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To the Editor,

Salivary function loss has a strong impact on one’s 
quality of life [1]. As salivary gland function is not 
crucial for patient survival, parotids are often irradi-
ated to reduce dose to more critical tissues in head 
and neck cancers [2]. Salivary function loss is com-
mon [3]. Although such irradiation is unavoidable, 
treatment planners using modern treatment tech-
niques like volumetric modulated arc therapy or 
intensity-modulated proton therapy have freedom to 
adjust intra-parotid radiation quantities and loca-
tions. Detailed knowledge of tissue response and 
outcome risk is therefore needed for effectual plan-
ning [4,5].

Presently used consensus guidelines for parotid 
gland sparing assume a homogeneous distribution of 
functional burden [3], are difficult to attain in prac-
tice, and do not ensure specific outcomes [6]. In 
recent years, evidence has mounted to suggest a het-
erogeneous distribution [4]. Recent reports have found 
delivering dose to one region of rat parotid results in 
a different incidence of objective xerostomia (dry 
mouth) than delivering that same dose elsewhere [7]. 
Regional susceptibility of subjective (i.e. patient-
reported) xerostomia has been noted in human parotid 
[8]. In light of an earlier investigation by our group, it 
is presently unclear to what extent these findings relate 
to objective function alteration in humans, or whether 
such regions align with parotid parenchyma [9].

In a recent survey of salivary gland radiation 
reduction techniques, Vissink et  al. [2] advocate  
tissue sparing as the most effective. There is growing 
evidence that functional imaging can be clinically 
relevant for more clearly defining target volumes and 

assessing adverse normal tissue effects [4]. We report 
the development of a novel technique making use of 
dynamic contrast-enhanced magnetic resonance 
imaging (DCE-MRI) and concurrent salivary stimu-
lation which can potentially identify parotid paren-
chyma in healthy volunteers. Inter- and intra-parotid 
tissue differentiation is possible, and application of 
the protocol could potentially improve tissue spar-
ing. Results from a small, healthy volunteer trial are 
provided.

Methods

Ethics and accrual of volunteers

The study protocol was approved by the University 
of British Columbia, British Columbia Cancer 
Agency Research Ethics Board, and is in accordance 
with agency ethical standards and the Helsinki Dec-
laration. Four volunteers were recruited, resulting in 
a total of eight parotids. Exclusion criteria are avail-
able in the Supplementary document (available 
online at: http://informahealthcare.com/doi/abs/10.3
109/0284186X.2015.1067718).

Image collection and processing

Perfusion imaging was chosen as the primary imag-
ing method to non-invasively characterize function-
ing tissues with high temporal resolution. Reports 
have demonstrated that DCE-MRI (without concur-
rent stimulation) can quantitatively measure radio-
therapy-induced parotid gland perfusion alterations. 
Such alterations are thought to result from increased 
extracellular-extravascular space and decreased vas-
cular permeability stemming from radiation damage 
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[10]. Function alteration can also be quantified  
via blood perfusion to parenchyma [11]. Perfusion 
changes measured via DCE-MRI reflect physiologi-
cal changes.

The protocol is detailed in the Supplementary 
materials. Standard T1-weighted DCE imaging was 
performed for 450–600s. Contrast agent was admin-
istered 45–60s after DCE sequence commencement. 
Salivation was manually induced 170–240s afterward 
via a weak (2% by weight) citric acid solution. Vol-
unteer hydration was controlled.

Total scan time was reduced by forgoing addi-
tional flip angle images typically used for T1 maps. 
Instead, the signal difference method discussed by 
Ashton [12] was used to compute per-voxel contrast 
agent time courses C(t). Spatial averaging was used 
to reduce the impact of noise.

For 3/4 volunteers, two DCE sequences were per-
formed back-to-back: first with no stimulation and 
only 1/3 of the total contrast agent, and then the 
remaining 2/3 was injected and salivation was stimu-
lated. Splitting 1/3–2/3 produced a baseline curve 
without substantially reducing the second scan SNR 
with lingering contrast agent.

Regions of interest (ROIs: parotid, masseter, and 
pharyngeal tissues) were manually contoured  
from anatomical and DCE MR images using the 
DICOMautomaton software suite [13]. Parotid ROIs 
were also partitioned into anterior/posterior halves.

Statistics – variance analysis

Non-parametric techniques were used. The primary 
technique developed for inter-parotid analysis (and 
cross-organ analysis, e.g. parotid vs. masseter) is a 
topological analysis that characterizes C(t) variance 
on a cluster-of-voxels basis. We refer to it simply as 
“variance analysis”. The procedure is detailed in the 
Supplementary document. Essentially, temporal 
variance is computed over a sliding window and vari-
ance curve mean differences before/after stimulation 
are compared using standard tests (also described in 
the Supplementary document).

Image maps

A qualitative, topological method was developed to 
characterize intra-parotid tissue variation before and 
after stimulation. It is detailed in the Supplementary 
document. The core idea is to compare changes in 
slope in the temporal vicinity of stimulation. MRI 
series collected with/without concurrent stimulation 
are compared. Maps indicate responses to stimula-
tion. This technique is later referred to as the “differ-
ence of changes in slope” technique.

Results

The mean parotid volume was 19.9  4.4 cm3 (mean 
 s of the mean, median: 18.2 cm3). Left, right vol-
umes correlate strongly (mean for left: 19.6 cm3, 
right: 20.2 cm3).

A typical, spatially averaged per-voxel C(t) from 
parotid is shown in Figure 1. Key features are visible, 
including contrast agent injection and stimulatory 
response. Examples of other C(t) are shown in  
Supplementary Figure 1 (available online at: http://
informahealthcare.com/doi/abs/10.3109/0284186X.
2015.1067718).

For 3/4 volunteers (6/8 parotids), variance analy-
sis demonstrated a clear distinction in apparent 
parotid stimulatory response (see Supplementary 
Figure 2, available online at: http://informahealth 
care.com/doi/abs/10.3109/0284186X.2015.1067718). 
The fourth volunteer’s variance was uniformly high 
and consequently no response was detected. The 
mean difference before/after stimulation in Supple-
mentary Figure 2 (available online at: http://informa 
healthcare.com/doi/abs/10.3109/0284186X.2015. 
1067718) were significantly different (two-tailed 
t-test: 0.0  1.1E-4 pre- vs. 1.9  0.1E-3 (arb. units) 
post-stimulation mean  s of the mean; p  0.0001). 
It is visually apparent that the paired Wilcoxon sign-
rank test was also significant as the curves are almost 
entirely separated by a large gap post-stimulation 
(p  0.0001). In 4/6 parotids (2/3 volunteers) where 
both stimulated and unstimulated time courses  

Figure 1. A typical spatially averaged voxel C(t) demonstrating 
temporal stages of the protocol. From left: pre-contrast agent 
injection window (left-most gray box); rapid uptake period, where 
high concentrations of contrast rapidly perfuse into parotid tissues, 
peak, and begin to drain; stimulatory period running from 230 to 
240 s from scan commencement, and a stimulatory response 
manifest as a modest contrast agent concentration increase; and 
continued slow washout. An empirical fit omitting the stimulatory 
period and Bezier spline interpolation are shown as visual 
guides.
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discrepancy in stimulatory response in right parotid 
(Wilcoxon p  0.001) in 3/4 cases. The same discrep-
ancy was seen in the left parotid in all cases.

Image maps were generated using the difference 
of changes in slope technique. An example slice is 
shown in Figure 2.

Discussion

The aim of this pre-clinical study was to develop a 
DCE-MRI imaging protocol capable of identifying 
parotid gland parenchyma in healthy volunteers. 
No existing literature on concurrent DCE-MRI 
and salivary stimulation was found. DCE-MRI was 
chosen for its temporal resolution and ability to 
assess functional alterations via blood perfusion to 
parenchyma [11]. Scintigraphy is a well known and 
historically well used technique for quantifying 
parotid function but produces two-dimensional 
(2D) images and requires the use of costly radio-
isotopes (see [1] and references therein). A novel 
technique making use of dynamic 11C-methionine 
positron emission tomography analogous to DCE-
MRI has been described by Buus et  al. [14,15] 
which improves on earlier single photon emission 
computed tomography (CT) methods in spatial 
resolution. PET produces high quality volumetric 
images but requires injection of a positron-emitting 
tracer and may require an additional imaging 
modality for (co-)registration [16]. Both potentially 
increase patient dose. Perfusion CT is generally 
considered a low-cost, viable alternative to DCE-
MRI [17,18], but DCE-MRI generally has superior 
spatial and temporal resolution, and requires no 
ionizing radiation [19].

Perfusive changes were observed following stimu-
lation, but response varied. Figure 1 shows a typical 
spatially averaged C(t) from a parotid voxel.  
Examples of other C(t) are shown in Supplementary 
Figure 1 (available online at: http://informahealth 
care.com/doi /abs/10.3109/0284186X.2015. 
1067718). Response, if any, was generally delayed 
10–30 seconds after stimulation commencement.

For 3/4 volunteers (6/8 parotids), variance analy-
sis demonstrated a clear distinction in parotid stimu-
latory response. This result, combined with observed 
differences before/after stimulation and differences 
in pre-/post-stimulation variances, suggests variation 
in parotid response depending on the presence of a 
salivary stimulus.

Image maps (Figure 2) were generated using the 
difference of changes in slope technique to assess 
intra-parotid variations. Such variation was observed. 
The portion of parotid nearest to the posterior edge 
of the mandible (as indicated) was most dissimilar 
from surrounding parotid tissues. This region was 

were collected, the Wilcoxon test indicated a signifi-
cant difference in pre-/post-stimulation variances 
(p  0.05). The other two were near significance 
(p  0.05, 0.08). Two-tailed t-tests could be applied 
to examine mean shift (i.e. mean variance pre- vs. 
post-stimulation) in all cases; examination of the 
stimulated time course showed that 6/8 parotids  
had p  0.02 (1.88  0.17E-2 pre- vs. 1.68  0.33E-2 
post-stimulation or greater separation). For unstimu-
lated time courses, 3/6 had p  0.05.

For each individual volunteer, parotid (left, right) 
was significantly distinct from masseter (left, right) 
after stimulation in 13/16 cases: using a paired Wil-
coxon sign-rank test, p  0.0001 for 12/13 and 
p  0.04 in the remaining case. In 12/16 cases mean 
differences were significantly different before/after 
stimulation using a two-tailed t-test (p  0.02). 
Comparison of left, right masseter for each patient 
showed that in 3/4 cases, masseters did not respond 
differently to stimulation (two-tailed t-test p  0.07; 
similar Wilcoxon p-values). Comparison of masseter 
to a variety of nearby, non-specific pharyngeal tissues 
in a single volunteer indicated they were, on average, 
not significantly different (Wilcoxon p  0.07; two-
tailed t-test p  0.72). However, comparison of left 
and right parotid show that they responded differ-
ently to stimulation: p  0.0001 for all Wilcoxon 
tests, p  0.005 (0.9  4.2E-4 left vs. 4.2  0.6E-3 
right or greater separation) for all t-tests.

A variance analysis was run on posterior and 
anterior parotid portions. Similar to whole parotids, 
two-tailed t-tests quantified mean shifts. For anterior 
parotid, stimulated time courses in 6/8 parotids had 
p  0.05 (1.0  0.3E-2 pre- vs. 9.7  0.7E post-
stimulation), whereas for unstimulated only 2/6 had 
p  0.05. For posterior parotid, stimulated time 
courses in 4/8 parotids had p  0.05; 4/6 had p  0.05 
for unstimulated courses. Comparison of the anterior 
and posterior portions directly showed a significant 

Figure 2. An example 2D image map slice. At left: a temporally-
averaged T1-weighted image with the difference of changes in 
slope map overlaid on the parotids; at right: enlarged parotid 
maps. In the latter, voxels showing no stimulatory response are 
midtone. Those that responded positively (negatively) are brighter 
(darker).
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recently found by van Luijk et  al. to house stem/
progenitor cells in rat parotid, and was reported as 
being strongly correlated with post-radiotherapy 
salivary output in humans (pers. comm. 2014). The 
alignment of regions found using different tech-
niques suggests the proposed techniques may be 
suitable for locating critical regions. Maps were 
slowly varying and qualitatively regular across 
patients, suggesting a possible heterogeneous func-
tional burden distribution.

Similar to the technique described by Buus et al. 
[14,15], our variance analysis and difference of 
changes in slope techniques could be used to assess 
radiotherapy-induced functional alterations. Unlike 
Buus et al.’s technique, through the use of MRI, our 
technique could be used to directly observe regional 
salivary compensation in nearly real-time throughout 
the entire 3D region of interest (ROI).

For each individual volunteer, parotid (left and 
right) was generally significantly distinct from 
masseter (left and right) after stimulation. Masseter 
was not distinct from nearby non-specific pharyngeal 
tissues. Left and right masseters did not respond dif-
ferently to stimulation, but left and right parotid did. 
This indicates parotids are more strongly responding 
to stimulation than masseter. Distinction in parotid 
response was apparent. Variance analysis showed that 
after stimulation, parotid was significantly distinct 
from masseter, pharyngeal tissues, and other parot-
ids. Compared with parotids, the response of nearby 
tissue to stimulation occurred later and with reduced 
amplitude. (An example is shown in Supplementary 
Figure 3, available online at: http://informahealth-
care.com/doi/abs/10.3109/0284186X.2015.106771
8). This finding is logical: salivation involves the 
transport of water which is rapidly replenished from 
the blood plasma during continued flow [20].

A variance analysis performed on posterior and 
anterior portions of the parotid showed that, on aver-
age, there was a significant discrepancy in left and 
right parotid stimulatory response, indicating ante-
rior and posterior parotid aspects show distinct 
responses to stimulation.

There are a number of limitations that remain to 
be addressed. It is not clear whether the proposed 
techniques can handle the so-called bath and shower 
effect observed in rat parotid [7], which complicates 
tissue sparing. An explanation for this effect pro-
posed in [7] and observed by Konings et al. [21,22] 
– that portions of the parotid can be regenerated by 
progenitor cells in distant portions – would require 
a more sophisticated analysis if correct. However, 
parenchyma localization and sparing would likely 
remain valuable for reducing early functional loss.

One limitation of the signal difference method is 
that it ignores alterations to T1 due to the presence 

of contrast agent [23]. The rationale for this choice 
is described in detail in the Supplementary docu-
ment. A limitation of the difference of changes in 
slope technique is that slope changes represent a 
complicated admixture of pharmacokinetic parame-
ters which cannot be easily interpreted as a specific 
change in tissues. Given that function alteration can 
be quantified via blood perfusion [11], perfusive 
changes are likely to play a strong role. Further inves-
tigation is needed.

Functional tissue localization could potentially be 
improved using more advanced, faster imaging tech-
niques or supplementary imaging. Candidates 
include relaxometry [24], blood oxygenation level 
dependent MRI [25], and intravoxel incoherent 
echo-planar motion imaging [26,27]. De Langen 
et  al. [16] suggests that dynamic PET and DCE-
MRI are largely complementary techniques – we 
believe simultaneous use of Buus et al.’s [14,15] PET 
technique with DCE-MRI would result in a powerful 
means of characterizing parotid tissues. These addi-
tional techniques were not investigated as a protocol 
relying only on DCE-MRI was desired.

In conclusion, the imaging protocol developed, 
based on DCE imaging and concurrent salivary 
stimulation of the parotid glands, appears suitable for 
spatially localizing parenchyma.
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