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Introduction: The presence of previously unnoticed bilateral macroscopic salivary gland locations in the
human nasopharynx was suspected after visualization by positron emission tomography/computed
tomography with prostate-specific membrane antigen ligands (PSMA PET/CT). We aimed to elucidate
the characteristics of this unknown entity and its potential clinical implications for radiotherapy.
Materials and methods: The presence and configuration of the PSMA-positive area was evaluated in a ret-
rospective cohort of consecutively scanned patients with prostate or urethral gland cancer (n = 100).
Morphological and histological characteristics were assessed in a human cadaver study (n = 2). The effect
of radiotherapy (RT) on salivation and swallowing was retrospectively investigated using prospectively
collected clinical data from a cohort of head-neck cancer patients (n = 723). With multivariable logistic
regression analysis, the association between radiotherapy (RT) dose and xerostomia or dysphagia was
evaluated.
Results: All 100 patients demonstrated a demarcated bilateral PSMA-positive area (average length 4 cm).
Histology and 3D reconstruction confirmed the presence of PSMA-expressing, predominantly mucous
glands with multiple draining ducts, predominantly near the torus tubarius. In the head-neck cancer
patients, the mean RT dose to the gland area was significantly associated with physician-rated post-
treatment xerostomia and dysphagia � grade 2 at 12 months (0.019/gy, 95%CI 0.005–0.033, p = .007;
0.016/gy, 95%CI 0.001–0.031, p = .036). Follow-up at 24 months had similar results.
Conclusion: The human body contains a pair of previously overlooked and clinically relevant macroscopic
salivary gland locations, for which we propose the name tubarial glands. Sparing these glands in patients
receiving RT may provide an opportunity to improve their quality of life.
� 2020 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology xxx (2020) xxx–xxx This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
The salivary gland system, with its three paired major glands
and roughly 1000 minor glands spread throughout the aerodiges-
tive tract submucosa, has been described in detail [1–4]. Its serous,
mucous or mixed exocrine acini produce the saliva required for
mastication, swallowing, digestion, tasting and dental hygiene.
The nearby auditory tube submucosa also contains microscopic
seromucous (tubal or Eustachian tube) glands [5]. The recently
introduced molecular imaging modality of positron emission
tomography/computed tomography with radio-labelled ligands
to the prostate-specific membrane antigen (PSMA1 PET/CT) can
visualize these salivary glands with high sensitivity and specificity
[6].

Surprisingly, we observed that PSMA PET/CT also depicted an
unknown bilateral structure posterior in the nasopharynx, with
r radio-
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The tubarial salivary glands: A potential new organ at risk for radiotherapy
ligand uptake similar to the known major salivary glands (Fig. 1A;
Video 1 in the Supplementary material). To our knowledge, this
structure did not fit prior anatomical descriptions [5,7]. It was
hypothesized that it could contain a large number of seromucous
acini, with a physiological role for nasopharynx/oropharynx lubri-
cation and swallowing. This could have clinical relevance in oncol-
ogy, because high-dose external beam radiotherapy (RT) to salivary
glands during treatment for head and neck cancer (HNC) or brain
metastasis is known to cause damage (toxicity, e.g. interstitial
fibrosis, acinar atrophy). This can result in function loss with xeros-
tomia and dysphagia [8,9]. Affected patients experience impaired
food intake, digestion, speech problems and increased risk of caries
and oral infections, with significant impact on their quality of life
[10–12]. The major salivary glands are therefore regarded as
organs-at-risk (OAR) and need to be spared when possible. How-
ever, since there are no known localized macroscopic glandular
structures posterior in the nasopharynx, this area is not included
in currently used prediction models for toxicity, nor spared in RT
[13,14].

The identification of previously unnoticed salivary gland struc-
tures in the posterior nasopharynx could help to explain and
avoid radiation-induced side-effects. We performed a comprehen-
sive multi-perspective study with the objective to confirm the
presence of this yet unknown glandular entity, and to assess its
anatomical and histological characteristics and clinical relevance
in RT.
Fig. 1. Projections of PSMA PET/CT. Overview of the salivary gland tissues as seen on PSM
salivary glands, which include the parotid, submandibular and sublingual glands, all abu
imaging characteristics (arrows). A 3-dimensional representation of the PSMA PET/CT s
tubarial glands in a random patient. Shown are coronal (B), axial (C) and sagittal (D) s
grayscale CT. The glandular structure is visible as PSMA-positive tissue (arrows). The co
demonstrate similar imaging characteristics.
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Materials and methods

Occurrence on molecular imaging

The presence of PSMA-positive tissues in the nasopharynx was
evaluated on PSMA PET/CT scans from a retrospective cohort study
of 100 consecutively scanned prostate/para-urethral gland cancer
patients (from 2017 onwards in NCI and UMCU). Scans were
acquired according to routine clinical protocols (Methods 1 in the
Supplementary material). The largest cranio-caudal length of the
area with uptake was measured on a coronal thick slice and the
total tracer uptake in the evaluated region was qualitatively com-
pared with the sublingual glands.
Gland characterization

In a human cadaver study (n = 2), the designated area was dis-
sected as 3 � 3 � 3 cm blocks from bodies retrieved from a body
donation program (AUMC, one male, one female). Tissue character-
istics were assessed by histochemistry (H&E) and immunohisto-
chemistry (PSMA, alpha-amylase). Immunohistochemistry was
performed on a BenchMark Ultra autostainer, Ventana Medical
Systems (VMS) (Methods 2 in the Supplementary material). Pros-
tate (for PSMA) and parotid/pancreas (for amylase) samples served
as controls. Morphology and anatomical relations were evaluated
by 3D-PDF digital reconstruction of anatomy using histological sec-
A PET/CT. PSMA PET projected as orange signal on reference CT. The known major
ndantly express PSMA. An unknown structure in the nasopharynx showed similar

can is shown in Video 1 in the Supplementary material. Location and extent of the
lices at the level of the torus tubarius, of PSMA PET projected as yellow signal on
ronal slices also show some parts of the parotid and submandibular glands, which
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tions (10 mm, 1/30). The visibility and anatomical features of the
gland area on magnetic resonance imaging (Philips Achieve 3T
MRI) were assessed in a healthy volunteer (Methods 3 in the Sup-
plementary material).
Clinical relevance in oncology

The relation of RT dose to the designated area with reported
toxicity was evaluated using prospectively collected data from
patients treated with curative RT, chemoradiation or bioradiation
(accelerated RT+cetuximab) for HNC (UMCG March 2007-June
2016; collected with patient consent in a study approved by the
ethical committee; https://clinicaltrials.gov: NCT02435576) [14].
All patients received a CT-scan in a personalized immobilization
mask in order to define target volumes (including the primary
tumor and lymph node metastasis) and OARs (including the major
salivary glands, and swallowing muscles, e.g. pharyngeal constric-
tor muscle-PCM). This treatment planning aimed to deliver the
prescribed dose to the target volumes, while sparing the currently
considered OARs. For this study, the location and configuration of
the newly detected bilateral gland areas were retrospectively
defined as additional OARs by deriving anatomical landmarks from
the evaluated PSMA PET/CT and MRI scans, while also considering
the cadaver-study findings. The cranial border was defined as the
skull base caudally of the sphenoid sinus, and the caudal border
as the level of the base of the uvula. The lateral border was defined
as the skull base at the cranial side and fatty tissue at the caudal
side. The anterior border was the skull base cranially and the dor-
solateral pharyngeal wall caudally and the posterior border was
the prevertebral long musculature. Delineation of this area was
performed on the planning CT-scans of all patients, and its’
received radiation dose was determined.

Standardized patient-rated and physician-rated toxicities
related to treatment of HNC were prospectively collected at 6,
12, 18 and 24 months after treatment, and were scored using the
European Organization for Research and Treatment of Cancer Qual-
ity of Life Questionnaire - Head and Neck module (EORTC
QLQH&N35) and the Common Terminology Criteria for Adverse
Events (CTCAE) version 4.0 scores. Multiple imputation was
applied to correct for missing data in the follow-up using the MICE
package in R [15]. To analyze the association between RT dose to
the tubarial gland areas and patient and physician-rated xerosto-
mia and physician-rated dysphagia, multivariable logistic regres-
sion analysis was performed to create association models with
and without correction for confounding. A two-tailed P-value
<0.05 was considered statistically significant. Baseline toxicity
and mean RT dose to the parotid and submandibular glands were
considered as confounders for xerostomia, while for dysphagia,
Fig. 2. Anatomy of the torus tubarius area. Macroscopic views of the torus tubarius area.
in red (A) with aligned dissection specimen of the right nasopharynx, including a probe
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additionally mean RT dose to the pharyngeal constrictor muscle
was considered.
Results

All 100 consecutive patients (99 male, one female; median age
69.5; range 53–84) demonstrated a clearly demarcated bilateral
PSMA-positive area on PSMA PET/CT. It extended from the skull
base downward along the posterolateral pharyngeal wall, on the
pharyngeal side of the superior pharyngeal constrictor muscle
(PCM-superior), with a PSMA-positive mass predominantly over-
laying the torus tubarius (Fig. 1). The median cranio-caudal length
of the detected area was 3.9 cm (range 1.0–5.7 cm). The total tracer
uptake in the area of interest determined by visual comparison was
on average similar to the uptake in the sublingual glands. This was
in line with our earlier quantitative evaluation of tracer uptake in
the glands of the head and neck [6]. This was consistently more
than the uptake in the palate, which is known to contain a high
concentration of minor salivary glands.

The dissected area from human cadavers showed a large aggre-
gate of predominantly mucous gland tissue, with multiple macro-
scopically visible draining duct openings in the dorsolateral
pharyngeal wall (Fig. 2). The gland was draped primarily over the
torus tubarius, the anatomical structure formed by the cartilage
that supports the entrance of the auditory tube. The gland
extended caudally to the pharyngeal wall and cranially to
Rosenmüllers’ fossa. The gland cells showed almost 100% cytoplas-
mic expression of PSMA with a luminal preference, comparable to
the mucous aspect and PSMA-ligand uptake of minor salivary
glands in the palate (Fig. 3; Fig. 1 in the Supplementary material).
There was no amylase expression in the gland cells consistent with
very low numbers of serous acini, similar to the sublingual glands.
The 3D histology reconstruction illustrates the anatomical distri-
bution of glandular tissue and draining ducts (Fig. 4; interactive
3D-PDF Fig. 2 in the Supplementary material). MRI images of a
healthy volunteer showed a subtle tissue structure with lower sig-
nal intensity on the T2 sequence, compatible with glandular tissue,
was identified at the expected location of the tubarial gland on the
medial side of the torus tubarius (Fig. 3 in the Supplementary
material). Small T2-intense dots were present within this tissue
structure, which may represent the macroscopic duct openings
seen in the cadavers and 3D histology reconstruction.

The characteristics of the 723 evaluable respondents (initial
cohort 750), included in the clinical study, are listed in Table 1 in
the Supplementary material. The derived gland OAR delineations
are illustrated in an anatomical atlas (Fig. 4 in the Supplementary
material). The RT dose distribution and delineation of the new
gland are shown in Fig. 5 for an example patient.
Global anatomical overview with the area of interest in yellow and dissection planes
showing the auditory tube (B) and annotated graphical overview (C).

https://clinicaltrials.gov


Fig. 3. Torus tubarius with overlying gland histology and immunohistochemistry. Torus tubarius on HE-staining and PSMA-Immunohistochemistry. Histological slides
showing the dorsolateral nasopharynx at the level of the torus tubarius (A, 25�) with detail showing an annotated HE-staining (B, 100�). Correlating PSMA staining (C, 25�)
with annotated detail showing gland cells covering the cartilage and with the densest collection of mucous PSMA-positive acini overlying the torus tubarius (D, 100�). For an
overview with lower magnification see Fig. 1 in the Supplementary material.

Fig. 4. Newly described gland: Interactive 3D-reconstruction of histological slides.
Schematic representation of region of the torus tubarius with overlying gland, in its
anatomical setting (left) and as 3D-histology reconstruction (right). The glandular
tissue is shown in yellow (acini) and light blue (ducts). This dorsomedial view,
demonstrates the relation of the tubarial gland to the underlying torus tubarius
cartilage (dark blue) and muscle (pink). An interactive 3D-PDF with the full
reconstruction data can be found in Fig. 2 in the Supplementary material.

The tubarial salivary glands: A potential new organ at risk for radiotherapy
For crude physician-rated toxicity, the mean RT dose to the new
glands was associated at all time points with �grade 2 xerostomia
(oral intake alterations, e.g. copious water, other lubricants, diet
limited to purees and/or soft, moist foods), and with �grade 2 dys-
phagia (symptomatic and altered eating/swallowing) (Table 1 and
Table 2 in the Supplementary material). After correction for con-
founding factors, this association was reduced but still significant
at 12- and 24-months. In other words, the effect of RT on dysphagia
and xerostomia was explained by RT dose in multiple organs at
risk, among which the new glands. However, independently from
the dose to the parotid glands as the most relevant OAR, an
4

increase in RT dose to the new glands lead to an increase in toxicity
risk (normal tissue complication probability, NTCP) (Fig. 5 in the
Supplementary material). For patient-rated xerostomia, the crude
association between mean RT dose to the new glands and moder-
ate to severe toxicity was present at all time points, but was
reduced and no longer significant after correction for confounding.

Discussion

To our knowledge, this is the first description of paired macro-
scopic (sero)mucous gland locations in the human posterolateral
nasopharyngeal wall, and an indication of their clinical relevance
in RT for HNC. Based on its predominant location over the torus
tubarius, we propose the name ‘‘tubarial glands”. These gland loca-
tions were present as macroscopic structures in the PSMA PET/CT
scans of all 100 studied individuals, and in two investigated cadav-
ers (one of each gender). Microscopically, they indeed showed sali-
vary gland tissue, highly concentrated bilaterally near the torus
tubarius, with macroscopically visible draining duct openings
towards the nasopharyngeal wall. High-dose RT to this area lead
to significant clinical toxicity. These findings support the identifi-
cation of the tubarial glands as a new anatomical and functional
entity, representing a part of the salivary gland system [3,4,7].
Interpretation of findings

Several factors can explain why these glands have not been
noticed previously as macroscopic gland locations. The occurrence
of acinar cell groups in the nasopharynx has been reported, but in a
spread out pattern in a large region instead of localized tissue in an
organized clustered glandular structure [3]. The newly detected
tubarial glands involve flat submucosal glandular structures at a
poorly accessible anatomical location under the skull base, an area
that can only be visualized using nasal endoscopy. The macroscop-
ically visible excretory duct openings may have been noticed, but



Fig. 5. Radiotherapy evaluation of region of the torus tubarius with overlying gland. Evaluation of radiotherapy dose to the newly described glands overlying the torus
tubarius: Axial CT-slice with projected radiation dose distribution as color-wash (left) and MR-slice (right, 3-Tesla, T2-dixon with gadolinium) of a 53-year old patient who
received radiotherapy for cT3N1M0 oropharyngeal cancer.
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have not been interpreted as part of a larger gland. Conventional
imaging modalities (ultrasound, CT, MRI) have never allowed visu-
alization of this submucosal structure and interpretation as a sali-
vary gland, although an indication of its presence may have been
visible in various prior functional imaging modalities upon retro-
spective evaluation [16]. Modern multiparametric MRI imaging
could only be used to identify the tissue compartment containing
the gland, after analyzing the information provided by PSMA-
PET/CT and histology. As a result of these coinciding factors, the
discovery depended on the introduction of molecular imaging with
radiolabeled PSMA-ligands. This provided the required high sensi-
tivity and specificity for detection of salivary gland cells, with a
very high contrast-ratio relative to the surrounding PSMA-
negative tissues. In combination with 3D anatomical reconstruc-
tion of histological information, this allowed us to realize that
these cells in fact form distinctive macroscopic gland locations.

Based on the described anatomical and histological characteris-
tics, and on the demonstrated relation between high-dose RT to the
tubarial gland regions and toxicity (xerostomia and dysphagia), we
assume the physiological function of the tubarial glands is the
moistening and lubrication of the nasopharynx and oropharynx.
Although this interpretation of physiology requires confirmation
with additional research, it does suggest an opportunity for sparing
in RT for patients treated for HNC to avoid toxicity.

One could question whether the tubarial glands should be con-
sidered as separate organs, and as major or minor salivary gland
locations. However, we think these qualification systems may not
Table 1
Associations of toxicity and mean dose to the new glands at 12 and 24 months.

12 Month

Coef. (gy-1) 95% CI

Physician rated Xerostomia (�grade 2)
Crude 0.047 0.037–0.057
Corrected (PAR, SM, BL) 0.019 0.005–0.033

Physician rated Dysphagia (�grade 2)
Crude 0.041 0.033–0.049
Corrected (PAR, SM, PCM, BL) 0.016 0.001–0.031

Patient rated Xerostomia (moderate to severe)
Crude 0.025 0.018–0.032
Corrected (PAR, SM, BL) 0.001 �0.011–0.013

Associations of xerostomia and dysphagia with mean dose to newly described glands ov
physician-rated xerostomia and dysphagia at 12 and 24 months post-treatment (For asso
The effect was independent of baseline toxicity and still significant after correction for R
effect was explained by RT dose in multiple OARs among which the new glands had a sig
and moderate to severe patient-rated xerostomia was present at all time points, but the
PAR = parotid; SM = submandibular gland; BL = baseline xerostomia/dysphagia; PCM =
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be suited and relevant to interpret and appreciate this finding.
The accepted definition of an organ is that it consists of more than
one kind of tissue, with a definite shape and structure, and per-
forms specific tasks [17]. Indeed, the cadaver study confirmed
the presence of a defined structure containing acini and draining
ducts, and the association of xerostomia and dysphagia with RT
dose in the clinical cohort indicated a specific function that can
be disrupted. When compared to the known major salivary glands,
the tubarial glands had the most similarities with the sublingual
glands based on the predominant mucous acini (hence the nega-
tive amylase staining), similar PSMA-ligand uptake, and the pres-
ence of multiple draining ducts [6,18]. It can be argued that the
tubarial glands do not have a capsule as opposed to the major sali-
vary glands, however the sublingual glands also have an unencap-
sulated part that consists of 8–30 minor mixed glands [19].
Additionally, the type and frequency of salivary gland tumors that
occur in the nasopharynx and sublingual glands seem to be similar,
with rare occurrences of benign tumors and adenoid cystic
carcinoma as the most frequent malignant tumor [20–26]. As a
consequence of these considerations, our interpretation of the
tubarial glands could be guided by the classification that is applied
to the sublingual glands, and they would qualify as a fourth pair of
major salivary glands. On the other hand, the tubarial glands have
many similarities with the palatal conglomerate of microscopic
glands, which are classified as minor salivary glands. Based on
the overlapping spectrum of their characteristics it could be argued
that all salivary glands together could be interpreted as a
24 Month

p Coef. (gy-1) 95% CI P

<0.001 0.043 0.033–0.053 <0.001
0.007 0.018 0.003–0.033 0.02

<0.001 0.038 0.030–0.046 <0.001
0.04 0.02 0.006–0.034 0.006

<0.001 0.022 0.013–0.031 <0.001
0.88 0.001 �0.014–0.016 0.9

erlying the torus tubarius. The mean RT dose was associated with grade 2 or higher
ciation data including 6 and 18 months, see Table 2 in the Supplementary material).
T dose in the surrounding OARs that were considered as confounders, i.e., the crude
nificant association. The crude association between mean RT dose to the new glands
se associations were reduced and not significant after correction for confounders.
pharyngeal constrictor muscle.
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continuum, formed by smaller and larger collections of acini that
together form a salivary gland system. In this approach, the tubar-
ial glands should not be classified as separate organs or as minor or
major salivary glands, and can better be interpreted as macro-
scopic parts of the composite salivary gland organ system.

Regardless of the classification of the tubarial glands as either a
conglomerate of minor glands, a major gland, a separate organ, or
as a new part of an organ system, the tubarial glands are macro-
scopic glandular tissue locations with clinical relevance. Therefore,
they require a name that allows unique identification in daily clin-
ical practice. The proposed name tubarial glands is based on their
anatomical location, in coherence with the naming strategy for
the other macroscopic salivary glands (parotid, submandibular,
sublingual). This also prevents confusion with the microscopic
tubal glands lining the auditory tube. Other names that were con-
sidered included Eustachian or Rosenmüllers’ glands, but these did
not optimally match the anatomical location, and eponymous
medical nomenclature is no longer considered desirable.
Strengths and limitations

The clinical relevance of the tubarial glands was derived from a
retrospective evaluation of multiple confounding OARs. Since all
salivary glands are situated closely together, they often receive a
comparable RT dose in treatment for HNC. As an example, in our
data the dose to the parotid glands was highly correlated with
the tubarial gland dose, with a correlation coefficient of 0.84. This
means that reported xerostomia and dysphagia caused by RT dose
to the tubarial glands, also includes a toxicity effect caused by dose
to the parotid glands. This phenomenon in statistics, referred to as
multicollinearity, complicates measuring a difference in toxicity
effects caused by RT to different glands. The same applies to sev-
eral muscles involved in swallowing in relation to dysphagia.
Therefore, a large cohort was required to be able to measure such
effects of RT dose to the tubarial glands, after correction for known
toxicity effects to adjacent structures. External validity is likely to
be warranted by this cohort size and inclusion of unselected con-
secutive patients. Regarding the internal validity, depending on
the time point, 9–37% of the toxicity data are missing (complete)
at random (MCAR or MAR) due to death, recurrence, or limited
follow-up. A high compliance rate of (88–91%) ensures a low prob-
ability of data missing not at random (MNAR).

The association between RT dose to the tubarial glands and
crude physician-rated toxicities was present at all time points
(p < .05). After correction for confounders this association was still
present for xerostomia at 12 and 24 months and for dysphagia at 6,
12 and 24 months. The fact that these association after correction
were not significant at all four time points can probably be
explained by multicollinearity. Similarly, radiation to the oral cav-
ity (which also includes palatal minor glands) might play a role,
although RT to this area was not a significantly contributing factor
in currently used prediction models [13,14]. More extensive and
comprehensive modelling is expected to clarify the influence of
multicollinearity. The absence of a significant correlation with
patient-rated xerostomia after correction for confounders, may
be explained by the inherently higher variability in subjective eval-
uations of toxicity by patients.

The logical next step seems to be optimization of radiotherapy
fields to the tubarial glands as new OARs. Since the PCM superior
is close to the tubarial glands, sparing both structures simultane-
ously seems attractive. Still, we prefer to acquire external valida-
tion in an independent dataset, and advise to change clinical
protocols only in the setting of continued monitoring of the antic-
ipated clinical benefits. Also, a prospective confirmation of concor-
dance between the tubarial glands as visualised on PSMA PET/CT,
6

with the delineation based on anatomical landmarks is desirable,
prior to clinical implementation as a relevant AOR.

We conclude that the human nasopharynx contains previously
overlooked bilateral macroscopic salivary glands. Our findings
indicate that sparing these tubarial glands could provide an oppor-
tunity to prevent side effects from radiotherapy and better main-
tain patients’ quality of life.
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