) are logical as lower values for TD50, and 
higher values for m, and higher values for n would be 
associated with predicting a higher rate of toxicity (as our 
use of PROs would be expected to yield higher risk rates). 
Interestingly, our computed parameters are close to 
parameters derived from our recent analysis of patient-
reported symptoms (PRO-CTCAE) in patients with head 
and neck cancer as presented in Table 5 [33]. This agree-
ment suggests that the models might be reasonably appli-
cable across a broad range of 3D-dose/volume characters.

Third, most prior studies have considered the dose/
volume metrics for the contralateral parotid alone (since 
there is usually/often no attempt made to spare the ipsi-
lateral parotid gland), where we considered both parotids 
as a pooled single structure in the setting of WBRT.

We found that both the LKB and RS NTCP mod-
els were able to be fitted to the clinical xerostomia data 
(Table  4), with similar goodness-of-fit. Indeed, the 
threshold doses for xerostomia in both NTCP models 
were identical (18  Gy). This is similar to what has been 
found in other studies where both models provide a rea-
sonable fit to the data [23, 35].

The results of xerostomia based on bother score have 
very similar pattern with those based on Michigan Ques-
tionnaire. More specifically, both scoring systems have 
almost the same V20Gy and Odds ratio statistics. However, 
the NTCP model values show some deviation (TD50/D50 
values are higher and m/γ values are lower for bother 
score).

For dry eye, there is minimal published dose/volume 
data/modelling results to which we can compare our 
findings. As with the parotids, the threshold doses for dry 
eye were similar for the two models (28 Gy for the gEUD 
in the LKB and 25 Gy for the D in the RS). Although the 
data show that there an increased risk for dry eye beyond 
those threshold doses, the OR results were not statisti-
cally significant. This means that a more conservative 
approach should be followed regarding the use of those 
threshold doses in the clinic.

In this study, serial observations were collected (from 
1 to 6  months) aiming at analyzing the dependence of 
velocity and extent of symptom resolution on dose. 
Unfortunately, the follow-up data at 3 and 6 months are 
sparse to allow a valid statistical analysis. More specifi-
cally, the available follow-up data were 55, 33 and 28 at 1, 
3 and 6 months, respectively.

Our study has several limitations. First, we did not con-
sider provider-defined toxicity scoring. Nevertheless, we 
think our approach is reasonable as there is increasing 
recognition of the importance of patient-reported out-
comes [35]. Second, the definition of a significant toxic-
ity was somewhat subjective (e.g., a threshold symptom 
score increase from baseline). However, this a common 

Table 5  Summary of the parameter values that have been 
reported by different groups for the LKB model, regarding the 
endpoint of xerostomia. The difference between the physician-
scored (CTCAE) patient-reported (PRO-CTCAE) scoring systems 
is also indicated. Those model parameter sets were applied on 
the current dataset and the corresponding AUC, OR (with 95% 
confidence interval and dose threshold) values were calculated

Parameters D50 (Gy) m n AUC​ OR (95% CI)|thres

CTCAE

Burman et al. [36] 46.0 0.18 0.7 0.53 0.0 (–)|–

Roesink et al. [37] 39.0 0.45 1.0 0.66 5.1 (1.1–23.4)|21

Braam et al. [38] 42.0 0.37 1.0 0.66 8.0 (1.8–35.6)|20

PRO-CTCAE

Mavroidis et al. [35] 21.9 0.78 1.0 0.67 5.8 (1.5–23.2)|20
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approach that has been used by other groups using 
patient-reported outcomes, and it is reasonable since it 
inherently acknowledges the importance of considering 
baseline status [35]. This is particularly important in our 
setting since many patients with brain metastases requir-
ing WBRT would have received prior systemic therapies 
that might impact these symptoms. Third, the total num-
ber of patients and events was modest. A rule of thumb 
in modelling is to have 10 events per parameter in the 
dataset. When this rule breaks, the results show large 
confidence intervals. However, in our case this is reason-
able as the study was prospective, and to our knowledge 
this is one of the largest studies of its kind to address this 
issue in the setting of WBRT.

Finally, it is known that all the existing NTCP models 
have inherent limitations. These models do not account 
for biological mechanisms (cell redistribution, re-oxy-
genation, etc.) that may have an impact on treatment 
outcome. Further, such models do not consider the spa-
tial distribution of dose, and hence ignore the possibil-
ity that there may be particularly-important regions of 
such “parallel organs” in determining clinical response 
[39]. Despite these uncertainties, the correlations of the 
model-based NTCP values with clinical outcome data 
were fairly good.

Conclusions
In conclusion, we created NTCP models that reasonably-
well fit acute parotid and lacrimal gland toxicity after 
WBRT. These models and their findings may help estab-
lish levels of risk for these acute toxicities and help clini-
cians determine reasonable dosimetric goals to maintain 
quality of life in patients receiving palliative WBRT. 

Further investigations are needed to refine/confirm these 
model-based estimates.

Appendix
Analysis using bother score for xerostomia
Figure 4 shows bilateral parotid dose volume histograms 
(DVHs) for patients with and without toxicity based on 
bother score. Table 6 presents average parotid mean and 
volumetric dose in patients with and without toxicity. 
Figure  5 shows the areas under the ROC curves (AUC) 
for different parotid dose volume metrics for xerosto-
mia using bother score. Table  7 presents a summary of 
the parameter values and 95% confidence intervals for 
the LKB and RS models of the parotid glands for the 
endpoint of xerostomia using the bother score and Fig. 6 
schematically illustrates the corresponding dose response 
curves.

Table 8 presents a summary of the results from the fit 
of the two normal tissue complication probability models 
for xerostomia using the bother score. Clinically signifi-
cant toxicity was observed in 11 patients (20%) who had 

Fig. 4  The DVHs of the combined parotid glands for patients 
with (red solid lines) versus without (green dotted lines) clinically 
significant xerostomia defined using the bother score (right, ≥ 2 point 
worsening in bother score)

Table 6  Average dosimetric parameters for patients with and 
without toxicity

std. dev. standard deviation

Endpoint Xerostomia bother score

Toxicity No toxicity

Number of patients 11 44

Parotid mean ± std. dev. (Gy) 17.2 ± 6.7 14.0 ± 4.8

Parotid V20 ± std. dev. (%) 45.5 ± 19.4 35.5 ± 16.5

Fig. 5  Upper: AUC curves of the combined parotid glands for 
clinically significant xerostomia as defined using the bother score



Page 9 of 11Mavroidis et al. Radiat Oncol           (2021) 16:56 	

a ≥ 2 point increase in xerostomia bother score. The AUC 
values for Dmean and V20Gy of the parotid glands were 0.65 
and 0.69, respectively. Patients with parotid V20Gy ≥ 49% 

had 9.1 (95% CI 2.0–40.7) times higher odds of clini-
cally significant toxicity as defined using bother score. 
The goodness-of-fit of the NTCP models was evaluated 
by the Hosmer–Lemeshow test, which showed that the 
p values of the LKB and RS models were 0.31 and 0.30, 
respectively for the xerostomia bother score. This value is 
larger than 0.05, so the null hypothesis that the observed 
and expected response rates are the same across all doses 
cannot be rejected.

NTCP model fitting validation using bootstrapping
In order to further validate the NTCP fitting results, an 
internal sensitivity analysis was performed using boot-
strapping. More specifically, we created 1000 bootstrap 
(with replacement) samples from the original dataset 
and applied the fitted NTCP model parameters. Then, 
we calculated the AUC and OR values for each sample. 
Finally, we calculated the average values and 95% confi-
dence intervals. Also, using those 1000 bootstrap samples 
we performed a similar analysis for the V20 and V15 dose 
volume metrics for xerostomia and dry eye, respectively. 
The results of the analysis are shown in Tables 9 and 10.

Table 7  Summary of the parameter values and 95% confidence intervals for the LKB and RS models of the parotid glands for the 
endpoint of xerostomia using the bother score

Parameters LKB model

D50 (Gy) m n

Xerostomia bother score 30.2 (22.3–50.6) 0.58 (0.40–0.96) 1.0 (0.6–7.0)

Parameters Relative seriality model

D50 (Gy) γ s

Xerostomia bother score 34.3 (24.0–61.4) 0.42 (0.23–0.61) 10–4 (10–5 to 7 × 10–4)

Fig. 6  Upper: Dose response curves for the parotid glands and 
clinically significant xerostomia using the bother score. The solid line 
correspond to the LKB model and dashed line correspond to the RS 
model. The doses on the x-axis correspond to gEUD and D (for the 
LKB and RS models, respectively)

Table 8  Summary of the results from the fit of the two normal tissue complication probability models for xerostomia using the bother 
score. AUC = area under the curve. Response rate is the average of the response rates predicted by the models. OR = Odds ratio. The p 
value was calculated using the two sample t-test for the patient subgroups above and below the dose threshold (the null hypothesis is 
that the true mean difference is zero)

Parameters Response rate (%) AUC​ Odds ratio p value

Threshold (Gy) OR (95% CI)

LKB model

Xerostomia bother score 20.1 0.69 20 5.3 (1.2–22.9) 0.009

Relative seriality model

Xerostomia bother score 20.0 0.68 19 6.8 (1.6–28.4) 0.001
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the volume dependence of the organ (for the RS model); m: Parameter that 
accounts for the volume dependence of the organ (for the LKB model); IMRT: 
Intensity modulated radiotherapy; VMAT: Volumetric modulated arc therapy; 
AUC​: Area under the curve; ROC: Receiver operating characteristic; OR: Odds 
ratio; PRO: Patient-reported outcomes; CTCAE: Common Terminology Criteria 
for Adverse Events.

Acknowledgements
Not applicable.

Authors’ contributions
PM, and KW contributed conception and design of the study. KAP, DHM and 
VX organized the database. PM performed the statistical analysis. PM wrote 
the first draft of the manuscript. TJR, AAW, CJS, and KW wrote sections of the 

manuscript. LBM, SD, and BSC read and revised the manuscript. All authors 
contributed to the article and approved the submitted version.

Funding
The study was supported by Lineberger Cancer Center, University of North 
Carolina at Chapel Hill.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The studies involving human participants were reviewed and approved by the 
University of North Carolina at Chapel Hill Ethics Committee. The patients/par-
ticipants provided their written informed consent to participate in this study. 
Written informed consent was obtained from the individual(s) for the publica-
tion of any potentially identifiable images or data included in this article.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 3 January 2021   Accepted: 12 March 2021

References
	1.	 Wang K, Tobillo R, Mavroidis P, et al. Prospective assessment of patient-

reported dry eye syndrome after whole brain radiation. Int J Radiat Oncol 
Biol Phys. 2019;105:765–72.

	2.	 Modh A, Burmeister C, Elshaikh MA, Siddiqui F, Siddiqui S, Shah MM. 
Radiation utilization trends in the treatment of brain metastases from 
non-small cell lung cancer. Int J Radiat Oncol Biol Phys. 2017;99:E94.

	3.	 Trifiletti DM, Sheehan JP, Grover S, et al. National trends in radiotherapy 
for brain metastases at time of diagnosis of non-small cell lung cancer. J 
Clin Neurosci. 2017;45:48–53.

	4.	 Rydzewski NR, Khan AJ, Strauss JB, Chmura SJ. Mortality after stereotactic 
radiosurgery for brain metastases and implications for optimal utilization: 
a national cancer database study. Am J Clin Oncol. 2018;41:1142.

	5.	 Sandler KA, Shaverdian N, Cook RR, et al. Treatment trends for patients 
with brain metastases: does practice reflect the data? Cancer. 
2017;123:2274–82.

	6.	 Li J, Brown PD. The diminishing role of whole-brain radiation therapy in 
the treatment of brain metastases. JAMA Oncol. 2017;3:1023–4.

	7.	 Wong J, Hird A, Zhang L, et al. Symptoms and quality of life in cancer 
patients with brain metastases following palliative radiotherapy. Int J 
Radiat Oncol Biol Phys. 2009;75:1125–31.

	8.	 Caissie A, Nguyen J, Chen E, et al. Quality of life in patients with brain 
metastases using the EORTC QLQ-BN20+2 and QLQ-C15-PAL. Int J Radiat 
Oncol Biol Phys. 2012;83:1238–45.

	9.	 Steinmann D, Paelecke-Habermann Y, Geinitz H, et al. Prospective evalu-
ation of quality of life effects in patients undergoing palliative radiother-
apy for brain metastases. BMC Cancer. 2012;12:283.

	10.	 Wang K, Pearlstein KA, Moon DH, et al. Assessment of risk of xerostomia 
after whole-brain radiation therapy and association with parotid dose. 
JAMA Oncol. 2019;5:221–8.

	11.	 Mavroidis P, Pearlstein KA, Moon DH, et al. NTCP modeling of xerostomia 
related to parotid dose from whole-brain radiation therapy. Int J Radiat 
Oncol Biol Phys. 2019;105:E795.

	12.	 Eisbruch A, Kim HM, Terrell JE, Marsh LH, Dawson LA, Ship JA. Xerostomia 
and its predictors following parotid-sparing irradiation of head-and-neck 
cancer. Int J Radiat Oncol Biol Phys. 2001;50:695–704.

	13.	 Meirovitz A, Murdoch-Kinch CA, Schipper M, Pan C, Eisbruch A. Grad-
ing xerostomia by physicians or by patients after intensity-modulated 

Table 9  Bootstrap results for the fitted dose volume metrics for 
xerostomia and dry eye. AUC = area under the curve. Response 
rate is the average of the response rates predicted by the models. 
OR = Odds ratio. The unit of threshold is percentage

Parameters AUC (95% CI) OR (95% CI) Threshold (95% CI)

V20

Xerostomia-Mich-
igan

0.68 (0.50–0.85) 7.5 (3.3–17.8) 52.3 (47.0–59.0)

Xerostomia-Bother 0.70 (0.48–0.90) 7.8 (2.6–15.3) 52.8 (48.0–61.0)

V15

Dry eye 0.64 (0.46–0.82) 5.3 (1.7–11.0) 89.0 (82.0–96.0)

Table 10  Summary of the results from the fit of the two normal 
NTCP models for xerostomia and dry eye. AUC = area under 
the curve. Response rate is the average of the response rates 
predicted by the models. OR = Odds ratio. Threshold represent 
values of gEUD for the LKB model and D for the RS model

Parameters AUC (95% CI) OR (95% CI) Threshold (95% CI)

LKB model

Xerostomia-Mich-
igan

0.67 (0.49–0.83) 7.5 (2.9–16.6) 20 (18–22)

Xerostomia-Bother 0.69 (0.47–0.89) 7.7 (2.1–15.4) 20 (17–23)

Dry eye 0.56 (0.39–0.74) 3.9 (1.0–10.0) 29 (25–35)

RS model

Xerostomia-Mich-
igan

0.67 (0.49–0.84) 7.1 (3.0–16.0) 20 (18–22)

Xerostomia-Bother 0.69 (0.46–0.89) 7.4 (1.9–15.4) 20 (17–22)

Dry eye 0.56 (0.39–0.73) 3.8 (1.0–10.0) 28 (25–35)



Page 11 of 11Mavroidis et al. Radiat Oncol           (2021) 16:56 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

radiotherapy of head-and-neck cancer. Int J Radiat Oncol Biol Phys. 
2006;66:445–53.

	14.	 Bjordal K, Hammerlid E, Ahlner-Elmqvist M, et al. Quality of life in head 
and neck cancer patients: validation of the European Organization for 
Research and Treatment of Cancer Quality of Life Questionnaire-H&N35. J 
Clin Oncol. 1999;17:1008–19.

	15.	 Simpson TL, Situ P, Jones LW, Fonn D. Dry eye symptoms assessed by four 
questionnaires. Optom Vis Sci. 2008;85:692–9.

	16.	 Simmons PA, Vehige JG, FCarlisle C, Felix C. Comparison of dry eye signs 
in self-described mild and moderate patients [abstract]. Investig Ophthal-
mol Vis Sci. 2003;44:2448.

	17.	 Vehige J, Simmons P, Feng Y, et al. Does the subjective evaluation of 
symptom of dryness (SESoD) as a single variable predict the severity 
of signs and symptoms of dry eye disease? [abstract #050067]. Paper 
presented at: Am Acad Optom2005.

	18.	 Mavroidis P, Pearlstein KA, Dooley J, et al. Fitting NTCP models to bladder 
doses and acute urinary symptoms during post-prostatectomy radio-
therapy. Radiat Oncol. 2018;13:17.

	19.	 Fowler JF. Brief summary of radiobiological principles in fractionated 
radiotherapy. Semin Radiat Oncol. 1992;2:16–21.

	20.	 Fowler JF. Sensitivity analysis of parameters in linear-quadratic radiobio-
logic modeling. Int J Radiat Oncol Biol Phys. 2009;73:1532–7.

	21.	 Niemierko A. A generalized concept of equivalent uniform dose. Med 
Phys. 1999;26:1100.

	22.	 Kwa S, Lebesque J, Theuws JC, et al. Radiation pneumonitis as a function 
of mean lung dose: an analysis of pooled data of 540 patients. Int J Radiat 
Oncol Biol Phys. 1998;42:1–9.

	23.	 Seppenwoolde Y, Lebesque J, Jaeger K, et al. Comparing different NTCP 
models that predict the incidence of radiation pneumonitis. Int J Radiat 
Oncol Biol Phys. 2003;55:724–35.

	24.	 Jackson A, Ten Haken RK, et al. Analysis of clinical complication data for 
radiation hepatitis using a parallel architecture model. Int J Radiat Oncol 
Biol Phys. 1995;31:883–91.

	25.	 Källman P, Ågren AK, Brahme A. Tumor and normal tissue responses to 
fractionated non uniform dose delivery. Int J Radiat Biol. 1992;62:249–62.

	26.	 Mavroidis P, Lind BK, Brahme A. Biologically effective uniform dose () for 
specification, report and comparison of dose response relations and 
treatment plans. Phys Med Biol. 2001;46:2607–30.

	27.	 Herring DF. Methods for extracting dose-response curves from radia-
tion therapy data, I: a unified approach. Int J Radiat Oncol Biol Phys. 
1980;6:225–32.

	28.	 Mavroidis P, Laurell G, Kraepelien T, et al. Determination and clinical veri-
fication of dose-response parameters for esophageal stricture from head 
and neck radiotherapy. Acta Oncol. 2003;42:865–81.

	29.	 Murtagh BA, Saunders MA. MINOS 5.4 User’s guide, technical report SOL 
83-20R. Department of operations research. Stanford: Stanford University; 
1995.

	30.	 Hanley JA, McNeil BJ. The meaning and use of the area under a receiver 
operating characteristic (ROC) curve. Radiology. 1982;143:29–36.

	31.	 Hosmer DW, Lemeshow S. Applied Logistic Regression. New York: Wiley; 
2013. ISBN 978-0-470-58247-3.

	32.	 Pan XB, Liu Y, Huang ST, et al. Predictors for improvement of xerostomia 
in nasopharyngeal carcinoma patients receiving intensity-modulated 
radiotherapy. Medicine. 2019;98:e17030.

	33.	 Chera BS, Fried D, Price A, et al. Dosimetric predictors of patient-reported 
xerostomia and dysphagia with deintensified chemoradiation therapy 
for hpv-associated oropharyngeal squamous cell carcinoma. Int J Radiat 
Oncol Biol Phys. 2017;98:1022–7.

	34.	 Bhandare N, Moiseenko V, Song WY, et al. Severe dry eye syndrome after 
radiotherapy for head-and-neck tumors. Int J Radiat Oncol Biol Phys. 
2012;82:1501–8.

	35.	 Mavroidis P, Price A, Fried D, et al. Dose–volume toxicity modeling for de-
intensified chemo-radiation therapy for HPV-positive oropharynx cancer. 
Radiother Oncol. 2017;124:240–7.

	36.	 Burman C, Kutcher GJ, Emami B, et al. Fitting of normal tissue tolerance 
data to an analytic function. Int J Radiat Oncol Biol Phys. 1991;21:123–35.

	37.	 Roesink JM, Moerland MA, Battermann JJ, et al. Quantitative dose–
volume response analysis of changes in parotid gland function after 
radiotherapy in the head-and-neck region. Int J Radiat Oncol Biol Phys. 
2001;51:938–46.

	38.	 Braam PM, Roesink JM, Moerland MA, et al. Long-term parotid gland 
function after radiotherapy. Int J Radiat Oncol Biol Phys. 2005;62:659–64.

	39.	 Fried D, Das SK, Marks LB. Imaging radiation-induced normal tissue injury 
to quantify regional dose response. Semin Radiat Oncol. 2017;27:325–31.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	NTCP modeling and dose–volume correlations for acute xerostomia and dry eye after whole brain radiation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Patient selection, treatment and OAR delineation
	Definition of toxicity for xerostomia and dry eye
	Radiobiological models
	Statistical methods

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


