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  ABSTRACT 

  Background.  Reduction of saliva secretion is a common side effect following radiotherapy (RT) for cancer of the head 
and neck region. The aim of this study is to predict the post-RT salivary function for individual patients prior to treat-
ment and to recognise possible differences in individual radiosensitivity. 
  Material and methods.  A predictive model for post-RT salivary function was validated for 64 head and neck cancer 
patients. The input parameters for the model were salivary excretion fraction (sEF) measured by 99mTc-pertechnetate 
scintigraphy, total stimulated salivary fl ow and mean absorbed dose for the major salivary glands. SEF values after RT 
relative to the baseline before RT (rEF) were compared among the patients using the distance  Δ rEF between single gland 
rEF and the corresponding expected value at the dose response curve. 
  Results.  A signifi cant correlation (R    �    0.86, p    �    0.018) was found between the modelled and the measured values of 
stimulated salivary fl ow six months after RT. The average prediction error for the saliva fl ow rate was 6 ml/15 min. 
A linear relationship between  Δ rEF for the left and the right parotid glands was observed both six (R    �    0.53) and 
12 (R    �    0.79) months after RT. The average of absolute values of  Δ rEF was 0.20 for parotid glands and 0.22 for 
submandibular glands. 
  Conclusions.  The salivary fl ow model was validated for 64 patients. The results imply, that one explanation for the 
discrepancies between the predicted and the measured salivary fl ow rate values and the common variations found in 
 Δ rEF for the parotid glands may be differences in patients ’  individual response to radiation. However, quantitative 
extraction of individual radiosensitivity would require further studies in order to take it into account in predictive 
models.   

  During recent years, there has been a growing con-
cern about the preservation of salivary gland func-
tion of head and neck cancer patients undergoing 
radiation therapy (RT). Xerostomia is a common 
side effect of RT for head and neck cancer and it has 
been shown to reduce the quality of life [1]. Due to 
the implementation of intensity-modulated radiation 
therapy (IMRT), it has become possible to reduce 
the absorbed dose in the major salivary glands 
without compromising the tumour control, usually 
enabling at least partial preservation of the salivary 
gland function [2,3]. Dose response analysis based 
on large patient populations have been performed in 
order to derive dose tolerance values for the salivary 

glands to be used in treatment planning [4]. Never-
theless, the effect of RT on salivary function is dif-
fi cult to predict on individual patient level [5]. 
Therefore, there is a need for a patient-specifi c pre-
dictive model for post-RT salivary function, which 
could be used in the optimisation of treatment plans 
for head and neck region. 

 Several methods have been reported in the 
attempt of quantifying the post-RT reduction of 
salivary gland function. Direct measurements have 
been realised by collecting saliva via spitting or using 
suction cups. However, a quantifi cation of the total 
saliva secretion does not provide information on 
the function of the individual glands. Magnetic 
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resonance (MR) sialography [6], diffusion-weighted 
MR imaging [7,8] and 11C-methionine positron 
emission tomography (PET) [9] have been proposed 
for determining the post-RT glandular function. 
Another method of analysing the function of the 
single glands is quantitative 99mTc-pertechnetate 
salivary scintigraphy. Vald é s Olmos et   al. were the 
fi rst to report the use of scintigraphy in the quanti-
fi cation of radiation-induced decrease of salivary 
gland function [10]. Later, several studies have used 
scintigraphy to determine dose-volume response for 
salivary glands [11 – 14]. 

 The starting point for this work was the salivary 
fl ow model reported by Tenhunen et   al. [13]. The 
individual fl ow model was based on salivary gland 
excretion fraction (sEF) measurements by scintigra-
phy, and mean dose response curves for sEF in a 
larger patient population. In their research the authors 
found a substantial correlation between the mea-
sured and the predicted values of stimulated salivary 
fl ow rates six months after RT relative to the base-
line. However, the sample size was limited (n    �    20), 
and the predictivity of the model remained still too 
low on the individual patient level. In the present 
study we aimed at refi ning and validating the model 
for a larger patient population (n    �    70). Instead of 
looking at the relative changes of the salivary fl ow 
over time, we now concentrated on the absolute 
quantities of the salivary fl ow rates. Another goal for 
this study was to investigate if the large inter-patient 
variation of post-RT sEF values, which has also been 
present in other studies, could be explained by a bio-
logical factor, such as individual radiosensitivity.   

 Material and methods  

 Patients 

 The study population consisted of 70 head and neck 
cancer patients who received RT in Helsinki Univer-
sity Central Hospital (HUCH) during the years 
2006 – 2008 (50 patients) and 2012 – 2013 (20 
patients) (Supplementary Table I, available online at: 
 http://informahealthcare.com/doi/abs/10.3109/0284
186X.2015.1067717 ). The study protocol was 
approved by an Ethics Committee of HUCH. All the 
patients were treated bilaterally using thermoplastic 
mask fi xation to a total dose of 50 – 70 Gy (fractional 
dose 2 Gy), using IMRT with 6 MV photons and at 
least weekly portal imaging. For one patient the post-
RT measurement fi les were unavailable for the anal-
ysis. Five patients were also excluded from the salivary 
fl ow model due to unsuccessful or incomplete set of 
measurements. Mean absorbed doses to parotid and 
submandibular glands had a range of 5 – 64 Gy and 
21 – 73 Gy, respectively. Details of planning target 

defi nition and treatment planning can be found else-
where [2,13].   

 Total saliva secretion and scintigraphy measurements 

 The stimulated function of the salivary glands was 
investigated by two different methods before the ini-
tiation of RT and both six and 12 months after RT. 
The methods in use were direct measurement of the 
stimulated total saliva secretion by collecting saliva 
in a measuring glass while chewing a piece of paraf-
fi n wax, and measurement of sEF for individual 
salivary glands using quantitative 99mTc-pertechne-
tate scintigraphy with a lemon juice stimulus. Both 
methods have been previously reported in detail by 
Tenhunen et   al. [13]. 

 The sEF values, determined by scintigraphy, were 
calculated separately for each of the four major sali-
vary glands using the following equation: 

 

sEF
C C
C C

�
�

�
max min

max bg  
 (1)

 where C max  and C min  are the detected counts in the 
salivary gland region of interest (ROI) before and 
after the lemon juice stimulus, respectively, taken as 
the average of four successive 30 second imaging 
frames. C bg  is the number of counts in the back-
ground ROI contoured in the brain, normalised by 
the relation of salivary gland and background ROI 
areas. Relative excretion fraction (rEF) at time t after 
RT was calculated from the ratio rEF    �    sEF(t)/
sEF(t    �    0), where sEF(t    �    0) represents the baseline 
measurement before RT. The salivary glands which 
were not functioning properly before RT were 
excluded from the analysis. This was done by omit-
ting glands with baseline sEF(t    �    0) values lower than 
sEF mean     �    2 * (standard deviation) (threshold values 
sEF(parotid)    �    0.04, sEF(submandibular)    �    0.07). 
In addition, negative rEF values resulting from non-
functional glands were set to zero.   

 The absolute fl ow model 

 In the individual salivary fl ow model [13] the relative 
total salivary fl ow under stimulation was calculated 
from a weighted sum of the expected relative ejection 
fractions for all functioning major salivary glands. 
The weighting coeffi cients for each gland were 
derived by assuming that the volume of saliva secreted 
by a single gland in response to the stimulation is 
directly proportional to the count difference in ROI 
before and after stimulation, given by the subtraction 
ΔC Cmax Cmin� � . Hence the proportion of single 
gland saliva output m of the total saliva production 
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 Evaluation of inter-patient variation in scintigraphic 
measurements 

 One goal of the research was to investigate if such 
differences could be found in the scintigraphy mea-
surement data that could indicate different levels of 
individual radiosensitivity among the patients. For 
this purpose the measured values of rEF were com-
pared to the mean sigmoidal dose response curve. 
Separate dose response curves were determined for 
the parotid and the submandibular glands. Only the 
salivary glands with D mean  of 10 – 50 Gy were included 
in the analysis, since we expected the possible differ-
ences in individual radiosensitivity to emerge in 
medium dose levels where the sEF is changing as a 
function of glandular dose. 

 Measurements of salivary function are prone to 
different factors, such as the consistency of the stim-
ulus, that may cause unrealistic results, and hence a 
further exclusion was made, omitting values rEF    �    1.3 
to remove outliers. A subgroup of patients was 
formed, where the D mean  for the both parotid glands 
ranged between 10 and 50 Gy. In this subgroup 
(n    �    38) the effect of the mean systematic residual 
patient positioning error to the D mean  of the glands 
was evaluated from portal images and the D mean  val-
ues were corrected accordingly. The salivary glands 
fi nally included in the analysis are visualised in 
Figure 1. The initial number of major salivary glands 
measured with scintigraphy six months after RT 
was 205. After the exclusion of non-functional glands 
in the baseline and the glands with rEF    �    1.3, 
188 glands were left in the analysis. Of these 132 
were within the dose range of 10 – 50 Gy. 

could be determined using the equation. 

m Ci Ck
all_glands

� Δ Δ/ ∑
. The sum was calculated 

for all functioning glands. 

 The dose response relationship for rEF was 
assumed to be shaped as a sigmoidal function 
described by the equation: 

 

rEF
Dmean k

�

�

1

1 (
D50

)
 

 (2)

 where D mean  is the mean glandular dose, D 50  is the 
dose for a 50% reduction in sEF and k represents 
the steepness of the curve. Parameters D 50  and k 
were determined by non-linear fi tting in Matlab soft-
ware (version R2009a, MathWorks, Natick, MA, 
USA). In the construction of the model previously 
reported values of D 50  and k were used (Table I), 
which were derived from a different patient popula-
tion than the one used in this work. The absolute fl ow 
model was then presented by the equation: 

 

Fcalc t Fmeas mi
i
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 (3)

 Only the saliva production of the parotid and the 
submandibular glands are included in the model, 
thus ignoring the excretion from the sublingual and 
the minor salivary glands. Here F calc (t) is the total 
stimulated salivary fl ow after RT as predicted by the 
equation, and F meas (0) is the directly measured stim-
ulated total salivary fl ow before RT. This model was 
used to calculate the absolute value of salivary fl ow 
six months after RT for 64 patients.   

  Figure 1.     The relative excretion fraction (rEF) six months after 
RT measured for the major salivary glands using scintigraphy was 
plotted against the mean absorbed dose (D mean ) for the glands. 
The solid line represents the sigmoidal dose-response function 
fi tted to the sample consisting of both parotid (open symbols) and 
submandibular (coloured symbols) glands. Only the glands with 
rEF    �    1.3 and D mean  10 – 50 Gy were included in the analysis of 
individual radiosensitivity.  

  Table I. The parameters D 50  and k with 95% confi dence intervals 
from non-linear fi tting of sigmoidal dose-response function for 
relative excretion fraction (rEF) six (6M) and 12 (12M) months 
after RT are reported for the present study. The corresponding 
values reported by Tenhunen et   al. [13] were used in the absolute 
fl ow model. The non-functional glands before RT were excluded, 
and the number of glands used in fi tting is indicated by n.  

Present values D50 (Gy) k n

Parotid glands 6M 35.5    �    6.4 2.7    �    1.5 112
Parotid glands 12M 43.0    �    14.1 3.5    �    2.8 87
Submandibular glands 6M 40.3    �    2.4 6.0    �    1.7 87
Submandibular glands 12M 41.4    �    4.3 4.7    �    1.9 65

Tenhunen et   al. D50 (Gy) k n

Parotid glands 6M 40.3    �    13.3 2.6    �    1.8 38
Parotid glands 12M 39.2    �    11.0 2.3    �    1.5 28
Submandibular glands 6M 37.3    �    6.5 4.5    �    2.6 30
Submandibular glands 12M 38.5    �    5.8 3.0    �    1.4 22
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 To enable a comparison of salivary glands with 
different mean absorbed doses, the difference 
between the measured rEF value and the correspond-
ing value at the mean sigmoidal dose response curve 
was calculated for each gland i by the following equa-
tion: 

 
ΔrEF rEFmeasured i rEFmean Dmean i� �( ) ( , )

  (4)

 Using Equation 4 the normal dose response of a 
gland resulted in a difference  Δ rEF close to 0. For 
the salivary glands with rEF lower than the popula-
tion mean value  Δ rEF was negative, and if measured 
rEF value was higher than the population mean, 
 Δ rEF was positive. 

 The  Δ rEF values for the left and the right parotid 
glands six months after RT were compared to inves-
tigate whether both glands of the same patient gave 
similar results relative to the population mean. The 
same comparison was repeated for the measurements 
performed 12 months after RT. 

 We also divided patients into three different 
groups based on mean  Δ rEF value ( Δ rEF mean ) calcu-
lated using all four major salivary glands. The patients 
were sorted in ascending order based on  Δ rEF mean , 
and three groups of equal size with low, medium and 
high  Δ rEF mean  were formed. For these groups the 
sigmoidal dose response function was re-fi tted pool-
ing both parotid and submandibular glands together 
and keeping k parameter as a constant. 

 Pearson ’ s correlation coeffi cient was used to eval-
uate linear correlation between the modelled and the 
measured salivary fl ow values, and the p-values were 
obtained by two-tailed t-test.    

 Results 

 The sigmoidal dose response curve described by 
Equation 2 was fi tted in the entire patient popula-
tion, resulting in D 50  and k parameters comparable 
within the range of their uncertainties to the his-
torical values used in the construction of the model 
(Table I). The absolute salivary fl ow for the stimu-
lated total saliva secretion six months after RT was 
calculated using the historical parameters reported 
in Table I. A signifi cant correlation was found 
between the modelled and the directly measured 
salivary fl ow values six months after RT (R    �    0.86, 
p    �    0.018) (Figure 2). The mean absolute difference 
between the predicted and the measured values was 
6 ml/15 min. 

 In Figure 3 the distances  Δ rEF between rEF val-
ues for individual glands and the mean dose response 
function are plotted pairwise for the left and the right 
parotid gland of the same patient. A linear correla-
tion was found between the  Δ rEF values for the right 

and the left parotid glands, and there were patients 
with both  Δ rEF values (right and left parotid gland) 
clearly above or below average (Figure 3A). The 
comparison was repeated for the measurements per-
formed 12 months after RT and for the same glands 
at both times (six and 12 months) of measurement 
(Figure 3B and C). 

 The average of absolute values of  Δ rEF was 0.20 
for parotid glands and 0.22 for submandibular glands. 
The three patient groups of low, medium and high 
 Δ rEF mean  had an average  Δ rEF mean  value of -0.25, 
0.02 and 0.24, respectively. For these groups the sig-
moidal dose response function was re-fi tted, result-
ing in D 50  values of 23, 36 and 42 Gy for the low, 
medium and high  Δ rEF mean  groups, respectively.   

 Discussion 

 In this research, we aimed at validating the absolute 
salivary fl ow model in a sample of 64 patients with 
head and neck cancer. The absolute fl ow model was 
used for 64 patients with a good correlation between 
the modelled and the measured salivary fl ow. Com-
pared to the earlier form of the model [13], the addi-
tion of the absolute value of baseline salivary fl ow 
before RT improved the correlation between the 
modelled and the measured values. Large inter-pa-
tient variations were still observed in the predicted 
salivary fl ow rates, and the mean absolute deviation 
between the calculated and the measured values was 
6 ml/15 min. Therefore, we also investigated patient-
specifi c variation in the scintigraphy measurements. 
For this purpose, the distances of the rEF values for 
the individual glands from the mean dose response 
curve were calculated in order to see if the glands of 
an individual patient behave similarly. Our analysis 
suggests that there is a common pattern of reaction 
of individual glands (Figure 3). Hence, there may be 

  Figure 2.     A signifi cant linear correlation was seen between the 
modelled absolute salivary fl ow (F calc ) and the measured values of 
salivary fl ow (F meas ) six months after RT.  
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believe that this result is indirect evidence for some 
patient-specifi c sensitivity that each gland follows. 

 Different normal tissue complication probability 
models for salivary function have been compared in 
literature [13,15 – 18]. In our analysis, the dose 
response function for salivary gland rEF was assumed 
to follow a sigmoidal shape, although the use of lin-
ear models or a dose threshold model have also been 
reported in literature [19]. The value of D mean  was 
assumed to correlate with post-RT sEF values since 
salivary glands are considered as parallel organs. In 
the salivary fl ow model, fi tting parameters from Ten-
hunen et   al. [13] were used. These parameters were 
consistent within their error margins with the cor-
responding values calculated for the present patient 
population. However, small deviation in D 50  values 
may contribute to some extent to the prediction error 
of the model. In the creation of the subgroup of 
patients for the analysis of individual gland behaviour 
relative to the mean dose response curve several 
exclusion criteria were used. Only the glands with 
D mean  value between 10 and 50 Gy were included. 
Within this range sEF values are expected to change 
as a function of mean dose, and this range is also 
supported by the varying TD50 range presented 
by Buus et   al. [20]. The glands which were non-
functional in the baseline measurement were ignored 
in the analysis, as very low baseline sEF values often 
caused abnormally high rEF values (rEF �  �    1) due 
to large proportion of noise in the sEF values. Addi-
tionally, values rEF    �    1.3 were excluded. By these 
selections the rEF values for the included glands 
were symmetrically located above and below the 
mean dose response curve, and no clear outliers were 
included (Figure 1). The values of rEF �  �    1 suggest 
that RT improves the function of the salivary gland, 
which might happen due to decreased tumour com-
pression and/or altered tissue anatomy and physiol-
ogy caused by RT and/or altered stimulus response 
after surgery (baseline sEF) and RT in some patient 
cases. In our analysis the glands with rEF �  �    1 would 
appear as radioresistant, but as these values are most 
likely produced by a completely different phenome-
non, they were excluded. 

 In our study some patients showed systematically 
low or high  Δ rEF values six months after RT for both 
parotid glands. This could be explained by three pos-
sible reasons: 1) the variations are related to the mea-
surement technique; or 2) the individual patients 
react differently to the lemon juice stimulus given 
during the scintigraphy; or 3) the post-RT sEF is 
affected by varying individual responses to radiation. 
The possible problems related to the measurement 
technique include the consistency of the lemon juice 
stimulus and any such variation in the performance 
of the gamma camera or sEF defi nition that could 

  Figure 3.     The distance of the measured rEF values from the mean 
dose-response curve ( Δ rEF) A) six months and B) 12 months after 
RT are presented for the right and the left parotid glands, here 
one symbol in the plot represents one patient. C) For each gland 
also the  Δ rEF values at six and 12 months after RT were 
compared.  

a common factor, such as patient-specifi c sensitivity, 
explaining the similar deviation of separate glands 
from the mean dose response curve when compared 
to each other at the same time point, and even at two 
different time points. It is not probable that some 
other unknown and uncontrollable random factor, 
like variable stimulus, day-to-day variation of the 
patient ’ s response to stimulus or any scintigraphic 
analysis-specifi c variation, causes similar effect on 
both glands on both sides and times. Hence, we 
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lead to incorrect value for sEF. When  Δ rEF values 
for the same parotid glands at six and 12 months 
after RT were compared, usually the same patients 
had similar values of  Δ rEF for the parotid glands at 
both times of measurement. Hence, we concluded 
that the differences found in  Δ rEF values between 
patients were not generated by transient instabilities 
in the measurement technique. Saliva production 
can be infl uenced by many different factors at the 
time of measurement. These include previous smok-
ing, eating and drinking, and use of certain pharma-
ceuticals. However, by using relative EF values 
instead of single sEF values, we can at least partly 
overcome the problem of patients reacting differently 
to the stimulus, assuming that the factors, such as 
smoking, that may infl uence saliva production remain 
the same between the measurements. In our protocol 
eating, drinking and smoking were prohibited one 
hour before measurements. We also repeated the 
pairwise analysis of left and right parotid glands 
using a narrower dose range of 15 – 45 Gy as inclusion 
criteria for the glands. A clearly improved correlation 
was seen, as the glands in 45 – 50 Gy dose range have 
low values of rEF, including a large relative effect 
from the inaccuracy of the measurement technique. 

 In addition, we performed an experiment of 
dividing patients into three different groups based on 
 Δ rEF mean  value calculated using all four major sali-
vary glands. This analysis gives an idea of the varia-
tion in the data and D 50  doses due to possible 
patient-specifi c sensitivity to radiation. However, 
these data include the overall uncertainty of the 
method, and the contribution of radiosensitivity can-
not be exclusively extracted. 

 Typical variations in the scintigraphic measure-
ment results have been estimated in literature. In a 
study by Firat et   al. [21], applying a similar technique 
as was used in our institution, a standard deviation 
(SD) of 0.09 – 0.14 in sEF was observed in different 
age groups of normal subjects for both parotid and 
submandibular glands. A maximum SD of 0.14 in 
sEF corresponds to 0.2 deviation in rEF. As the vari-
ance in sEF also includes possible inter-patient vari-
ations in the reaction to the stimulus, which is 
eliminated in rEF, we estimate 0.2 to be an upper 
limit for the variation in rEF. In our scintigraphy 
data, the standard error for the fi t of the sigmoidal 
dose response curve was 0.42 for parotid glands. This 
suggests that there remains a large component of 
variation that cannot be explained by the measure-
ment technique. We believe that this variation can 
partly be due to differences in radiosensitivity. 

 Furthermore, systematic positioning errors in the 
longitudinal direction during RT would affect D mean  
values for both parotid glands in a similar way, which 
could cause a patient to appear as radiosensitive or 

resistant in Figure 3, when considering only the  Δ rEF 
values for parotid glands. Therefore the mean sys-
tematic patient positioning errors were defi ned 
according to the bony structures close to the glands, 
and the D mean  values, which were subsequently used 
in calculation of  Δ rEF, were adjusted accordingly. 
Uncertainty in the delivered D mean  values for the 
salivary glands due to changes in patient anatomy has 
been recognised in literature [22,23]. In a recent 
study [23] the delivered glandular doses were com-
pared to the planned doses for the parotid glands, 
with a median increase of 0.9 Gy. Complex setup 
deviations were identifi ed as one major cause for the 
large dose discrepancies observed in this study 
( � 4.9 – 8.4 Gy), as the large dose differences were 
already present at the fi rst treatment fraction. In our 
analysis, we eliminated the mean effect of the setup 
deviations in parotid D mean . Hence, the possible 
errors in D mean  values in the present analysis are 
mainly due to possible shrinkage and shifting of the 
glands. For this an average movement of 3 mm 
toward midline has been reported, which in a previ-
ous analysis performed in a fraction of our patient 
data corresponded to a 1.2 Gy dose increase [24]. In 
the study by Hunter et   al., an analysis of dose response 
relationships showed a large dispersion of the salivary 
output values after RT for both planned and actually 
delivered doses, and there was no difference in the 
ability to predict post-RT salivary output using the 
planned or the delivered doses. This fi nding supports 
the idea that the large variations also seen in our rEF 
values are rather affected by some other factors, such 
as radiosensitivity, than the possible inaccuracies in 
D mean . 

 In conclusion, the absolute salivary fl ow model 
was validated for 64 patients. A considerable 
inter-patient variation was observed for the pre-
dicted salivary fl ow rates, and hence the variations 
in scintigraphy data were further investigated. 
Using an indirect reasoning we believe that one 
possible explanation of the common variations 
found in  Δ rEF for parotid glands are differences in 
patients ’  individual response to radiation. As there 
are no established methods to predict radiosensi-
tivity before RT, the optimal way of defi ning 
radiosensitivity in order to improve predictions of 
post-RT salivary fl ow remains a topic for further 
studies.     
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